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Foreword

Of the 24 papers in this Record, 9 deal with rigid pavements, 11 with flexible pavements, 3
with seasonal frost damage, and 1 with temperature and moisture effects.

Zollinger and Barenberg review factors related to punchout distress and discuss a possible
cause. JIoannides and Korovesis demonstrate that in jointed or cracked concrete pavement
systems equipped with a pure-shear load transfer mechanism, deflection load transfer effi-
ciency is related to stress load transfer efficiency, and that this relationship is sensitive to the
size of the applied loading. Zollinger and Barenberg outline how pavement thickness, percent
reinforcement, and crack spacing may be considered with respect to pavement spailing and
loss of load transfer in the process of punchout development. McCullough et al. discuss the
evaluation of the performance of a prestressed concrete pavement overlay; horizontal slab
displacement because of temperature change was closely monitored and recommendations
are made. loannides et al. describe and evaluate mechanistic-empirical algorithms for more
realistic estimates of anticipated faulting in concrete pavements. Benekohal et al. suggest
that lane widening is likely to be a very cost-effective design improvement for concrete
highway pavements that would otherwise be vulnerable to transverse fatigue cracking as a
predominant mode of failure. Barenberg and Zollinger describe two instrumented pavement
sections constructed in Illinois to validate the mathematical models used in the development
of a mechanistic-based pavement design procedure for jointed concrete pavements. Typical
results and the significance of results with respect to the analysis models used and the design
procedure developed using the models are presented. McCullough and Kunt present a rein-
forcement formula modified in accordance with the experimental results obtained concerning
subbase frictional resistance. Peshkin and Mueller found that bonded concrete overlays showed
mixed success, and in general debonding was a cause for concern on many of the projects.

Sousa et al. compared some aspects of the dynamic behavior of a new super-heavy-haul
vehicle trailer equipped with a hydraulic cylinder-nitrogen suspension with the behavior of
four other currently used semitrailer types. On the basis of the data obtained, the dynamic
component of the loads induced by the new trailer at normal highway operations is within
the same range of magnitude produced by the other trailers studied, and from a dynamic
point of view the effect of suspension type appears to be more significant than the number
of axles. Mamlouk et al. developed a rational overlay design method for flexible pavements
in Arizona that includes roughness, fatigue, and plastic deformation models. The three design
models are incorporated in a microcomputer program for determining the optimum overlay
thickness, estimating the remaining life of an existing pavement, evaluating the life of a user-
specified overlay, and performing economic analysis. Harichandran et al. describe a nonlinear
mechanistic finite-element program called Mich-Pave that has been developed for use on
personal computers to aid in the analysis and design of flexible pavements. Uzan and Sidess
found that the load equivalency factors of all load configurations depend on the pavement
condition. Hajek and Agarwal evaluated the damage effects of dual and triple axles on flexible
pavements and found that axle spacing has a significant influence on pavement damage. Tseng
and Lytton describe the development of material property relations for the two fatigue damage
properties K; and K,, which can be used to predict the fatigue life of asphalt concrete
pavements. Lee and Peckham observed that in all cases heavy trucks caused more damage
than benchmark trucks and that more damage due to heavy trucks is predicted when there
is a higher legal weight limit. Al-Balbissi and Little investigated the healing mechanism in
asphalt concrete and introduced a theoretical hypothesis for the shift factor, which accounts
for the effects of residual stresses and healing in the field that does not occur in the laboratory.
Bourdeau presents a probabilistic approach to the deterioration processes of flexible pave-
ments with unbound granular layers under the effect of traffic. Kenis and Cobb evaluated
the AASHTO load equivalency factors with a computational model for predicting flexible
pavement response. Coree and White reviewed the 1986 AASHTO Guide for Design of

vii
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Pavement Structures and revealed a number of opportunities for re-examining the AASHTO
Road Test results.

Janoo and Berg discuss the development of a nondestructive pavement evaluation pro-
cedure for seasonal frost areas using a falling weight deflectometer. Allen et al. discuss the
work being done by the U.S. Army Engineer Cold Regions Research and Engineering
Laboratory in developing a mechanistic pavement design method for use in seasonal frost
areas. Five fatigue equations were used to determine the cumulative damage for the pavement
sections at Springfield, Missouri, and Rochester, Minnesota, and although all of the equations
predicted failure during the design life for each pavement section modeled, significant jumps
occurred during the spring, indicating that the thaw period is crucial in the fatigue life of a
pavement. Rutherford performed a finite-element analysis of pavement freezing and thawing
on four flexible pavement structures developed to represent typical pavements that receive
spring load restrictions because of thaw weakening.

Pufahl et al. provide an overview of a computer model that estimates moisture and tem-
perature effects beneath pavements.
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Field Investigation of Punchout Distress
in Continuously Reinforced Concrete

Pavement in Illinois

DAN G. ZOLLINGER AND ERNEST ]. BARENBERG

Most maintenance activities on continuously reinforced concrete
(CRC) pavements are related in one way or another to punchout
distress. Over several years of observation of CRC pavement,
several symptoms related to the structural aspects of punchout
distress have been noted. These symptoms include, but are not
limited to, close crack spacing, surface widening and spalling of
transverse cracks, development of longitudinal cracking, loss of
load transfer, and subbase and subgrade pumping. Literature
reviews have elaborated on punchout-related factors with respect
to pavement performance. However, the punchout mechanism
relating the various factors is not completely defined. Some ques-
tions exist concerning the sequence of events leading to the loss
of load transfer across transverse cracks as a prerequisite to the
development of a punchout. This sequence of events relates to
the role reinforcement plays in the punchout process and whether
the loss of aggregate interlock requires rupturing of the steel. If
rupturing of the steel occurs, the question is whether rupturing
occurs before or after the loss of aggregate interlock. Factors
related to punchout distress as noted by this investigation and
others are reviewed and a possible mechanism of punchout dis-
tress is addressed.

Punchout distress is regarded as the most severe performance-
related problem that continuously reinforced concrete (CRC)
pavements develop. Defined as a structural failure, punchout
distress typically is associated with close transverse cracking
and is bounded by a longitudinal crack on one side and a
longitudinal edge joint on the other (Figure 1). Characteris-
tically, the pavement pushes or punches downward under
traffic loading, causing permanent deformation or faulting.
The punchout can also, and frequently does, develop at Y-
cracking, which is the development of closely spaced cracks
that meet 2 to 3 ft from the pavement edge and form one
crack. This type of cracking may also develop at an interior
position in the pavement, but perhaps not as frequently.

Several investigators have noted problems associated with
CRC pavement that have been the result of improper con-
struction or easily identified design defects (7). In some instances
failures have occurred at construction joints caused by the
lack of consolidation. In other cases pavement failure has been
attributed to improper lapping of the reinforcement (2,3).
Problems such as these have given CRC pavement per-
formance the reputation of being particularly sensitive to con-
struction practice.

D. G. Zollinger, Department of Civil Engineering and Texas Trans-
portation Institute, Texas A&M University, College Station, Tex.
77843. E. J. Barenberg, Department of Civil Engineering, University
of Illinois, Urbana-Champaign, Ill. 61801.

Poor support conditions coupled with short cracking inter-
vals have shown a strong correlation to a high frequency of
punchout distress. Performance surveys have shown that the
crack spacing distribution may include a wide range of crack-
ing intervals from project to project. This range frequently
includes crack intervals less than 2 ft. Factors related to envi-
ronment and materials are known to influence crack spacing
irregularitiecs. However, the variabilities associated with these
make difficult prediction and control of crack spacing within
certain limits. Given the sometimes uncertain performance of
CRC pavement in the past, it is necessary to improve the
understanding of the failure mechanism associated with
punchout distress, thus allowing CRC pavement design pro-
cedures to address the factors that influence the punchout
process directly.

NATURE OF PUNCHOUT DISTRESS IN ILLINOIS
CRC PAVEMENT

A field investigation was undertaken to further study a method
of analysis on which to base a mechanistically oriented thick-
ness design procedure for CRC pavements and to gain further
knowledge of the mechanism related to the punchout distress
as demonstrated by CRC pavements in Illinois. It is reason-
able that design analysis should focus on the punchout mech-
anism, since punchout distress is recognized as the predom-
inant distress type in CRC pavement (4,5). In this study, loss
of support was found to be the primary cause of the punchout,
which, incidentally, was recognized by previous investigators
(5,6). This investigation examines factors associated with steel
rupture, which is related to concrete fracture development
around the reinforcement. Faulting occurred in most instances
in which loss of support was indicated. Various loss-of-support
mechanisms and failure modes are proposed based on the
field observations.

CRC Pavement Survey

Several observation sections that represent the performance
of CRC pavement within the state of Illinois were selected to
study punchout development. The survey results from selected
sections are presented in this paper. The sections selected for
observation were chosen on the basis of performance, pave-
ment thickness, subbase type, percent of reinforcement, and
particularly susceptibility to D-cracking. It was important to
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FIGURE 1 Formation of longitudinal crack between two transverse cracks; intermediate state of edge punchout (6).

TABLE 1 OBSERVATION AND SAMPLING SECTION DATA

Average**  Average

Reinforcement Subbase Aggregate Traffif Crack Punchouts Year
Route Thickness* % Steel Method  Type Saurce EsAL 1 spacing {Per Mile) Const.
1-72u
MP41.9-48.5 8 0.59(#5) Tube  CAM I Thornton & 2.97 4.8 11 1976
Pit
MP48.5-53.5 8 0.59(#5) Tube CAM I Covington 2.87 5.4 <l 1976
Pit
MP58.1-62.9 8 0.59(#5) Tube CAM II Fairmount 2.87 6.0 9 1976
Quarry
1-55n8 (1
MP223.0-224.0 9 0.59(#5) Tube CAM I Westowe 7.10 4.7 <I Fall
Quarry 1977
1-5558 [
MP223.0-225.0 9 0.59(#5) Tube CAM I Westowe 7.10 5.9 10 Spring
@ Quarry 1978
1-39NB. SB £ -
MP118.0-130.5 10 0.71(#6) Tube CAM 11 Mulford 4.7 7.4 NB:9 1981-82
Quarry SB:16
MP130.5-139.0 10 0.71(#6) Tube  CAM I Mulford (4 4.7 7.4 NB:2 [ 1981-82
Quarry SB:7
1-57NB 4
MP250.5-256.0 7 0.59(#5) Tube BAM Fairmount 8.77 1.8 <1 1970
Quarry
1-57s8
MP324.1-330.5 8 0.59(#5) Chairs BAM 2 11.1 4 27 1968
MP275.5-279.6 8 0.59(#5) Tube BAM Lehigh 8.84 3.0 13 1970
Quarry
FA 409 (49
STA3153-3199 7 0.70(#6) Chair CAM II 2 0.04 5.5 0 1986
STA3014-3153 8 0.73(#6) Chair CAM II 2 0.04 5.1 0 1986
STA2989-3014 9 0.72(#6) Chair CAM II 2 0.04 6.0 0 1986
us 50 4
STA2767-2789 8 0.60(#6) Tube BAM Columbia 0.04 6.0 0 1980
Quarry
* Thickness in inches [2] Low D-cracked susceptible aggregate [5] Some sections with
** Average Crack Spacing in feet [3] Total punchouts per mile no edge drains

[1] In the driving lane (in millions) [4] 4 or 6 inch pipe edge drains
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FIGURE 2 1-72WB CRC pavement survey of punchouts and patches in driving lane.

study the structural failure aspects related to punchout distress
independent of D-cracking susceptible concrete. This type of
study could not be done for some of the survey sections.
Recent surveys have indicated that over 50 percent of the
pavement mileage in Illinois has either a low, intermediate,
or severe level of D-cracking (7). This percentage is even
greater when the pavement mileage that contains D-cracking
susceptible aggregate that is not currently showing visible signs
of D-cracking is included. Table 1 summarizes the observation
sections and pertinent data (including subbase data) relative
to the punchout performance survey conducted in this study.
The D-cracking information is based on core examinations
and available quarry D-cracking evaluations. All the pave-
ments included in this study have a bituminous shoulder except
the FA-409 pavement sections.

The nature of punchout distress is then described by the
factors affecting the punchout rate and performance from a
few selected sites. Results of a survey of patches and punch-
outs in the truck lane from the I-72 westbound sites are
shown in Figure 2. The approximate construction boundaries
of each project are shown, delineating where different con-
tractors and aggregate sources were used for construction of
the pavement. Significantly different punchout rates are evi-
denced from construction section to construction section, which
suggests that punchouts may be related to construction
practice.

A similar pattern of punchout frequency was noted at another
observation section on I-55. The punchout rate recorded for
the southbound driving lane was as high as 20 punchouts per
mile, as contrasted with the northbound lanes, which had a
punchout rate near zero. Significant performance differences
exist, similar to those in the sections on I-72 between the
northbound and the southbound lanes, both of which have
cement aggregate mixture (CAM) I type subbases. As shown
by the data in Table 1, little difference is apparent in traffic
level, aggregate source, and steel reinforcement between the

northbound and southbound lanes, which, in this case, were
constructed by the same contractor.

An observation section on 1-39, with 4.7 18-kip equivalent
single axle loads (in millions based on unpublished data from
the Illinois Department of Transportation, 1983, traffic factor
equations), is experiencing a relatively high punchout rate.
The cracking pattern on I-39 is not uniform but divided between
groups of wide and narrow crack intervals with a crack space
distribution made up of a combination of the short and long
crack spacings. Other factors leading to the formation of
punchouts on I-39 will be discussed later, but the crack pattern
in CRC pavement appears to be a factor in the punchout
development. Nonuniform crack spacing distributions may
lead to a greater tendency to punchout. In fact, the data from
this study indicated that maintaining an average crack spacing
within the limits designated in the literature is no guarantee
that punchouts will not develop.

Close cracking intervals have been characteristic of good-
performing CRC pavements in Illinois. The average cracking
interval, which is now less than 2 ft, was noted on 0.7 percent
and 1.0 percent reinforcement sections of the well-known
Vandalia CRC pavement (constructed in 1947). It has been
pointed out previously that the cracking intervals of the Van-
dalia pavement have shown some dependence on the percent
of reinforcement (8). The percent of reinforcement also has
had a profound effect on the punchout performance of the
pavement, as indicated by the data shown in Figure 3. This
effect may be indirectly related to the cracking intervals asso-
ciated with the percent of reinforcement. Other pavement
sections on the heavily traveled Stevenson (I-55) and the Dan
Ryan (I-57) in the Chicago area have average crack spacing
reported to be 3 ft or less (unpublished data, Illinois Depart-
ment of Transportation, 1987).

A comparison between the northbound section on I-57 (Table
1) and the site on I-39 shows much better performance on I-
57. This particular section is 3 in. less in thickness and has
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FIGURE 3 Effect of reinforcement on performance of Vandalia CRC pavement

(US-40).

carried more than twice the traffic of I-39. A factor much
more significant than pavement thickness is contributing to
the markedly better performance of the I-57NB section over
the I-39 section. The I-57 section contains a greater percentage
of D-cracking susceptible aggregate, a bituminous aggregate
mixture (BAM) subbase, and an average crack spacing of less
than 2 ft with a uniform cracking pattern.

Although no significant distinctions could be made in the
crack spacing distributions between the adjacent good- and
the bad-performing sections of I-72WB (shown in Figure 2),
the apparent differences lie in whether the coarse aggregate
was D-cracking susceptible. The pavement thicknesses are
equivalent and the average crack spacing is similar. The con-
struction section containing the low percentage non-D-
cracking susceptible aggregate source (Thornton Pit) is the
one with the highest rate of distress.

The subbase types used on [-72WB are CAM I and CAM
II. CAM I subbase is roller compacted and usually contains
an 8 percent cement content, an aggregate blend of 75 percent
coarse aggregate, and 25 percent natural sand (9). CAM II
subbase Lype is equivalent to a lean concrete subbase. Two
of the construction sections with high rates of distress had
different subbase types, so the source of the distress may not
be strictly attributable to the type of subbase. A standard
procedure was followed on each construction section, making
little difference in construction procedure between the sec-
tions. Especially with regard to the construction of the CAM
I subbase, the standard procedure called for the trimming of
the CAM I material with an autograder. This meant that the
stabilized subbase was trimmed before placement of the 8-in.
CRC pavement. The subbase material was not roller com-
pacted again after the trimming operation was completed.

A limited survey of Y-cracking from selected pavements
indicated that the pavement sections in which the reinforce-
ment was placed using a tube device incur a higher incidence
of Y-cracking (12 cracks per 100 ft) than pavements in which
the reinforcement was placed using chairs (4 per 100 ft). The
incidence of Y-cracking may be tied to the variability of the

depth of reinforcement cover, which is largely a function of
the placement method (4). Field data indicate that for a tube
type placement method a trend of greater average rebar cover

TRV QLG OT
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FIGURE 4 Type 1 spalling, 1-39SB.
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and variation occurs as the thickness of the pavement increases.
The standard deviation of rebar cover is lower for chair place-
ment (2.2 in. versus 4.2 in. for tube placement).

Spall development was investigated on the I-57 sites, in
which two types of spalls were noted. Spalling developing as
a result of a spall mechanism suggested by McCullough et al.
(10) is classified as a Type 1 spall (Figure 4). A Type 1 spall
develops into an advanced stage when the pavement is broken
out within the boundaries of the cracking. Although not in
all cases, it was noted that Type 1 spalls tend to coincide with
the longitudinal reinforcement in the pavement and can extend
to a considerable depth into the pavement. Spalling of this
nature that extends to the depth of the reinforcement severely
reduces the aggregate interlock and may lead directly to
punchout distress. It may also contribute to the Type 2 form
of spalling shown in Figure 5 and can be classified as either
minor or severe spalling as noted previously. These spalls tend
to develop abruptly into a severe condition of spalling in a
period of a few months. McCullough et al. (/1) indicated that
Type 2 spalling increases with crack spacing because of an
increase in crack width. A low-severity form of Type 1 spall
or concrete wearing also leads to widening of the crack width.
The formation of longitudinal cracking is associated with spall
development and concomitant loss of load transfer.

CRC Pavement Removal and Coring Program

As a part of this study, several pavement cores and slab sec-
tions containing punchouts in various stages of development
were removed from the field and relocated to the Newmark
Civil Engineering Laboratory for examination (4). A brief
summary of the results of the laboratory examination is pre-
sented regarding the condition and performance of the steel
in the pavement with respect to punchout distress. The con-
dition of the reinforcement will be discussed later after factors
related to the loss of subbase support are presented.

FIGURE 5 Type 2 spalling, 1-39.

Loss of Subbase Support

In an effort to preserve the details of the punchout distress,
short sections of CRC pavement were carefully lifted and
removed from in-service pavements. On removal of the sec-
tions from pavements with CAM I subbase, severe erosion
was noted in the surface of the subbase. The approximate
area of surface erosion is shown in Figure 6. The most exten-
sive erosion occurred along the shoulder where disintegrated
subbase extended to a depth of 1 to 2 in. into the subbase.
In the figure, the subbase surface was eroded approximately
24 in. along the pavement edge. The erosion extended another
12 in. in the vicinity of the punchout. Some of the erosion
may have occurred while the punchout was developing because
of slab rocking and other related motion under loads. How-
ever, the uniformly eroded 24-in. area shown in the diagram
appears to have developed by other than load-associated means.

At other sample sections, punchout information was obtained
during punchout repair operations in which erosion of the

Patch Width

Width of Traffic Lane

2=1/2"

]

o

FIGURE 6 Diagram of subbase surface erosion at punchout repair site, I-72WB MP57.
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TABLE 2 1-39SB: UNCONFINED COMPRESSIVE STRENGTH (CORRELATED

TO DCP)
Unconfined Compressive Strength
Average
of First
Initial* First Five Subbase®
Subbase ~ Penetration Drop _ Drops Average
Station Type (inches) (psi) (psi) (psi)
2209+00 CAM 1 0.5 33 135 240
2141450 " R 33 84 200
2131+00 " W 46 120 95
Patch #113 CAM II 0.4 20 53 90
1851+00+ " 0.2 33 118 155
1851+00 " 0.0 46 161 340
1841450+ " 0.5 33 83 200
1841+50+ » - - 38 55
1841+50 K 0.0 - 110 290

* Penetration of the cone under the weight of the 8 kg hammer
+ Measurements were made in the eroded area of the subbase

A over the full depth

same nature was noted in the CAM I subbase on I-39. While
the punchouts on I-39 were being repaired, in situ strength
tests were made on the subbase. The strength of the CAM I
and CAM II subbases was found to be low. A summary of
unconfined compressive strength determined from tests taken
using the dynamic cone penetrometer (12) is shown in Table
2. Obviously, the measured subbase strengths are very low.
The lowest-strength material is in the upper portion of the
subbase. The eroded areas showed a lower strength than the
noneroded areas. Some damage from slab rocking may have
decreased the strength in the eroded areas. A stabilized,
nonerodible subbase should have a compressive strength of
1,000 psi (13). It would be difficult to drive a dynamic cone
penetrometer through a stabilized subbase of normal strength.

A coring program was instigated to obtain further infor-
mation on the development of subbasc crosion. Most cores
obtained for the study were taken from transverse cracks. The
descriptions of the various classification systems for transverse
crack conditions and other core-related data are given in Table
3. A variety of sample sections, subbase types, crack condi-
tions, and spacings were cored to obtain punchout information
about the subbase performance in punched-out and non-
punched-out areas.

A series of cores were obtained at the I-55 sections, which
also had a CAM I subbase. All cored cracks on I-55 had some
erosion at the pavement longitudinal edge joint. However, a
significant difference exists between the erosion data from the
northbound lancs and the crosion data from the southbound
lanes. The extent of the erosion in the northbound lanes was
much less than that in the southbound lanes. The punchout
rate in the southbound driving lane was much higher than
that in the northbound driving lane, as noted in Table 1. A
slight amount of erosion under the northbound lanes was

noted 22 in. from the pavement edge, but the support con-
ditions were considerably better than those for the south-
bound lanes. The southbound lanes had wider longitudinal
edge joints, which may be an indication of greater pumping
susceptibility, compared with the longitudinal joint on the
northbound lane, which was very narrow and tight. The crack
classification was nearly the same on all cracks cored in this
series and no faulting was noted. The cracking interval asso-
ciated with the cored cracks ranged from 2 to 6 ft. Littlc or
no shoulder staining was visible at the I-55 sections.

The information obtained from the field cores on CAM I
subbase suggests that subbase erosion and loss of support must
develop before the development of punchout distress. A series
of cores obtamed from a pavement with a BAM subbase taken
from a sample section on I-57NB that exhibited a low punch-
out rate showed that subbase erosion was almost nonexistent.
This conclusion emphasizes the need for nonerodible subbases
under CRC pavements as a primary step toward improved
pavement performance. The BAM type subbase may be a
good candidate for a low-erodible, uniform supporting sub-
base, as long as drainage is provided.

A problem related to lean concrete subbases was noted in
cores obtained from the pavement sample section on I-72WB,
between MP 58.1 and MP 62.9. This section, which has a
CAM 1II subbase, indicated a failure mode similar to that
experienced in Wisconsin and Pennsylvania on CRC pave-
ment overlays on jointed concrete pavement. This failure mode,
illustrated in Figure 7, developed at a crack in the CAM II
subbase. A 6-in.-diameter core was taken on a faulted crack
in which the subbase portion included the crack in the subbase
displaced approximately 3 in. from the crack in the pavement.
On removal of the subbase core it was noted that the subbase
crack face was spalled (the strength of this subbase was great



TABLE 3 CRC PAVEMENT CLASSIFICATION SYSTEMS

CRCP Crack Classification (Modified AASHO Road Test-Report 5)

C-1: Fine crack-not visible under dry surface conditions at
a distance of 15 feet. (Tight)

C-2: A crack that can be seen at 15 feet, but exhibits only
minor spalling. The opening at the surface is 1/32" or
less. (Open)

C-3: The crack is opened at the surface 1/32" or more for
any portion of the crack length. The crack exhibits
low to medium spalling. Amount of faulting is noted.

C-4: The crack is either very wide (>1/16") or sealed and

exhibits medium to severe spalling. Amount of faulting
is noted.

IDOT _Rebar Corrosion Rating

1: Clear or free of rust

2: Slight rust with no appreciable reduction in cross-
sectional area.

3: Moderate rust with no substantial reduction in cross-
sectional area.

4: Heavy rust with a marked reduction in cross-sectional area.

Diamond Void Size Classification

Small: Radius of the void (from the surface of the rebar) is
less than the diameter of the rebar.

Large: Radius of the void is greater than the diameter of the
rebar.

Number of D-Cracking Aggreqate

Number of aggregates on the surface of a 4 inch diameter core
showing signs of D-Cracking. Other core diameters are listed along with
the pavement thickness.

6° Diameter Core
Transverse Crack \
' I
|

!
|
|

8" CRC
Pavement

4" CAM |l

-~ Subbase

I
|
I
|
3
I
|
1

/
Spalling _/

FIGURE 7 Spalling on crack face of CAM II subbase.



enough that a dynamic cone penetrometer could not be driven
through it). A loss of load transfer in the subbase can lead
to an unsupported condition in the CRC pavement, which
can cause faulting and punchout distress.

Results from this investigation indicate that unsupported
conditions are the main factor in the development of punchout
distress and faulting of CRC pavements in Illinois. Loss of
support conditions may result from soft and wet soil conditions
in the case of BAM subbases, surface erosion caused by low
strength in the case of CAM I and CAM II subbases, and
unequal deflection characteristic between the pavement and
the subbase in the case of high-strength CAM II subbases.

Subbase erosion has been identified as the primary cause
of punchout-related distress in CRC pavements with CAM 1
subbases. It provides an explanation for the varying punchout
rates evident in the data of Table 1, particularly for the various
levels of performance between the 1-39 and 1-57NB sections.
Apparently small amounts of subbase erosion can extend up
to 24 in. from the pavement edge and still have adequate
performing CRC pavement in Illinois. CRC pavement with
CAM I and BAM subbases showing good performance show
less erosion than those with a poor performance. The differ-
ence in the varying erosion rates between pavement sections
noted in this paper under apparently identical traffic and cli-
matic conditions was found to be dependent on whether the
aggregate in the pavement was susceptible to D-cracking. D-
cracking had an effect on the pavement behavior under load
and is elaborated further elsewhere (4).

Condition of the Reinforcement

The factors related to the performance of the reinforcement
in CRC pavement during punchout development are appar-
ently secondary or consequential in nature. Details regarding
the condition and behavior of the reinforcement in punchout
disttess are explained on the basis of the laboratory exami-
nation of slabs and cores removed from actual pavement.
Cores taken from the slab specimens were split at the level
of the reinforcement to allow examination of the rebar and
the surrounding concrete. Examination of the cores showed

Fracture Faces

i
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that diamond-shaped fractures and voids were noted around
the reinforcement in several of the cores. Voids around the
reinforcement have been noted by other investigators (6) but
were being attributed to expansive forces from corrosion.
Figure § illustrates a diamond-shaped fracture pattern around
the reinforcement found in several cores. A direct correlation
between these fractures and corrosive forces is doubtful. How-
ever, it is apparent that the voids around the rebar are an end
result of the diamond-shaped fracturing that can form from
0.5 to 1.0 in. from the crack face. The voids and fractures
were found in the portion of the punched-out areas that had
no laulting.

Bond studies of bars in tension (/4,15) noted that secondary
cracks similar to those in the fracturing shown in Figure 8
formed at the loaded face of the specimen at a threshold steel
stress between 14 and 18 ksi. These fractures caused by pullout
forces form the diamond-shaped configuration around the
steel shown in Figure §. Measured strains in the reinforcement
at the crack face (4) predicted that steel stresses from climatic
effects can exceed the threshold levels for a broad range of
environmental conditions leading to the formation of the pull-
out cone. Once the fractures around the steel have formed,
bearing stresses may crush the concrete in the immediate
vicinity of the bar, which leads to a void, as shown in Figure
8. The cone pullout fractures will also lead to reduced bond
stiffness as indicated by Mains (/6).

Laboratory analysis of a slab section containing punchouts
in the initial stages of development indicated void develop-
ment around the steel before the crack developed faulting.
The void apparently forms with the development of the
punchout and may develop before permanent faulting. Con-
sequently, some voids were present around the steel on non-
faulted cracks. The effect of these voids on load transfer is
discussed later in this paper, but one would expect load trans-
fer to decrease. As a result, participation of the reinforcement
in the transfer of load across the transverse crack is minimized
because of the pullout fracturing.

The field data indicate that 80 percent of the cores taken
in the field study had either cone pullout fracture or a rebar
void. Although one would expect a high correlation between
rebar voids and pavement nonsupport, the data suggest that

Void Area

l///////////d

Rebar
Core Core

Stage A: Diamond Shaped Fracture Pattern

Stage B: Diamond Shaped Void

FIGURE 8 State development of void area around reinforcement.
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unsupported conditions are coincidental with voids around
the rebar only 55 percent of the time. A high correlation was
found between the number of cores with either a rebar void
or pullout fracture and subbase nonsupport. It is expected
that cone pullout fracture may have some dependence on the
length of crack spacing and climatic conditions at the time of
construction, but strong correlations in this regard were not
apparent in the data. At the I-39 site, where the cracking
pattern tended to change from a long crack spacing to a short,
crack spacing, 100 percent of the cores that had rebar in them
indicated pullout fracture. Examination of the cores taken at
the I-57NB site revealed that 42 percent showed pullout frac-
ture. This pavement had a closely spaced and uniformly dis-
tributed cracking pattern. Two sites on route US-50 were
investigated for cone pullout fracture as a function of time
and traffic. Although they are 6 years apart in age, these two
sites were opened to traffic at the same time. Pullout fracture
was noted in both of the cores obtained from the older site,
whereas it was indicated in only two of the seven cores taken
in the newer section. At the time of coring, the newer section
had been through one winter since construction.

Sections on I-57NB near MP 320 containing punchouts at
further stages of development were visited and several instances
of broken reinforcement were found. It was noted that tensile
type breaks in the reinforcement were located at a small dis-
tance from the crack face (ranges from 1 to 2 in.). The steel
breaks were straight across the bar cross section and orthog-
onal to the axis of the bar. Other punchouts with broken steel
were also noted to be displaced from the crack face. Large
diamond-shaped voids were also found around the reinforce-
ment along with faulting on the crack face. In one instance,
breaks in the rebar were found at the crack face where trans-
verse steel coincided with the transverse crack. Otherwise,
no other breaks were found at the crack face.

The bar breakages were noted at two locations, where one
break occurred at the crack face and another break occurred
approximately 2 in. from the crack face. A closer look at the

l)]‘ .

Area of Strain

T et

R [

(b) Faulted

(a) Unfaulted

FIGURE 9 Broken reinforcement mechanism.

rebar revealed several fractures of partial depth on one side
of the steel. These fractures were found to correlate with the
tensile side of the rebar from the bending stress that the bar
underwent during the process of fault development of the
punchout. This process (which may develop under 3 months)
is illustrated in Figure 9. Once the void forms around the
reinforcement either by cone pullout fracture or bearing fail-
ure, vertical displacement or faulting in the pavement will not
put the bar under immediate shear stress. Further faulting
applies a bending strain in the rebar on the under and top
sides as shown in Figure 9b. The resulting fracturing is caused
by the fatigue strain of several repeated loadings, since rebar
is commonly bent to radii much shorter than those that occur
in the faulted case without tensile fracture. Once the fracture
has progressed through the rebar, as seen in Figure 9c, further
faulting can develop. Eventually, the voided area will begin
to make repeated contact with the rebar, which will either
fracture the concrete or cause a shear-type failure in the rein-
forcement. This leads to short segments of broken steel result-
ing from the punchout process.

CRC Pavement NDT Program

Nondestructive testing (NDT) was conducted on several test
sites to gain further insight into CRC pavement behavior lead-
ing to punchout-related distress. During the testing process,
data relative to the slab deflection, load transfer efficiency,
pavement stiffness, and crack width were obtained. The fall-
ing weight deflectometer (FWD) used for the field testing was
the Dynatest Model 8000, which is widely used in the United
States. Most of the testing was conducted in the outer wheel
path, with the center of the loaded plate varying between 36
and 42 in. from the pavement edge. The FWD, which was
calibrated monthly, has been shown to yield repeatable data
(17). The crack openings were measured, but results with
respect to crack width measurements are reported else-
where (4).

Tensile
Break
void | [[TTT A G
\T = I
I \ W
= Shear/\“'—"JL"'—'

Break

(c} Broken Rebar
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The results of the FWD field measurements are described
in terms of the plate deflection (D,), the load transfer effi-
ciency (LTE), and the deflection basin area. The LTE is equal
to the change in deflection on the unloaded side of the joint
divided by the change in deflection of the loaded side of the
joint. The basin arca has been shown to be useful in inter-
preting measured deflection profiles by the FWD and is cal-
culated from the sensor deflections (I18).

FWD load transfer data were obtained from several trans-
verse cracks for each group of crack classification (Table 3).
The results indicate that significant differences in load transfer
efficiency measured during the early hours of the day can
exist between the C-1,2 and the C-3,4 classifications of cracks.
However, these load transfer differences between the two
groups are much fewer and tend to disappear if determined
from results found during the afternoon. The closing of the
cracks because of an increase in the pavement temperature
can cause a dramatic increase in LTE.

The NDT results are also useful in backcalculating material
properties of the pavement system, such as the modulus of
elasticity (E) and the modulus of subgrade reaction (K). Par-
ticular interest lies in backcalculated E values and the radius
of relative stiffness (/) at the transverse cracks, which is a
function of E and K. [Note that [, = {EA*[12(1 — w)*K]}p“
where h and p are the pavement thickness and Poisson ratio,
respectively.] A method of backcalculation of these param-
eters based on ILLI-SLAB modeling of the deflection basin
[iterative calculation with various values of concrete modulus
(E) and foundation modulus (K) to match the deflection basin
measured by the FWD for a given load condition] has been
discussed by others for jointed concrete pavements (17-19);
however, little information is available about application of
these methods to CRC pavement. A suggested procedure for
CRC pavement, which is described elsewhere (4), is based
on determining an effective radius of relative stiffness from
modeling the measured deflection basin of the CRC pavement
using a 100-ft continuous slab without joints.

Deflection Basin Area (inch)
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This backcalculation procedure can be accomplished for a
range of thicknesses and load positions. The calculations for
I, using ILLI-SLAB analysis at the wheel path locations were
found to be similar to those of the closed form curve obtained
from the theoretical solution (19) of a case of a circular load
and a dense liquid foundation for an interior loading condi-
tion. Consequently, the theoretical curve could possibly be
used in place of the ILLI-SLAB generated curves. As stated
earlier, the FWD wheel path testing position varied anywhere
from 36 to 42 in. from the pavement edge. Given the deflec-
tion basin area from the FWD test results, the radius of rel-
ative stiffness can be obtained from Figure 10 for either the
edge load or wheel path load positions for any pavement
thickness.

The determination of unique E and K values is discussed
elsewhere (19) from /[, values obtained from Figure 10 and
Westergaard solutions (20) for slab-on-grade deflections at
the edge and interior load positions. The theoretical interior
loading solution is applied to the wheel path load position in
the actual pavement since the load behavior between the two
positions was shown to be similar.

The /, can be useful in determining potential punchout areas
in CRC pavement. On the basis of the field data (4), if voids
are present, the LTE and the /, values are low (usually below
70 percent and 25.0, respectively) and if they are not, the /,
values are high. The /, values at which rebar voids may be
beginning to develop are not clearly defined. The data (4)
indicated the ranges of /, where problems may and may not
be developing. This approach to CRC pavement evaluation
can be useful as an indicator of potential punchout since sub-
base erosion and rebar voids tend to lead to lower [, values.
Comparisons between the /, values from the NDT data (using
Figure 10) and calculated /, values (using the backcalculated
K value, a range of concrete modulus, and the pavement
thickness, /) may provide a basis for evaluation.

Calculated [, values for a range of E values between 3 and
4 million psi are plotted as shaded-in evaluation limits to be

]
331 36" From
Pavement Edge
(INi-Slab)
31F
42° From
Ii-Slab Pavement Edge
29 Edge Load 5 (li-Slab)
Position Westergaard
Interior
27 Load Position
25
23
211
/
19 1 1 1 ] ] 1 ]
12 16 20 24 28 32 36 40 44 48

Radius of Relative Stiffness (inch)

FIGURE 10 Variation of deflection basin area with .
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FIGURE 11 Comparison of LTE and /, for I-S5NB.
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FIGURE 12 Morphology of punchout distress.

compared with /, values from the NDT data illustrated in
Figure 11. Figure 11 shows a comparison of LTEs and /, values
determined for the same test locations on I-55SB (approach
and leave data are illustrated). At two test locations low /,
values were determined; these values had corresponding LTEs
over 90 percent, suggesting that the radius of relative stiffness
may be more effective in terms of CRC pavement evaluation
than LTE. The shaded area is the limit range below which
problems may exist. Evidently, potential punchout-related
distress in CRC pavement may be evaluated from a combi-
nation of transverse crack observation, load transfer effi-
ciency, and pavement radius of relative stiffness values.

Punchout Mechanism
Based on an appraisal of the previously noted factors, a

punchout mechanism is postulated. A schematic diagram of
the formation of punchout distress is shown in Figure 12. This

diagram may apply to premature punchouts and those that
occur at the end of the pavement life, depending on the cause
of loss of load transfer. A noted prerequisite to punchout
formation is the loss of subbase support. (This is particularly
true in the case of premature punchout distress.) Support loss
can develop in a number of ways. Support loss normally will
develop if the subbase is susceptible to erosion when the
necessary moisture conditions or discontinuities of load trans-
fer or faulting in the subbase exist, all of which cause a non-
uniform support condition in the pavement system. Stabilized
subbases may also erode if they become or are weakened in
the upper surface. Weakening may occur from poor compac-
tion or poor strength gain. Wet subgrade conditions can also
contribute to nonuniform support. Loss of support, depending
on its nature, can develop as early as 2 to 3 years. The time
for punchout development may be more dependent on the
length of time associated with the development of unsup-
ported conditions rather than the given pavement thickness
(within the range of thicknesses, subbases and levels of traffic
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included in this study) due to the intensity of the stresses
associated with it. Time to punchout from erosion of CAM I
subbases ranged from 3 to 8 years in [llinois. CAM II subbases
that are low in strength usually lead to punchouts by the third
year after construction. The CAM II subbases of normal
strength may lead to punchouts more gradually over time and
more in the 5- to 8-year range.

Punchout distress may be related to the loss of bond such
as that caused by cone pullout fracture around the reinforce-
ment. These fractures appear to form from a poor combi-
nation of long and short cracking intervals and a large drop
in pavement temperature. In these instances, this distress can
begin to form within 1 year after construction and may be
mitigated if a uniform crack pattern develops (where steel
and bond stresses are low). The likelihood that this distress
will develop within the first 24 hr after construction was not
supported by the strain data collected under this study. The
data indicate that either pullout fractures or loss of support
leads to a reduction in pavement bending stiffness.

Excessive crack widths can also lead to reduced bending
stiffness in the vicinity of the transverse crack. Crack widths
tend to open under loading repetitions, particularly when frac-
turing associated with Type 1 spalling developed at the time
of initial drying shrinkage. Widened cracks can also occur
with poor combinations of short and long cracking intervals.
A combination of a short segment of pavement between two
long segments is particularly susceptible to punchout distress
because the stresses that cause longitudinal cracking increase
significantly as the crack spacing decreases after load transfer
across the crack is lost. These stresses are discussed and elab-
orated on elsewhere (4). Because the crack width affects the
bending stiffness and load transfer efficiency, wide cracks will
also increase the pumping potential of the pavement.

The bending stiffness is also reduced when bar Jooseness
increases or the concrete within the pullout fracture disinte-
grates, leaving a void around the reinforcement. Rebar voids
are instigated by bearing stresses on the concrete and can
form quickly, at least within 1 year after poor support con-
ditions have formed. The looseness around the steel may also
be affected by the crack width since the aggregate interlock
decreases as the transverse cracks widen.

A reduction in bending stiffness at the transverse cracks
can cause spalling and faulting, leading to a loss of load trans-
fer. After load transter is lost, longitudinal cracking can form
quickly—possibly simultaneously. The formation of a lon-
gitudinal crack should not be considered as the cause of the
punchout but only a consequence of it. Type 2 spalling leads
to a significant reduction in load transfer across the transverse
cracks, which, as pointed out above, dramatically increases
the stresses that lead to longitudinal cracking. Rebar break-
ages and pavement delamination are consequences of the above
processes and are the result of loss of load transfer. Rebar
breakages can occur either at the crack face or displaced from
it. The breaks at the crack face are usually a consequence of
corrosion, which reduces the cross-sectional area of the bar.
This corrosion weakens the bar and makes it susceptible to
an abrupt tensile failure caused by temperature contraction
or wheel load-induced shear stress. This process may begin
on the pavement edge, leading to a widened crack there, and
proceeding to the next bar until the entire lane is encom-
passed. Consequently, a wide and faulted crack develops. The
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bar breakages displaced from the crack face are load induced
and fatigue related. Stresses forming this break are not great
enough until most of the load transfer from aggregate inter-
lock is lost. Once the bar has failed, the faulting can progress
rapidly to a severe level since the reinforcement was trans-
ferring most of the load befcre failure. If the crack spacing
is short, as in the case of a Y-crack, the rebar may not fail,
which may lead to delamination and deep spalling of the
concrete pavement above the reinforcement.

SUMMARY

The fundamental cause of punchout distress has been iden-
tified as loss of subbase support. The probability of punchout
is enhanced when loss of support and nonuniformly distrib-
uted crack spacing combine under load to destroy the load
transfer across the transverse crack. There are instances,
reported in the literature and found in this study, where non-
uniform support has precipitated localized short crack spac-
ing, leading ultimately to punchout failure. Whether the
punchout is at the pavement edge or in the wheel path, the
cause is still the same. Pavement faulting, which is charac-
teristic of the punchout distress, cannot develop unless the
support underneath that portion of the pavement is lost.
Therefore, definitions in the literature appraising various causes
to edge and interior punchout are unnecessary.

ACKNOWLEDGMENT

This paper is based on the results of a cooperative study
between the Illinois Department of Transportation (DOT)
and the University of Illinois sponsored by the Division of
Highways of the Illinois DOT and FHWA.

REFERENCES

1. G. P. York. Continuously Reinforced Concrete Pavements— The
State of the Art. Technical Report No. AFWL-TR-71-102. Air
Futce Weapuus Labutatuty, October 1971.

2. T. C. Paul Teng and J. O. Coley. Continuously Reinforced Con-
crete Pavements in Mississippi. In Transportation Research Rec-
ord 485, TRB, National Research Council, Washington, D.C.,
pp. 25-38, 1974.

3. F. C. Witkoskiand R. K. Shaffer. Continuously Reinforced Con-
crete Pavements in Pennsylvania. Bulletin 238. HRB, National
Research Council, Washington, D.C., 1960.

4. D. G. Zollinger. Investigation of Punchout Distress of Continu-
ously Reinforced Concrete Pavement. Ph.D. thesis. Department
of Civil Engineering, University of Illinois at Champaign-Urbana,
1989.

5. NCHRP Synthesis 60: Failure and Repair of Continuously Rein-
forced Concrete Pavement. TRB, National Research Council,
Washington, D.C., July 1979.

6. S. A. LaCoursiere, M. I. Darter,and S. A. Smiley. Performance
of Continuously Reinforced Concrete Pavement in Illinois. Civil
Engineering Studies, Transportation Engineering Series 10. Uni-
versity of Illinois, Urbana, 1978.

7. D. J. Janssen. The Effect of Asphalt Concrete Overlays on the
Progression of Durability Cracking in Portland Cement Concrete.
Ph.D. thesis. University of Illinois, Urbana-Champaign, 1985.

8. J. D. Lindsay. A Ten-Year Report on the Illinois Continuously
Reinforced Pavement. Bulletin 214. HRB, National Research
Council, Washington, D.C., 1959.



Zollinger and Barenberg

9.

10.

11.

12.

13.

14.

15.

16.

D. R. Schwartz. Effect of Subbase Type and Subsurface Drainage
on Behavior of CRC Pavements. Physical Research Report No.
83. Bureau of Materials and Physical Research, Illinois Depart-
ment of Transportation, May 1979,

B. F. McCullough, A. Abou-Ayyash, W. R. Hudson, and J. P.
Randall. Design of Continuously Reinforced Concrete Pavements
for Highways. NCHRP Project 1-15. TRB, National Research
Council, Washington, D.C., Aug. 1975.

B. F. McCullough, J. C. M. Ma, and C. §. Noble. Limiting Cri-
teria for the Design of CRCP. Rescarch Report 177-17, Center
for Transportation Research, University of Texas, Aug. 1979,
E. G. Kleyne and P, F. Savage. The Application of the Pavement
DCP to Determine the Bearing Properties and Performance of
Road Pavements. Presented at the International Symposium on
Bearing Capacity of Roads and Airfields, Trondheim, Norway,
June 1982.

Adrian J. Van Wijk. Rigid Pavement Pumping: (1) Subbase Ero-
sion; (2) Economic Modeling. Ph.D. thesis. School of Civil Engi-
neering, Purdue University, West Lafayette, Ind., 1985.

D. H. Jiang, S. P. Shah, and A. T. Andonian. Study of the Transfer
of Tensile Forces by Bond. ACT Journal, Proceedings Vol. 81,
No. 3, May-June 1984, pp. 251-259.

Y. Goto. “Cracks Formed in Concrete Around Deformed Ten-
sion Bars. ACI Journal, Proceedings Vol. 68, No. 4, April 1971,
pp. 244-251.

R. M. Mains. Measurement of the Distribution of Tensile Stresses
Along Reinforcing Bars. ACI Journal, Proceedings Vol. 48, Nov.
1951, pp. 225-252.

17.

18.

19.

20.

13

P. T. Foxworthy. Concepts for the Development of a Nonde-
structive Testing and Evaluation System for Rigid Airfield Pave-
ments. Ph.D. thesis. Department of Civil Engineering, University
of Hlinois, Urbana-Champaign, 1985.

M. S. Hoffman and M. R. Thompson. Mechanistic Interpretation
of Nondestructive Pavement Testing Deflections. Civil Engincer-
ing Studies, Transportation Engincering Series 32, Illinois Coop-
erative Highway and Transportation Research Program Series
No. 190, University of Illinois, Urbana, 1981,

A. M. loannides. Dimensional Analysis in NDT Rigid Pavement
Evaluation. Journal of Transportation Engineering, ASCE, Vol.
116, No. 1, Jan.~Feb. 1990, pp. 23-26.

A. M. loannides, M. R. Thompson, and E. J. Barenberg. The
Westergaard Solutions Reconsidered. Presented at the 1985 Annual
Meeting of the Transportation Research Board, Washington, D.C.,
January, 198S.

The contents of this paper reflect the views of the authors, who are
responsible for the facts and the accuracy of the data presented. The
contents do not necessarily reflect the official views or policies of the
Hllinois DOT or the FHWA. This paper does not constitute a standard,
specification, or regulation.

Publication of this paper sponsored by Committee on Rigid Pavement
Design.



14

TRANSPORTATION RESEARCH RECORD 1286

Aggregate Interlock: A Pure-Shear Load

Transfer Mechanism

ANASTASIOS M. IOANNIDES AND GEORGE T. KOROVESIS

A finite element investigation was made of the behavior of jointed
or cracked pavement systems equipped with a pure-shear load
transfer mechanism, such as aggregate interlock. Dimensional
analysis was used in the interpretation of the data, leading to a
general definition of the relative joint stiffness of the pavement
system in terms of its structural characteristics. Results obtained
in this study were verified by comparisons with earlier published
field, laboratory, and analytical information. The investigation
demonstrated that deflection load transfer efficiency is related to
stress load transfer efficiency and that this relationship is sensitive
to the size of the applied loading (or to the gear configuration).
A simple back calculation procedure is outlined to evaluate the
in situ joint stiffness of such pavements. Pure-shear load transfer
devices are shown to be particularly desirable under a combined
externally applied and thermal loading condition, since they offer
no additional restraint to longitudinal curling.

Aggregate interlock is a natural mechanism effective in trans-
ferring loads across discontinuities, such as joints and cracks,
in plain or reinforced Portland cement concrete pavement
systems. Only a shear action is operative in this mechanism.
In contrast, load transfer devices such as dowel bars also
involve bending, thus creating an interest to investigate load
transfer by aggregate interlock. This mechanism is easier to
model and analyze than, say, a doweled system. Furthermore,
its study can provide useful information on alleviating certain
ill side effects resulting from the use of bending action load
transfer mechanisms, such as additional restraint to longitu-
dinal curling. Finally, interpretation of numerical results
obtained from the simpler shear-only devices can suggest
methods for handling data pertaining to the more complex
case of doweled pavement systems. A finite element inves-
tigation is presented to provide a better understanding of the
most significant aspects of load transfer in slab-on-grade pave-
ments, when this does not involve bending action.

Because of its questionable long-term endurance record,
aggregate interlock is not relied on as a primary load transfer
mechanism, except perhaps in low-volume roads. Abrasion
and attrition of the aggregates, coupled with temperature var-
iations causing a fluctuation in the size of the opening at the
discontinuity, can result in a significant decrease in the effec-
tiveness of this mechanism over time. This deterioration, how-
ever, does not detract from the value of a research effort such
as 1s described below. Even for doweled pavement, ““the cur-
rent concept [is] that load is transferred across a joint prin-
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cipally by shear . . . [whereas| moment transfer across joints
with visible openings is negligible (1,2).

1he finite element computer program ILLI-SLAB (3,4) was
used in this study. This program has been thoroughly checked
for accuracy and reliability. It has been adapted recently to
permit analysis of multiple-slab systems under combined
externally applied and thermal loads (5). Aggregate interlock
(or any pure-shear device, in general) is modeled in ILLI-
SLAB by a set of linear springs, acting at each node along
the discontinuity. The spring constant assigned, therefore, is
indicative of the stiffness of the joint, which is itself a function
of joint width, as well as aggregate angularity and hardness.
This model is similar to that employed in comparable codes,
such as J-SLAB (6) and WESLIQID (7).

Numerical data are interpreted by using the principles of
dimensional analysis (8). This approach offers an attractive,
often superior, alternative to the more conventional statistical
interpretation techniques. As demonstrated in this paper, the
considerable progress achieved in understanding load trans-
fer systems, and in compromising apparently conflicting evi-
dence in the technical literature, confirms the validity of this
assertion.

LEFTICIENCY AND ENDURANCE OF JOINTS

Aggregate interlock was first recognized as a beneficial load
transfer mechanism in the early 1900s, when the popularity
of Portland cement concrete as a paving material was begin-
ning to increase. The first major field tests and other inves-
tigations seeking to provide a better understanding of pave-
ment behavior, thereby leading to improved designs, also date
from that time. The Bates Road Test, conducted near Bates,
I11., between 1921 and 1923 (9), led to the conclusion that
once cracks had formed in plain concrete, they tended to
propagate rapidly and deteriorate badly under a small number
of load repetitions (/0). In contrast, cracks developing in
reinforced concrete pavement sections remained tight, dete-
riorated slowly, and exhibited overall much better behavior.

The issue of long-term endurance of natural aggregate inter-
lock has been addressed by subsequent studies as well. In an
extensive field investigation conducted by the Michigan State
Highway Department in the early 1930s, the superior perform-
ance of reinforced sections (in which cracks were held tight)
was confirmed, under both a single, as well as repeated, load
applications. Therefore it was concluded that “when rough-
ened edges of two slabs are held firmly together the aggregate
interlock may be expected to function perfectly and perma-
nently as a load-transfer medium” (/7). Seasonal variations
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in the efficiency of load transfer at the cracks were also noted.
These were the result of expansion of the slabs in the summer
and their corresponding contraction in the winter. Joint open-
ing was clearly established as a major determinant of aggre-
gate interlock and efficiency of load transfer. The recom-
mendation to use short slabs with reinforcement to keep tight
any cracks that may develop (10) aimed at ensuring both initial
load transfer efficiency (by “lessening the probability of erratic
cracking”) and better long-term endurance of the joints.

The Arlington load tests (/2), on the other hand, led to
the conclusion that

aggregate interlock cannot be depended upon to control load
stresses. Even when joints are held closed by bonded steel
bars there is a wide variation in the value of the critical stress
caused by a given load, from side to side of the joint and from
point to point along it. For this reason it appears necessary to
provide independent means for load transfer.

This constituted an implicit call for the use of dowels as load
transfer devices, in view of the unreliability and variability of
aggregate interlock. A fresh look at the Arlington conclusions
is offered by the data obtained in this study.

The importance of achieving a satisfactory degree of load
transfer at first loading, as well as maintaining this standard
over a large number of load applications, was a primary moti-
vation for the comprehensive laboratory study by Colley and
Humphrey (13). These investigators introduced the Endur-
ance Index (EI) as a descriptor of long-term joint perform-
ance. Expressed as a percentage, this value was defined as
the ratio of the area under the curve of joint effectiveness
(Eff) versus the number of repetitions (N) to the correspond-
ing arca under the curve obtained by setting Eff equal to 100
percent for N = 1 X 10¢ cycles. The joint effectiveness was
defined as follows:

Eff = m * 100 percent (1)

where A, and A, are the deflections on the unloaded and the
loaded side of the joint or crack, respectively.

Their laboratory tests examined five factors considered
important to both EI and Eff, namely, joint width (w); slab
thickness (%); load magnitude (P); foundation type and subgrade
modulus (k); and shape of aggregate. Slabs were tested on
an unprotected silty-clayey soil (k = 89 psi/in.), as well as on
the same subgrade covered with a 6-in. base, consisting of
either sandy gravel (k = 145 psi/in.) or a cement-treated
material (k = 452 psi/in.). The composite subgrade modulus
values quoted were averages from 24-in.-diameter plate load
tests. Results confirmed that Eff decreases as w increases, or
as N increases, with about 90 percent of the loss occurring
during the first 500,000 repetitions. In addition, E/ is improved
considerably as k increases. Both Eff and EI deteriorate as
P increases above some critical value, suggesting that “light
loads cause little or no wear and probably do not need to be
considered.” More angular aggregates resulted in better long-
term performance, as expected. Similarly, thicker slabs exhib-
ited higher Eff and EI values than thinner ones.

Following the advent of nondestructive testing (NDT)
methods in recent years, attention has also been directed to
field evaluation of the load transfer performance of joints and
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cracks. The falling weight deflectometer (FWD) has been a
popular choice for this purpose, with the recommendation for
more sensitive sensors to detect small differences in deflection
across the discontinuity tested (74). Results to date (15) sug-
gest that an increase in ambient temperature improves the
efficiency of joints or cracks that are free to open or close.
This had also been the conclusion of earlier studies not involv-
ing the FWD (/1,16).

ENGINEERING INDEPENDENT VARIABLES

The preceding discussion shows that the number of param-
eters involved in the problem under investigation is large. A
factorial designed on the basis of the assumption that the
effects of each of these is independent of the others would
be prohibitively extensive. It is true that in a finite element
investigation such as is described below several factors that
are important in the field cannot be explicitly accounted for.
Using the Aggregate Interlock Option in ILLI-SLAB, for
example, it is not possible to study the effect of the number
of load applications (V) on long-term endurance or the effect
of aggregate characteristics on joint effectiveness. Even joint
width can be incorporated only indirectly in the selection of
the spring constant (AGG) used to represent the shear stiff-
ness per unit length of the joint. This constant is also com-
monly referred to as the aggregate interlock factor (AIF).
Empirical relations are, therefore, necessary to fill these and
other analytical gaps. Yet, even for an idealized and simplified
problem, such as is posed by an ILLI-SLAB run, a meth-
odology is required for designing a short but effective factorial
of runs and for interpreting the results obtained so that broad
conclusions may be reached. Previous investigations at the
University of Illinois have demonstrated the efficacy of dimen-
sional analysis for this purpose.

In previous analytical studies involving a single slab under
a single-wheel load, the following nondimensional engineer-
ing independent variables have been established:

1. The load size ratio (a/l), where a is the radius of the
applied load and / is the radius of relative stiffness of the slab-
foundation system (17);

2. The slab size ratios (L/l and W/I), where L and W are
the length and width of the slab, respectively (18,19); and

3. The temperature differential parameter («AT) in which
a is the coefficient of linear expansion of the slab material
and AT is the temperature differential between the top and
the bottom of the slab (20).

The effect of dual-wheel loads (and, by implication, of
multiple-wheel loads, in general) may be quantified by the
spacing ratio S/a, where S is the distance between the wheels
(21). This gives rise to the equivalent single axle radius (ESAR)
concept, which would allow the application of results obtained
from single-wheel load studies to cases involving more com-
plex gear configurations (20). Recent efforts have shown that
it is possible to derive with reasonable accuracy an ESAR for
any arbitrary loading gear configuration simply as a function
of its geometry (size and spacing of tire prints). The loss of
accuracy involved in such a transformation from a multiple-
to a single-wheel load is the topic of an ongoing investigation
at the University of Illinois.
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It is essential to establish the form of the nondimensional
engineering independent variable(s) governing the behavior
of a two-slab system equipped with a pure-shear load transfer
mechanism, such as aggregate interlock. A procedure sug-
gested by Langhaar (22) may be used for this purpose. The
only additional input parameter entering a typical ILLI-SLAB
run involving aggregate interlock is AGG, whose dimensions
are FI.72. To form a nondimensional product (w), AGG must
be combined with one or more other input parameters, which
include force (F) and length (L) in their dimensions. To reduce
the number of choices further, it is pertinent to recall that
AGG is a stiffness term. It is, therefore, reasonable to con-
sider, at least to begin with, other stiffness terms. Clearly,
the subgrade modulus (k) and the radius of relative stiffness
(!) are ideal choices, since they also possess the necessary
dimensions.

Now, any product () of these three parameters will have
the following form:

T = kmm AGG™ (2)

The corresponding dimensions of « are
T = (FL73)"” (L)mz (FL*Z)I"} (3)

To obtain a dimensionless product, the exponents of F and
L must be zero. Thus

m, + my =0 4

—3my, + m, — 2my; =0 (5)

Assuming that m, = 1, a solution of the above system of
equations is obtained for m, = m, = —1. Thus, the resulting
dimensionless variable is AGG/kl. This variable expresses the
relative stiffness of the joint itself to the stiffness of the pave-
ment system in which it is installed. It is interesting to observe
that 1/kl was identified as a pertinent lumped variable form
by Tabatabaie and Barenberg (3).

Note that the formal procedure outlined by Langhaar (22)
and applied above in writing and in solving cquations 2 through
5 guarantees neither the uniqueness nor the suitability of the
derived dimensionless variable. Like many other engineering
aids (e.g., computers, statistics, and the finite element method),
dimensional analysis is merely a tool. Fruitful implementation
of this type of analysis demands considerable engineering
judgment, imagination, and experience. It is primarily on the
basis of engineering intuition that the three parameters in
Equation 2 were selected in the first place. Furthermore, the
weight of the numerical evidence presented below confirms
the correctness and adequacy of the dimensionless variable
selected. Although the formal derivation outlined above is
the most appropriate way of presenting results in a paper, it
is rare that one arrives at the most suitable form of the dimen-
sionless variable a priori. More often than not, this is a pain-
staking trial-and-error procedure, concealed perhaps by the
brevity demanded by technical journals. The satisfaction of
finally establishing the most general form, and the resulting
immense simplification of the problem, provide the fuel that
sustains the student of dimensional analysis.
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DIMENSIONLESS RESPONSE VARIABLES

The three primary response parameters in the analysis of slab-
on-grade pavement systems are deflection (8), bending stress
(o), and subgrade stress (g). When the dense liquid foun-
dation model is adopted, the latter may be eliminated because

q = k3 (6)

Several dimensionless combinations of the first two response
parameters have been proposed in the technical literature as
measures of the load transfer efficiency developing in
multiple-slab systems. The large number of definitions for the
term joint effectiveness is because some definitions may not
be appropriate or even correct, particularly when field mea-
surements are considered. In the analytical study presented
in this paper no such complications arose, since each definition
may be transformed in an algebraically exact manner into any
other. Nonetheless, the results justify to a considerable extent
the concerns expressed by previous investigators about some
definitions. Most of these pertain to the scnsitivity of ficld
measuring devices and the impact of relatively minor changes
in measured responses.

The definitions adopted in the interpretation of the finite
element data presented below are as follows:

® Deflection load transfer efficiency (LTE;) (often abbre-
viated simply load transfer efficiency or LTE):

A
LTE; = LTE = A—” x 100 percent 7
L

@ Stress load transfer efficiency (LTE,):

LTE, = (;_U x 100 percent (8)

L

® Transferred load efficiency (TLE):
Py
TLE = 7 X 100 percent ©)

where

0y, 0, = slab bending stress on the unloaded and on the
loaded side of a joint or crack, respectively;

P, = total load transferred from the loaded to the
unloaded side of a joint or crack, along its entire
length; and

P = total externally applied load.

FINITE ELEMENT INVESTIGATION

The problem under investigation is fairly complex, even after
the simplifying assumptions of linear elasticity, plate theory,
and dense liquid foundation have been adopted. The purpose
of these idealizations is to reduce the number of variables
involved and thus improve the engineer’s ability to under-
stand, if not solve, the problem. Nonetheless, even in the
idealized model there is a prohibitively large number of pos-
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sible interconnections between the input parameters, so that
to describe it completely would require an enormous number
of analytical or experimental data. Dimensional analysis offers
“a method to reduce the number of quantities which are related
to each other [with] no sacrifice in accuracy. The simplification
obtainable by dimensional analysis is pure gain” (23). The
validity of these comments is clearly illustrated by the finite
element runs presented below.

The major relationship established in this study is depicted
in the form of the nondimensional plot of LTE; versus AGG/
kl shown in Figure 1. Twenty-five executions of the ILLI-
SLAB code were more than enough to define the S-shaped
curve obtained with considerable precision. These runs were
carefully designed to conform with user guidelines developed
in previous investigations involving the use of ILLI-SLAB
(24). To ensure the generality of the conclusions reached, the
relationship described by Figure 1 was later verified and con-
firmed by a number of additional finite element runs, involy-
ing input parameters (such as slab modulus E, 4, and k) that
are substantially different from those used in the original form.
It is apparent that “dimensional analysis leads to organization
of the results of an analytical or experimental investigation
so that is possible to present them more compactly and at the
same time more generally than if the same information is
presented in dimensional form” (23). In Figure 1, “the objec-
tives of making the subject easier to grasp as a whole, or more
compatible with related problems” (23) have all been achieved.

LTE; is extremely sensitive and deteriorates rapidly as the
independent variable (AGG/kl) falls below 10. Also inter-
esting is that other things being equal, an increase in the
subgrade modulus (k) or the slab stiffness (EA?) will yield a
lower LTE,. Experimental data presented by Teller and Cash-
ell (25) as well as numerical results by Kilareski et al. and
Ozbeki et al. (26,27) also pointed to the same conclusion,
although this was not explicitly stated as such. Perhaps this
was because such a conclusion would be in apparent contra-
diction to the intuitive speculation that a stronger subgrade
or stiffer slab should improve pavement response. However,
in this respect, a lower LTE; does not indicate a poorer pave-
ment system, because absolute deflections and stresses will

also be decreased as k or Eh® increases. Thus, the lower LTE;
will be sustained over a longer period of time, leading to a
higher endurance index, as reported by Colley and Humphrey
(13).

The sensitivity of the relationship between LTE,; and AGG/
kIl was also investigated for a range of values of the three
other independent variables, a/l, L/l, and W/, set in devel-
oping Figure 1 at values of 0.156, 5.0 and 3.9, respectively.
These were considered to be representative of “typical” in
situ conditions.

Effect of Size of Loaded Area

Thirty-two additional TLLI-SLAB runs, in which (a//) ranged
between 0.047 and 0.584, showed that the maximum change
in LTE; was only 6 percent (from 84 to 90 percent). Thus, it
may be concluded safely that the effect of the load size ratio
on LTE;, is not pronounced. Combining this result with the
ESAR concept, it may be postulated that the relationship in
Figure 1 also holds with adequate accuracy for multiple-wheel
loads.

The load size ratio (a/l) influences significantly LTE , how-
ever, as suggested by Figure 2. This plot shows the pro-
nounced sensitivity of the relationship between LTE, and
LTE, to changes in a/l. At any value of LTE;, much higher
LTE, values are obtained as a/l increases, i.e., as the load
becomes less concentrated. An additional benefit may also
be expected from increased values of a/l, since the absolute
value of pavement responses will also decrease as the load is
distributed over a larger contact area.

Note that for any given (a//) value, a small change in LTE;
can result in a significant change in LTE_, particularly when
more concentrated loads are considered. This would explain
why Teller and Sutherland (/2) concluded that LTE, is “not
a usable measure of the stress conditions that accompany
them.” Their field measurements indicated that even when
A, — A,, ““as nearly as can be judged by visual examination,”
LTE, was only 50 percent. This conclusion was reiterated by
Kelley (28). The latter also adopted an alternative definition
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of LTE,, suggested by Teller and Sutherland (/2), hoping to
overcome this difficulty. The Arlington data corresponded to
all values between the upper two curves in Figure 2. In this
range, LTE; is about 95 percent for LTE, of 40 percent. The
measured deflections on each side of the joint were about 5
mils; i.e., an accuracy of 0.25 mils would have been necessary
to discern any deviation in LTE, from the ideal value of 100
percent. Therefore, it is evident that the concerns of Teller
and Sutherland (/2) should be interpreted as a commentary
on the accuracy of their measurements, coupled with the sen-
sitivity of the relationship depicted in Figure 2. Most sur-
prising, however, is that recently their presumption of no
usable relationship between LTE; and LTE, has been replaced
by the erronecous assumption of a unique correlation between
these two response ratios.

Referring to the ESAR concept once again, it may be antic-
ipated that individual curves similar to those in Figure 2 will
be obtained for each specific multiple-wheel gear configura-
tion. The single LTE; versus LTE_ curve presented by Bar-
enberg and Arntzen (29) should, therefore, be interpreted as
pertaining to one loading configuration (i.e., one aircraft type).
Similarly, unique relationships, such as those presented in the
AASHTO Guide (30), by Bush ct al. (37), by Korbus and
Barenberg (32), and others, must be viewed as incomplete
interpretations of a limited amount of data.

The sensitivity of LTE, tc a/l exhibited in Figure 2 consti-
tutes a significant finding of this study. A consequence of the
faulty conception that the relationship between LTE; and
LTE, is unique is encountered in the current design procedure
of the Federal Aviation Administration (FAA) (33). This
accounts for load transfer at the joints by reducing the free
edge stresses by 25 percent. This is tantamount to assuming
an LTE, of 33 percent. As indicated in Figure 2, this corre-
sponds to 95 percent LTE; for a fairly concentrated load (a7
= (.047), whercas for a more distributed load (a/l — 0.584)
the concomitant LTE is only 63 percent. The corresponding
AGG/kl values from Figure 1 are about 50 and 2, respectively.
Thus, the degree of conservatism in the FAA recommenda-
tion will vary widely as a function of the size (or configuration)
of the applied loading considered, i.e., with aircraft type. It
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is regrettable that the uniqueness assumption is retained and
made even more prominent in the envisaged “unified”” design
procedure, under development for the FAA by the U.S. Army
Corps of Engineers (34,35).

The effect of a/l is also pronounced when considering the
relationship between TLE and LTE;. As illustrated in Figure
3, TLE approaches its maximum theoretical value of 50 per-
cent only for rather concentrated loads. Its limit value becomes
progressively smaller as a/l increases, approaching 40 percent
for a/l of about 0.5.

Effect of Slab Length and Slab Width

In both the original 25 runs and the additional 32 runs to
investigate the effect of a/l, the slab length ratio (L/) was
maintained at 5.0, whereas the slab width ratio (W/[) was kept
at 3.9. Under full contact conditions, L/l = 5.0 has been
shown to result in infinite-slab responses (18). This value is
also close to the shortest slab length encountered in practice
(around 15 ft). On the other hand, W/ of 3.9 corresponds to
(L/W) of about 1.25, which is the value usually recommended
for this parameter [e.g., see AASHTO Guide (30)].

Setting a/l at 0.156, W/l at 3.9, and AGG/kl at 13.84, an
additional series of five ILLI-SLAB runs was conducted in
which L/l ranged from 1 to 9. For L/l in excess of about 4.0,
TLE as well as LTE; and LTE, were found to be practically
insensitive to slab length. Even for shorter slabs, LTE, and
LTE, increase, whereas TLE decreases by only about 1.5
percent per unit decrease in (L/]). )

Similarly, keeping a/l constant at 0.156, L/l at 5.0, and
AGG/kl at 13.84, a series of five finite element runs was
performed with W/l varying between 1 and 7. TLE was found
to be insensitive to W// throughout the range, whereas LTE,
and LTE_ were affected only for W/l below 4. The value of
LTE; increases by 3 percent, whereas LTE, decreases by 8
percent per unit decrease in W/l. Both the slab length and
slab width investigations, therefore, suggest that slab size effects
on TLE, LTE,, and LTE, are not overly significant.
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RE-INTERPRETATION OF PREVIOUS STUDIES

Previous studies have also produced data describing the var-
iation of LTE; as a function of the parameters entering the
analysis of multiple-slab pavement systems with aggregate
interlock. Implicit in the application of dimensional analysis
described previously is the assertion that the resulting inter-
pretation of the data is general. Thus, the S-shaped curve in
Figure 1 should be valid with no regard to the individual input
parameters assumed. It is, therefore, interesting to examine
whether the proposed relationship between LTE, and AGG/
ki can be reproduced from results presented in the technical
literature.

Nishizawa et al. (36) presented data obtained from the
execution of a new finite element code in the form of LTE;
versus k/k, where k represents the joint spring stiffness per
unit area of shear in the cross-section of the slab. This param-

eter, therefore, corresponds to AGG/h asused in ILLI-SLAB,
or AGG/kl = (k/k) x (h/l). Figure 4 presents the data by
Nishizawa et al. (36) replotted in terms of AGG/kl and super-
imposed on the ILLI-SLAB curve from Figure 1. Despite the
fact that results from two different computer programs are
compared, the scatter in Figure 4 is impressively narrow. In
fact, it is significantly less than that exhibited by the original
plot presented by those investigators.

Similarly, Figure 5 presents a re-interpretation of a data
base generated using ILLI-SLAB by Zimmer and Darter (37).
In the partial factorial of 64 finite element runs performed,
k ranged from 50 to 400 psi/in., A from 6 to 8 in., and AGG
from 10? to 10° psi. The data obtained had been presented as
LTE; versus AGG for various k and / values in a total of 15
separate curves. These, however, are usable only for the pave-
ment systems employed in their derivation. The same data,
plotted against the proposed independent variable (AGG/kl)
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allow the consolidation of the original 15 curves into one. This
not only confirms the generality and validity of the Figure 1
curve (solid line in Figure 5), but more importantly it permits
the application of the data base to cases outside the range
considered in its development. According to Taylor (23) “per-
haps [the] most important use [of dimensional analysis] to the
engineer is as a means of developing the ability to generalize
from experience and thus to apply knowledge to a new sit-
uation. Although always perilous, generalization is essential
to bring an element of order into an otherwise chaotic world.”
The minor scatter in Figure 5 can be attributed to the coarse-
ness of the finite element mesh used to perform these runs.

Plots of LTE, versus AGG/kl were also prepared for ILLI-
SLAB data presented by Tabatabaie and Barenberg (3) and
by Korbus and Barenberg (32). These also confirmed the
generality of the proposed S-shaped curve in Figure 1 (5), but
are not presented in this paper for the sake of brevity.

PRACTICAL APPLICATIONS

The S-shaped curve shown in Figure 1 offers the possibility
of determining the in situ stiffness of joints and cracks. Non-
destructive testing (NDT) data may be used for this purpose,
in conjunction with a procedure to backcalculate k and /, e.g.,
program ILLI-BACK (15,38). The value of LTE; can also be
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obtained using the FWD, for example, with sensors located
on either side of the discontinuity. Thus, knowing these three
parameters, the in situ stiffness of the joint or crack, AGG,
may be readily determined from Figure 1. Periodical measure-
ments of this important characteristic of the pavement system
can provide useful insights into a study of the time history of
joint deterioration. In addition, through carefully designed
experiments, the factors influencing AGG may be investi-
gated. These include the joint (or crack) width, ambient tem-
perature, aggregate shape, and resistance to polishing.

The proposed backcalculation approach may also be used
in interpreting experimental results published in the litera-
ture. Consider, for example, the data presented by Colley
and Humphrey (13). These investigators tested slabs whose
effective length may be considered infinite, since they restrained
the upward movement of the slab ends when the joint was
loaded. The slab width, however, was only 46 in., or less than
2.0 . Accordingly, their reported Eff values were first con-
verted to LTE,, and these were then adjusted by decreasing
them by 3 percent per unit change of W// when the latter was
less than 4.0. Both the data reported by Collecy and Humphrey
(13), and the results of the backcalculations conducted in this
study are given in Table 1.

A word of caution is in order concerning the numerical
accuracy of the backcalculated AGG values. These values are
based on data read off the figures in the original paper, which
themselves consist of best-fit curves to the actual experimental

TABLE 1 BACKCALCULATION OF JOINT STIFFNESS FROM DATA BY COLLEY AND

HUMPHREY (13)

h k £

(a/8) (W/%2) w Eff LTEg (AGG/kZ) AGG

in. psi/in. in. in. % % psi
7 89 351 0.228 1.31 0.035 89 72 4.1 1.3E+04
9 89 42,3 0.189 1.09 0.035 92 76 5.4 2.0E+04
. 145 31:0 0.258 1.48 0.065 82 62 2.2 1.0E+04
7 145 31.0 0.258 1.48 0.045 88 70 3.7 1.7E+04
7 145 31.0 0.258 1.48 0.035 88 gl 3.8 1.7E+404
7 145 31,0 0.258 1.48 0.025 98 78 6.2 2.8E+04
7 145 31.0 0.258 1.48 0.015 98 88 14.2 6.4E+04
9 145 37.5 0.213 1.23 0.085 40 17 0.2 1.1E+03
9 145 3i7.5 0.213 1.23 0.065 78 56 1.6 8.9E+03
9 145 37.5 D.213 1.23 0.045 98 88 14.6 8.0E+04
9 145 37.5 0.213 1.23 0.035 99 89 16.8 9.1E+04
9 145 37.5 0.213 1,23 0.025 99 90 19.0 1.0E+405
9 452 28..2 0.284 1.63 0.085 84 65 2.7 3.4E+04
9 452 28.2 0.284 1.63 0.065 92 78 6.1 7.7E+04
9 452 28:2 0.284 1,63 0,035 98 89 17.4 2.2E+05

Note: E = 4.6 x 10% psi (based on unconfined compressive stress

data); u = 0.15; a

8 in.;

w

46 in.

Eff values are as reported by Colley and Humphrey.

LTEg
adjusted for slab width.

(Eff/{200-Eff}) x 100%.

LTEg values given are
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results. In addition, Figure 1 was used in the backcalculation,
using LTE,; values adjusted as noted above. For these reasons,
the backcalculated AGG values may be considered as approx-
imate (perhaps within + 30 percent), giving a fairly good pic-
ture only of the order of magnitude of this parameter for the
test conditions investigated.

Of particular interest to users of ILLI-SLAB or of similar
finite element codes is the fact that Figure 1 provides the
opportunity to determine a priori the value of AGG to be:
provided as input to the program to achieve a desired level
of LTE;. Until now, guidelines for the selection of AGG had
been scarce, and this process has often been one of trial and
error.

Nishizawa et al. (36) outlined a method that may be used
to relate joint stiffness to the joint opening. This method
involves using the following simple empirical equation, which
expresses LTE; as a linear function of a o:

LTE, (percent) = 100 — 25 w (millimeters) (10)

Equation 10 appears to be a best-fit straight line through the
data by Colley and Humphrey (13), reproduced in Table 1.
A logarithmic expression may also be fitted to the relation
between LTE; and relative joint stiffness (such as that shown
in Figure 1). Thus, combining these two equations, a third
may be obtained relating the joint stiffness to w. Such a pro-
cedure is treacherous, however, because it involves combining
an empirical relation with a mathematically exact function.
The accuracy and reliability of its outcome are often hard to
establish and rarely can be used successfully in a quantitative,
as opposed to a merely qualitative, manner.

It may be reasonable to postulate that a curve similar to
that in Figure 1, relating LTE,; and the relative joint stiffness
of the pavement system, should also exist for pavements fitted
with dowels as the primary load transfer mechanism. In con-
sequence, the relationships depicted in Figures 2 and 3 would
also hold for doweled pavements. The pertinent questions
that need to be answered are how to define the relative joint
stiffness of a doweled pavement system, and how to relate
this to such factors as dowel spacing, joint opening, and the
modulus of dowel support. Research in this direction is con-
tinuing at the University of Illinois.

AGGREGATE INTERLOCK EFFECTS IN
CURLING ANALYSIS

One of the primary concerns in designing load transfer mech-
anisms for a pavement system is the possibility of a detri-
mental effect when external loads and a temperature differ-
ential are considered simultaneously. With respect to doweled
joints, in particular, Kelley (28) cautioned that “dowels that
are too stiff may cause more distress in the pavement slab
than would result from their complete omission,” due to an
increased ‘‘restraint to longitudinal warping.” In recent years,
there has been considerable interest in devices that would
“take up the shear forces due to the passage of vehicles by
preventing vertical movements, while allowing longitudinal
movements created by thermal changes” (39). Such a shear-
only load transfer mechanism can be modeled using the
Aggregate Interlock Option in ILLI-SLAB. This program
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was, therefore, used to examine the response of a two-slab
system with aggregate interlock, under combined externally
applied and thermal loading conditions.

A partial factorial of 16 ILLI-SLAB runs was performed
for this purpose. The governing independent variable (cAT)
was set at 1.5 x 1074, which corresponds to a daytime tem-
perature differential of about 30°F. Daytime conditions are
often considered to be critical when combined with an exter-
nally applied edge load (20,40). To reduce the number of runs
required, a/l was fixed at 0.23, since its effect on LTE; was
found to be small. Under a temperature differential the effect
of the load size ratio most likely will be more pronounced,
particularly with respect to slab bending stresses (20). This
outcome, however, should not influence the broad conclu-
sions sought here with respect to the impact of aggregate
interlock on curling responses. Setting L equal to W, two
values of the slab size ratio, L/, were considered, namely,
4.1 and 14.8, simulating the behavior of a short and an infinite
slab, respectively. Finally, the joint stiffness ratio AGG/k!
was set to 1.0 for a low efficiency joint and at 10.0 for a high
efficiency joint. These inputs gave rise to four runs for each
of the following three loading conditions: external load only,
curling only, and combined curling and external loading. In
addition, four extra runs were performed to examine the cor-
responding single-slab case: two for external loading only,
and two for combined loading (one for each of the two L//
values). The response of a single slab under curling-only con-
ditions was identical to that of each of two slabs connected
by aggregate interlock, and it was not repeated.

The results obtained by finite element are presented in
Table 2. Under curling-only conditions, joint stiffness caused
by a pure-shear mechanism does not affect the response of
either a short or a long slab. In contrast, a mechanism that
involves bending as well may be expected to increase the
curling-only stresses, particularly in shorter slabs. Thus, a
pure-shear load transfer system would reduce edge stresses
caused by the load, without increasing the curling-only stresses.
This response would be especially desirable during the early
life of the pavement system when the slab strength has not
yet developed fully.

For either of the two levels of AGG/kl considered, very
similar LTE; and LTE, values are obtained for both the short
and long slabs if the external load is considered alone. In
contrast, under combined external load plus temperature dif-
ferential conditions, a substantial improvement in load trans-
fer efficiency is obtained in either slab size level, as AGG/kl
increases. It is also interesting to observe that the principle
of superposition (conventionally used to obtain the maximum
combined stress) applies fairly well in the case of long two-
slab systems, but leads to considerable underestimates when
short slabs are analyzed.

The maximum combined stresses in the two-slab systems
are also lower than the corresponding stresses in the single
slabs, especially for the higher AGG/kl value. Thus, aggregate
interlock (and by implication, pure-shear devices) perform
best when needed the most, without increasing curling-only
stresses. A manufactured shear-only load transfer mechanism,
installed either during or after pavement construction, would
also largely eliminate the durability and deterioration prob-
lems experienced when relying on natural aggregate inter-
lock alone.
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TABLE 2 AGGREGATE INTERLOCK EFFECTS IN CURLING ANALYSIS

RUN (L/2£) (AGG/kR) 41, Ay LTEg of oy LTE, Pt TLE
mils mils & psi psi ] kips &
(a) Load Only: Two Slabs
1 14,8 1,0 8.5 3.6 42 314 40 13 3.2 32
2 14,8 10.0 6.6 5.4 83 257 96 37 4.2 42
3 4.1 1.0 9.5 4.4 46 310 34 11 3.2 32
4 4.1 10.0 75 6.3 85 252 92 36 4.1 41
(b) Curling Only: Two Slabs, or One Slab
5 14.8 1:0 14.9 14.9 100 311 311 100 0 0
6 14.8 10.0 14.9 14.9 100 311 311 100 0 0
7 4.1 1.0 1.2 1.2 100 68 68 100 0 0
8 4.1 10.0 152 1.2 100 68 68 100 0 0
(¢c) Load + Curling: Two Slabs
9 14,8 1.0 23.9 18.8 79 628 354 56 3.5 35
10 14.8 10.0 21.9 20.8 95 571 411 72 4.5 45
11 4l 1.0 14.9 9.2 62 417 132 32 3.6 36
12 4.1 10.0 12.7 11.5 91 356 194 55 4.4 44
(d) Load Only: One Slab
13 14.8 - 12.1 - E 354 - - - -
14 & il - 13.9 - - 344 - - - -
(e) Load + Curling: One Slab
15 14.8 - 27.8 - - 669 - - - -
16 451 - 20.5 - - 461 - - - -
Note: E = 4x106 psi; p = 0.15; h = 8 in.; k = 500 psi/in.; £

26..3 dn.

P = 10 kips;

p = 100 psi; a = 5 x 107¢

in./in.°F; AT = 430 °F; L =W

CONCLUSIONS

The study of the behavior of joints and cracks in slab-on-
grade systems is the primary justification for the development
of all analytical procedures pertaining to so-called “rigid pave-
ment.” Were it not for the presence of such discontinuities,
the contributions of pioneers like Westergaard, Bradbury,
and Pickett would hardly have commanded the respect they
have enjoyed for decades among pavement engineers. Exten-
sive laboratory and field studies of joint performance have
also been undertaken since the carly 1900s, involving a great
investment of both time and money. Investigators such as
Older, Teller and Sutherland, Kelley, or Benkelman owe a
significant portion of their well-deserved reputations to such
investigations. It is unfortunate that in more recent years—
following the rise to prominence of the personal computer—

the very complex phenomena occurring at such discontinuities
have largely been ignored, as a result of a tendency to think
wishfully that Westergaard is dead.

This paper is intended as a constructive contribution to the
debate surrounding the adoption by some agencies of a “‘uni-
fied’" analysis and design approach. Unfortunately, this often
means that the particular identifying characteristics of *“rigid™
pavement systems (with joint behavior topping the list) are
entirely disregarded, but not without potential penalties.

In this investigation, it has been shown how a sophisticated
analytical tool (the finite element method) and a time-honored
numerical data interpretation approach (dimensional analysis)
can be combined to yield a simple description of the complex
problem at hand. This explanation can easily be incorporated
into a personal computer algorithm for routine application.
The methodology described also offers the following possi-
bilities:
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1. Back calculation of in situ joint stiffness using NDT data;

2. Reinterpretation and compromise of available labora-
tory and field test results, which may have been apparently
contradictory;

3. Abandonment of long-held false perceptions, such as
those pertaining to the uniqueness of the relationship between
LTE; and LTE,, or to the futility of searching for such a
relationship altogether;

4. Animproved understanding of more complex load trans-
fer mechanisms, such as doweled systems;

5. Evaluation of the desirability of pure-shear devices; and

6. An approach for analyzing the effect of multiple-wheel
loads, when results obtained are combined with the ESAR
concept.
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Mechanistic Design Considerations for
Punchout Distress in Continuously
Reinforced Concrete Pavement

DAN G. ZOLLINGER AND ERNEST ]. BARENBERG

A study was undertaken at the University of Illinois to develop
a mechanistic design approach for continuously reinforced con-
crete (CRC) pavements to account for punchout distress. A mech-
anism relating to the loss of load transfer and the progressive
development of punchout-related distress is presented. Analysis
procedures, demonstrated to implement the mechanism as a
rationally based thickness design procedure for CRC pavement,
suggest that the optimal crack interval is between 3 and 4 ft.
Present CRC design methodologies focus on limiting to certain
design criteria cracking intervals, crack width, and stress in the
reinforcements. Load transfer mechanisms have not been con-
sidered in the limiting design criteria and consequently are not
included in these design procedures. These methods attempted
to determine the design pavement thickness based on the com-
bined effects of environmental and load-related stress on the final
crack spacing, which must be limited to the design cracking cri-
teria. However, past experience has indicated that a certain per-
centage of crack spacing usually falls below the specified mini-
mum crack interval. These data suggest a greater tendency for
punchouts to develop within this lower range of crack spacing.
How pavement thickness, percent reinforcement, and crack spac-
ing may be considered with respect to pavement spalling and loss
of load transfer in the process of punchout development are
outlined.

Continuously reinforced concrete (CRC) pavements exhibit
distinctive cracking patterns induced by the restraint to vol-
umetric strains in the concrete material caused by the rein-
forcing steel. This type of pavement, in which the longitudinal
reinforcement is placed in a continuous configuration, can be
considered as an alternative to jointed concrete pavement in
some instances. Once the transverse cracks develop, the role
of the reinforcement is to maintain the crack width below
certain levels so that, in combination with the pavement thick-
ness, a high degree of load transfer efficiency can be achieved
throughout the design life. The primary pavement distress in
CRC pavements is the punchout and faulting between closely
spaced transverse cracks. This distress is a manifestation of
the loss of load transfer across the transverse cracks. There-
fore, there is evident need for thickness design analysis of
CRC pavement based on punchout failure mechanisms to
improve the reliability against premature punchout devel-
opment.

D. G. Zollinger, Department of Civil Engineering and Texas Trans-
portation Institute, Texas A&M University, College Station, Tex.
77843. E. J. Barenberg, Department of Civil Engineering, University
of Illinois, Urbana-Champaign, Ill. 61801.

Present thickness design procedures for CRC pavements
are either based on a thickness ratio between CRC pavement
and jointed concrete design thickness (/,2) or are indirectly
related to limiting design criteria for calculated structural
response parameters (3), or both. Neither of these methods
for selection of the design thickness of CRC pavement con-
siders load transfer across the transverse cracks directly. The
latter method, which has been adopted into the 1986 AASHTO
Design Guide (3) and into the Concrete Reinforcing Steel
Institute (CRSI) design manual (4) for CRC pavement,
approaches the design of CRC pavements by focusing on the
prediction of crack spacing, crack width, and steel stress as a
function of wheel load and environmentally induced contrac-
tion. The design crack width and steel stress are dependent
on the design crack spacing, which is a function of the per-
centage of reinforcement and wheel load stress. Therefore,
the percentage of reinforcement (and the wheel load stress
as input) is determined so that the limiting design criterion
applied to crack spacing, crack width, and steel stress indi-
rectly produces a design pavement thickness. The design
thickness is derived from this procedure because the percent
of reinforcement and the wheel load stress are a function of
the pavement thickness.

Present procedures recommend that crack spacing should
be selected so that the crack width is small enough to minimize
the entrance of surface water and to provide the necessary
load transfer through aggregate interlock (5). The cracking
design criteria have evolved over time to include shorter cracking
intervals. Intervals initially were set between 5 and 8 ft based
on deflection test results and steel corrosion studies (6). Most
recently minimum crack spacing has changed to as low as 3
ft based on an arbitrary load transfer and pavement stiffness
relationship. Field performance has suggested that the max-
imum crack spacing is a function of pavement spalling and
should range between 6 and 8 ft (7). Frequently, punchout
distress shows up in pavement sections with crack spacing of
1 to 2 ft. In spite of the limiting design criteria, a certain
percentage of crack spacing usually falls below the specified
minimum crack interval. A short cracking interval has been
recognized as an undesirable feature (6).

Correlations between CRC pavement thickness and jointed
pavement thickness are taken from present serviceability index
ratings for jointed concrete pavement. The thickness design
of jointed pavements was derived from performance equa-
tions developed from the AASHO Road Test predicting the
future serviceability as a function of equivalent 18-kip single-
axle load applications. These methods usually have resulted
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in thicknesses less than that for jointed concrete pavement.
Reported correlations were also made based on deflections
comparisons (8) made in Texas, but they were not as conclu-
sive. The 1986 AASHTO Design Guide describes thickness
design for jointed and continuously reinforced concrete pave-
ments by the same performance equations, meaning no reduc-
tion in CRC thickness. These equations consider the traffic
level, concrete strength, modulus of support (K value), load
transfer, terminal serviceability index, and design reliability.
Load transfer is characterized by a load transfer coefficient
(J), which is recommended in terms of the shoulder type.
Tied concrete shoulders allow for lower J factors, which leads
to less thickness. The J factor ranges from 2.9 to 3.2 for an
asphalt shoulder to 2.3 to 2.9 for a tied concrete shoulder.
Justification for the J factor has been somewhat subjective in
past design guides (9,10) and still is to a certain extent, inas-
much as it is based on experiencc and mechanistic stress anal-
ysis (3). The applicability of equations and relationships
describing the performance of jointed concrete pavements to
CRC pavements has never been verified. Many state thickness
standards have established 8 in. as a minimum CRC pavement
thickness. However, the trend has been toward greater CRC
pavement thicknesses since reports have been favorable of
10-in. CRC pavements under heavy traffic loads (/7). Current
design practice in which yielding pavement thicknesses are
too thin has been under suspicion (12).

Several early failures have been attributed to excessive
deflections under heavy loads, suggesting that greater thick-
nesses will improve performance. A move toward greater
design thicknesses for CRC pavements is likely to be bene-
ficial for perforniance. It appears, however, that the recom-
mended increase in thickness is arbitrarily determined in the
most recent version of the AASHTO Design Guide, i.e., there
appears to be no well-defined, rational method to determine
the thickness of CRC pavement. Since punchouts are the
primary structural type of distress in CRC pavements, there
is a need to understand punchout distress mechanisms and
how they relate to thickness design and pavement perfor-
mance to establish a basis for mechanistic thickness design.
Arguments for increased CRC design thicknesses are difficult
to justify unless punchout-related mechanisms are incorpo-
rated into the design procedure. Given Lhe uncestain perfor-
mance of CRC pavement, there is little doubt that thickness
design must address more directly the variables that influence
punchout performance (12).

Recently developed mechanistic analysis (/3-15) models
have established markedly different types of structural behav-
ior between jointed and CRC pavements. Consequently, con-
sideration for load and support conditions different from those
of the AASHO Road Test in mechanistic terms extends beyond
the design procedure of a simple thickness ratio (/0). This
problem is particularly evident in the consideration of stresses
and strains leading to the development of punchout distress
in CRC pavements. Since it is not reasonable to determine
CRC design thickness based on jointed concrete behavior, a
constant thickness ratio may not provide adequate reliability
against the development of premature punchout distress. Based
on a review (/6) of the nature of and factors leading to
punchout distress, a brief discussion and analysis of the failure
modes associated with the punchout process in CRC pave-
ments are presented.
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BASIC FAILURE MODES LEADING TO
PUNCHOUT DISTRESS

Four failure modes, relating to punchout distress based on
the results of an in-depth field study (/6), are proposed as
fundamental thickness design considerations for CRC pave-
ments. The analysis of the failure modes is based a priori on
uniform support conditions. This analysis requires the use of
a non- or low-erodible subbase. The failure modes are illus-
trated in Figure 1 in typical developmental sequence. Mode
I failure is fracturing because of reinforcing bar pullout from
the surrounding concrete. Fracturing of this nature has been
noted in concrete pullout tests (/7,/8) and develops in the
concrete at a steel stress range of 14 to 18 ksi. Field measure-
ments of steel strains at the crack face indicate that this range
of stress is frequently cxcceded in the colder months of the
year. Cyclic bond stresses in the concrete induced from envi-
ronmental factors can result in a crack growth process, noted
in the field study (/6), around the reinforcing bar, effectively
destroying the load transfer capability of the bar as a void
develops. Additionally, a loss of bond stiffness (19) and pave-
ment bending stiffness occurs. Bearing failure or rebar loose-
ness can also lead to a void around the reinforcement and
can have a detrimental effect on the pavement performance
similar to the pullout fracture. Pullout failure may be difficult
to avoid since the threshold stress is frequently exceeded.
Therefore, the load transfer contribution of the reinforcing
bar should be ignored.

Mode II, spalling of the transverse crack, is a function of
the pavement stiffness. Because of the above assumption about
the development of rebar voids, the pavement stiffness is
significantly reduced. A certain amount of support loss can
be allowed because results from the field study indicate that
good performing CRC pavements have experienced some loss
of edge support. As suggested in one study, there may be a
reduction in pavement stiffness at the cracks because of grad-
ual joint deterioration and declining load transfer efficicncy
(20). These conditions provide adequate justification to deter-
mine spall-related stresses based on a reduced pavement stiff-
ness. The pavement stiffness cycles between high and low,
mostly as a function of the temperature and the concomitant
opening and closing of the cracks. The reduction in stiffness
behavior, which occurs on a daily basis, can be assumed to
predominate during the winter season. Reduced pavement
stiffness is not only a function of the crack width (27) but also
of the position of the reinforcing steel (22). Therefore, spall-
related stresses can be determined as a function of the pave-
ment stiffness, design crack width, steel percentage, and the
position of the reinforcement in the slab. The narrower the
transverse cracks the stiffer the overall pavement system, which
in turn lowers the spall-related stresses. This mode of failure
is a visual sign of progressive punchout development.

Failure mode III, shown in Figure 1, is a loss of load transfer
along transverse cracks. Since the bar is assumed to provide
no load transfer, the load transfer of the crack is solely a
function of the crack width. Given a constant crack width,
the load transfer will decrease under repetitive loading. The
resulting load transfer efficiency is based on test results by
the Portland Cement Association (PCA) (5) for 1 million load
applications, which are interpreted as 1 million coverages.
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FIGURE 1 Failure modes related to punchout distress in CRC pavement.

The final mode of failure, mode IV, is related to bending
stresses in the transverse direction. These stresses typically
are not significant in CRC pavement so long as there is a high
load transfer across the cracks (before spalling) or the crack
spacing is greater than 4 ft. Transverse bending stresses should
be considered in most instances since the crack spacing distri-
bution in CRC pavement typically ranges below 4 ft. The load
transfer has been noted to decrease significantly with spalling
(type 2) in CRC pavements with thicknesses between 8 and
10 in. The transverse bending stresses should be increased in
response to the change in load transfer.

SHEAR AND LOAD TRANSFER MECHANISM

As suggested in the description of mode I failure, a reduction
in pavement stiffness may result from either pullout failure
or bearing failure around the steel, both of which have been
observed in field studies. The alternative to the development
of excessive bar looseness is cone pullout fracture, which, if
it occurs, will be the dominant cause for loss of pavement
stiffness. In either case, the load transfer capability of the

steel is lost and the load transfer consequently becomes de-
pendent on the crack width and the aggregate interlock. Col-
ley and Humphrey (5) of the PCA developed laboratory test
data investigating the effect of crack width caused by aggre-
gate interlock on load transfer characteristics in concrete
pavements. This study was conducted using an instrumented
test slab shown in Figure 2 subjected to a repetitive 9-kip
load. The joint in the test slab was an induced crack from a
metal strip 1 in. in height placed at the pavement bottom and
top. During the repetitive loading, measurements of joint
opening and slab deflections on the loaded and unloaded slab
were made at regular intervals. The loading sequence across
the joint was similar to a continuous application of truck loads
traveling approximately 30 mph. Test results in the form of
joint effectiveness (E,), joint opening, and loading cycles for
a 7- and a 9-in. slab thickness using a 6-in. gravel subbase are
shown in Figure 3a and b. Joint effectiveness is similar to load
transfer efficiency in that if the deflections on the loaded and
unloaded slabs are equal then the joint effectiveness is 100
percent. [Note: the load transfer efficiency (LTE) is the
unloaded deflection divided by the loaded deflection, in per-
cent.]
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The results indicate that the joint effectiveness tends to
level off after about 700,000 to 800,000 load applications. The
level of joint effectiveness at 1 million applications may pro-
vide a useful basis relating joint or crack width to an ultimate
joint effectiveness for design purposes. Figure 4 shows the
change in the final joint effectiveness with the joint opening
for the 7- and 9-in. thicknesses. Some results were also obtained
for other subbase types and are shown in Figure 4, which
indicate that foundation strength can improve the load trans-
fer performance. The results from the 7- and 9-in. thicknesses
are linearly extended to include other thicknesses. The joint
effectiveness from the linear extensions was converted into
load transfer efficiency and replotted in Figure 5. Further
laboratory tests and field studies should be conducted to val-
idate the extrapolations made from the PCA test data.

To extend the results of the PCA load tests to other load
conditions and pavement configurations, load or shear stresses

caused by the aggregate interlock must be determined for the
test conditions. Using the load results directly is not reason-
able since the laboratory loading conditions are different from
those in actual CRC pavement. This difference is mostly because
of the width of the test specimen, load position, and the height
of the roughened interface where the aggregate interlock func-
tioned. All of these factors can be accounted for in the slab
analysis model ILLI-SLAB (13). This model allows deter-
mination of the load transferred by the aggregate interlock
at each node along the transverse crack. Modeling the test
slab with the ILLI-SLAB program yielded load stresses on
the joint face for the test thicknesses plus the range of thick-
nesses in which the load transfer data had been extended.
These results are shown in Figure 6.

Shear stresses can be found from other slab configurations,
such as CRC pavement with closely spaced cracking (Figure
7), and related to the test slab conditions. A comparison of
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a bituminous shoulder and a 2-ft extended driving lane is made
in Figure 7 with the PCA test slab. An edge load position for
the bituminous shoulder is adjacent to the outer pavement
edge where an edge load position for the extended driving
lane is 2 ft from the outer pavement edge. Greater shear
stresses occur with a bituminous shoulder condition. The edge
loading of a bituminous shoulder with non-uniform support
represents the most severe loading conditions for shear stresses,
as would be expected. The non-uniform support condition
(see Figure 13) extends across the lane under the loaded slab
in the ILLI-SLAB model. The loading condition for a 2-ft
extended driving lane is not as severe as the loading conditions
for the PCA test slab, whereas a bituminous shoulder load
condition with the rebar contributing to the load transfer fur-
ther lowers the shear stress. However, the latter difference is
not as pronounced with LTEs greater than 90 percent. Little
difference in shear stress is noted between an interior load
position (inner wheel path) and the edge load position with
the extended driving lane. Similar results were found between
a 10-foot tied concrete shoulder and the extended driving lane.

Figure 6 indicates the LTE for a given thickness and load
stress information that is entered into Figure 5 to determine
the required joint opening (or crack width in the case of CRC
pavements) to maintain the given level of LTE for 1 million
coverages. Using Figures 6 and 5, in that order, the corre-
sponding limiting crack widths are found and illustrated in
Figure 8. This figure draws a comparison of edge loading
between a bituminous shoulder and a 2-ft extended driving
lane, with change in slab thickness at approximately a 95
percent LTE. This figure describes a fundamental relationship
between required or limiting crack width and pavement thick-
ness in terms of load transfer applicable to CRC thickness
design.

SPALLING ON THE TRANSVERSE CRACK

Spalling in CRC pavements has been shown to be related to
the loss of bending stiffness at the transverse crack (16). Dis-
cussions and results indicated that the reduction in bending
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stiffness was cyclic in nature and dependent on the overall
pavement temperature. Effective stiffness determined from
NDT results indicated that a reduction in pavement bending
stiffness of 90 percent was not uncommon. On this basis, spall
stress can be determined using equations derived from elastic
analysis of a crack section presented for the reduced moment
of inertia (I.):

L. = b(kd)*/3 + Na(d — kd)>
= (kd)/3 + ntp(d — kd)? (per width b)

where

b = unit width,
kd = distance to the neutral bending axis of the trans-
formed section,
modular ratio [steel modulus (E;)/concrete modulus

(E],

B
I

d = depth of steel,
t = pavement thickness, and
p = percent of steel [steel area (A,)/concrete area (A,)].

The reduced bending stiffness is found from a ratio of the
cracked moment of inertia to the uncracked moment of inertia
(Figure 9).

Zuk’s (21) laboratory results for a cracked section shown
in Figure 10 provide a relationship between the bending stiff-
ness and the crack width for a cracked section. This relation-
ship is extended to other cracked sections on the basis of the
cracked moment of inertia, which is a function of the percent
and position of the reinforcement. The percent reinforcement
in the test specimens used by Zuk was 2.2 percent. The cracked
moment of inertia for the test specimens was 17.9 percent of
the gross moment of inertia (/). The same analysis can be
applied to different thicknesses of CRC pavement shown in
Figure 9 for 0.7 percent steel with various depths to the cen-
troid of the reinforcement. Using the ratio between the per-
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cent reduction in the I, for the CRC pavement sections to the
percent reduction in I, of the Zuk test specimens, a bending
stiffness and crack width relationship can be developed for
CRC pavement shown in Figure 10. In this figure, a com-
parison between the bending stiffness of a Zuk test specimen
and a 9-in. cracked CRC section with 0.7 percent steel placed
at various depths is shown. A crack width/stiffness relation-
ship is defined as a function of the depth of steel.

The spall stresses may be found from the compressive and
shear stress that develop on the transverse crack face while
under load. Shear stresses, which have been discussed pre-
viously, and compressive stresses found independently and
superimposed on the crack face can be one method of finding
the spalling stress. The compressive stresses can be deter-
mincd using ILLI-SLAB to modcl a transformed section of
CRC pavement. The transformed section is the equivalent of
a cracked section with steel reinforcement that has homo-
geneous material properties and provides the same bending
stiffness as the cracked section (Figure 11). The cracked moment
of inertia is used to determine the depth (4,) ot the trans-
formed section as 4, = 3V (I21,,) (per unit width). A com-
parison between the depth to steel (d), depth to the neutral
axis (kd), and the equivalent depth (A,) indicates that the
equivalent depth is greater than kd but less than d. The equa-
tion for k is found in terms of the depth to the centroid of
the steel.

k = {[pn(pn + 2r)]Y2 — np}/r

where r is the ratio of the depth to the centroid of the steel
(d) to the pavement thickness (¢).

The equivalent depth (Figure 11) is input into ILLI-SLAB
as the depth of the elements comprising a special case trans-
verse crack. Load transfer by aggregate interlock is normally
modeled in the ILLI-SLAB program by a spring element with
1 degree of freedom with displacement in the vertical direction
at each node (13). The special case transverse crack is repre-
sented with reduced depth elements to model the change in
bending stiffness that occurs at the crack. Modeling the trans-

TRANSPORTATION RESEARCH RECORD 1286

verse crack in this manner allows compressive stresses (o,,)

ex/

and the bending moment (M,) to be determined for the equiv-
alent section as

M, = (h)o,/6

The compressive stress (o) of the cracked section is based
on the cquivalent bending moment (Figure 12):

M, = Cjd = Tjd

o kd(d — kd/3)2
0. = 6M,I[kd?(3 — k)]

The compressive stress is a function of the depth of the rein-
forcement (d) below the pavement surface, as shown in Figure
13. Compressive stresses for supported and unsupported con-
ditions are included in the figure. In an unsupported condi-
tion, the pavement is only partially supported across the width
of the lane shown in the figure. This condition is represented
in ILLI-SLAB by a reduced K value under the loaded slab.
The depth of steel is extended to the bottom of the pavement
section, which represents the stresses, which are small, in an
uncracked section. The compressive stresses approach this
condition for high radius of relative stiffness (/,) values. (Note:
L, = [ER[12 (1 — p)?k]}*, where E, h, and . are the mod-
ulus of elasticity, pavement thickness, and Poisson’s ratio,
respectively.) The compressive stresses are much greater in
the region of low /, values. The compressive stresses are a
function of the depth of steel in this region.

The finite element method (FEM) was again employed to
develop spall-related stresses from a combined loading of
compressive and shear stresses. The FEM mesh with the
superimposed loading is shown in Figure 14 in which a 6-in.
section of pavement was modeled using a linear, plane strain
element. A boundary condition of zero displacement was used
on the opposite boundary. The FEM results were consistent
as long as the model section of pavement was 6 in. or greater.
The maximum tensile stress normally occurs near the neutral
bending axis on the crack face. Field results indicated that
severe spalling is approximately 2 to 3 in. in depth. Spalling
can begin closer to the pavement surface for unsupported
conditions since the shear stress may not act over the full
pavement thickness. Shear stresses were limited to the pave-
ment above the steel for the unsupported conditions, whereas
shear stresses were applied over the full pavement depth for
the supported conditions. The support conditions have a sig-
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FIGURE 12 Bending moment in equivalent and
cracked sections.
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nificant effect on the spalling stresses. The modeling of unsup-
ported loading conditions tends to verify the field observa-
tions. The maximum tensile stresses are shown in Figure 15
as a function of the depth to steel and the support condition.
The extended driving lane and the 10-ft tied shoulder reduce
spalling stresses approximately 30 percent.

Figures 10 and 15 indicate that the crack width and the
depth of steel have an influence on the pavement stiffness
and consequently will also influence the spall stresses. Figure
164 illustrates the relationship between spall stress and pave-
ment stiffness (caused by the effect of depth of steel). This
information can be combined with information from Figure
10 to draw a relationship between crack width and spall stress
for a given depth of steel shown in Figure 16b. The change
in spall stresses is on the order of 50 to 60 psi between the
range of crack widths of 10 to 40 mils (1 mil = 1072 in.).
Crack widths below 10 mils correspond to low spall stresses.

This value corresponds to conditions of high pavement stiff-
ness, as measured by /, values at transverse cracks approxi-
mately 30 in. and greater, which may exist roughly 25 percent
of the time.

TRANSVERSE BENDING STRESSES

The formation of longitudinal cracking by lateral stresses caused
by wheel load has been thoroughly reviewed by others (11).
Crack spacing and load transfer have been shown to signifi-
cantly affect the lateral stresses. Transverse bending stresses
(o,), illustrated in Figure 17a, are low at high values of LTE.
Based on ILLI-SLAB results, the effect of support conditions
are shown for a 2-ft crack spacing in Figure 17b. These stresses
are significant below an LTE of 70 percent but increase at a
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uniform rate below 90 percent LTE. In comparison, the lon-
gitudinal bending stresses (a,,) are relatively low and normally
of no concern. According to these results, loss of load transfer
has a more significant effect on the bending stresses than does
loss of support. The loss of load transfer must develop before
longitudinal cracking stresses develop. This point reemphas-
izes the importance of the spalling mechanism discussed pre-
viously in a thickness design procedure.

Figure 18 illustrates a comparison between g, and o, and
provides some basis for selection of optimal crack spacing.
The o, stress drops with decreasing crack spacing as long as
the load transfer remains high. In the case of spalling and loss
of load transfer, a crack spacing between 3 and 4 ft is desired.
This cracking interval is selected because if the LTE remains
high then either of the stresses within that range is not exces-
sive. However, if the LTE becomes low then the stresses
corresponding to the high load transfer condition will not be

exceeded. Crack spacing outside of this range will cause higher
stresses in either case of LTE, leading to a shorter fatigue
life. The crack spacing range of 3 to 4 ft provides a balance
between the maximum stresses ¢, and 0, causing the stresses
to be somewhat independent of the load transfer. Spall stresses
can have a significant influence on the thickness design for a
2-ft crack spacing but would have less of an impact for a 4-ft
crack spacing. Deflection and subgrade stresses are not a
problem unless the cracking spacing drops below 3 ft. A bal-
anced condition between stresses o, and g, results in the case
of a 2-ft extended driving lane or a 10-ft tied shoulder for a
crack spacing range between 5 and 6 ft. The stresses are much
lower than those for the bituminous shoulder case in the 3-
to 4-ft range. The stresses in the 3- to 4-ft range for the 2-ft
extended shoulder case are approximately 5 to 6 percent lower
than the stresses for the bituminous shoulder case in the same
range.
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The location of the maximum bending stress is between the
wheel load positions approximately 30 in. from the pavement
edge for a bituminous shoulder type. The maximum stress
location of the 2-ft extended driving lane changes to the inner
load position. The stress distribution for these two shoulder
types is illustrated in Figure 19 for a 9-in. CRC pavement and
for two levels of load transfer. The load behavior for a 10-ft
tied shoulder is similar to that for a 2-ft extended driving lane,
except that the maximum stresses with a 10-ft tied shoulder
are 20 to 30 psi lower.

SUMMARY

Current thickness design procedures inadequately address
punchout distress and mechanisms related to it. CRC pave-
ment behavior is different from jointed concrete behavior,
and thickness design should not be based on jointed concrete
thickness design methods. Design methods that allow for sub-
base erosion should be based on failure mechanisms leading
to punchout distress. CRC pavement performance has indi-
cated that a small amount of erosion can be tolerated, but
good design practice should require low or nonerodible sub-
bases. Subbase design is critical to CRC pavement perfor-
mance since loss of support leading to loss of load transfer
has been identified as the primary cause of punchout distress.
An optimum crack spacing between 3 and 4 ft is desirable
since the maximum longitudinal and transverse bending stresses
are minimized in terms of load transfer within this cracking
range. Maintaining high load transfer is critical to good CRC
pavement performance, particularly outside of this cracking
interval, and is highly dependent on the crack width.

Basic failure modes leading to punchout distress were pro-
posed based on a field study and literature surveys of CRC
pavement performance. Failure mechanisms were suggested
and analyzed in terms of crack widths, pavement stiffness,
and load transfer. Although the analysis in some instances
extended beyond the limits of the original test data, a useful
method was established in which to consider such data and a
basis was provided for conducting further testing.
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Prestressed Concrete Pavement:
Instrumentation, Behavior,

and Analysis of

Horizontal Movements

ELLioTT DAVID MANDEL, NED H. BURNS, AND B. FRANK McCULLOUGH

The long-term work plan for the initial design phase of the
McLennan County prestressed concrete pavement (PCP) overlay
consisted of the determination of variables that are relevant to
design, the development of models and design procedures, and
the study of the effect of environmental factors on PCP slabs.
The evaluation of the performance of PCP, with specific obser-
vation of horizontal slab displacements caused by changes in tem-
perature, is discussed. The behavior of the PCP is characterized
by the results of a field data analysis. The instrumentation of the
PCP slabs is described, graphs of measured displacements of the
slabs for daily temperature cycles are presented, and a regression
analysis of the slab movements is discussed. Finally, conclusions
and recommendations based on the instrumentation program and
data analysis are outlined.

Prestressed concrete pavement (PCP) takes advantage of the
high compressive strength of concrete to prevent or decrease
tensile stresses during service. When a permanent horizontal
compressive stress is introduced to a pavement slab during
construction, its capacity to withstand traffic and environ-
mcental loads is increased. This compression of concrete slabs
results in a potentially cost-efficient alternative to traditional
pavements or pavement overlays.

This paper addresses applications of pavement theory by
reporting the analysis of data collected from in situ PCP slabs
on Interstate 35 in Texas. Initial performance of the PCP has
been reported previously (Z,2), and recent performance has
been reported in detail (3,4). The data are used to characterize
the behavior of the slabs caused by environmental loads and
to calibrate a model that predicts the behavior of PCP. The
results of this study are offered as input to an ongoing process
of understanding PCP for the purpose of refining the design
process for its wider implementation.

GENERAL BEHAVIOR

All concrete pavements are subject to constant fluctuations
in temperature because of daily and seasonal thermal cycles.
These temperature changes cause individual pavement slabs

E. D. Mandel, DeLeuw, Cather & Company, Washington, D.C.
20005. N. H. Burns, Dcpartment of Civil Engincering, The Univer-
sity of Texas at Austin, Austin, Tex. 78712. B. F. McCullough, Cen-
ter for Transportation Research, The University of Texas at Austin,
Austin, Tex. 78705.

to undergo two types of movements: volumetric and curling.
Motion that is subjected to restraint at boundaries or gravity
loads causes stress to develop in the concrete. The magnitudes
of displacement and stress determine the bchavior and ulti-
mate serviceability of a pavement.

Volumetric Movement

Since PCP slabs are much longer than they are wide or thick,
longitudinal expansion and contraction are the most signifi-
cant volumetric movements. Thermal expansion and con-
traction of pavement are restrained by frictional forces imparted
by the subbase onto the bottom surface of a slab. When it
expands, the slab is subjected to compressive stresses caused
by the frictional resistance of the subbase. Similarly, when a
slab contracts it is subjected to tensile stresses. Because the
inherent material properties of plain concrete provide high
compressive strength but low tensile strength, contraction of
a slab dictates whether it will crack from a tensile stress that
exceeds its tensile capacity. For slab movements that are sym-
metrical with respect to the longitudinal centerline, a long
slab experiences a higher magnitude of tensile stress on con-
traction than a short slab because the stress accumulates from
the ends of a slab to the middle. The amount of stress accu-
mulation also depends on the frictional characteristics of the
subbase; a smooth interface between the slab and the subbase
provides less resistance than a rough one, resulting in an
increase in magnitude of longitudinal movement and a decrease
in tensile stress. In PCP, the slabs are precompressed so that
they can have longer lengths without suffering damage from
tensile stresses. Figure 1 illustrates the effect of subbase fric-
tional restraint on the tensile stress in a pavement slab and
the combined effect of friction and precompression on slab
stresses.

Curling Movement

Temperature gradients across the thickness of the pavement
resulting from a time-lag effect of heat transfer from the top
surface to lower regions in the slabs cause curling movements.
When the ambient temperature increases, the top region of
a slab experiences a more rapid increase in temperature than
the bottom region. This effect causes the top region to undergo
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FIGURE 1 Effect of subbase frictional restraint on stress in a concrete slab for
a temperature decrease and the additional effect of precompression by force P.

a more rapid volumetric increase than the bottom region.
Similarly, when the ambient temperature decreases, the top
region experiences a more rapid volumetric decrease than the
bottom region. The differential in volumetric deformation
through the thickness of the pavement causes the slabs to curl
vertically. This movement of the slabs fluctuates constantly
as the temperature gradient across the thickness of the slab
changes, reversing the direction of induced curling movement.
For long pavement slabs, curling movements can be large,
causing significant tensile stress in the concrete. In addition,
large curling movements can cause the slab to pull away from
the subbase; if enough separation occurs, repetitive traffic
loads can cause pumping of material from beneath the slab,
resulting in large voids under the pavement.

PREVIOUS RESEARCH

The current study on the behavior of PCP is an extension of
previous research conducted at The University of Texas at
Austin from 1984 to 1987. A series of conceptual and exper-
imental investigations into the design and implementation of
PCP were carried out during that time. These studies exam-
ined several separate aspects of PCP, including the application

of special prestressing techniques, the evaluation of projected
in situ parameters, and the formulation of design procedures.
The research provided information required for the design,
construction, and early-life instrumentation of a 1-mile exper-
imental prototype section of a PCP overlay located in central
Texas (1,2,5-9).

OBJECTIVES AND SCOPE

Field work performed on the McLennan County, Texas, PCP
overlay from July 1988 to February 1989 is described, as well
as analytical work performed subsequently. The collection
and analysis of horizontal movement data are covered, as well
as instrumentation details. Although curling movement data
are available, the results will be reported elsewhere.

LAYOUT OF THE PCP

The experimental prototype section of PCP in McLennan
County is located on Interstate 35 southbound, about 15 mi
north of Waco. The section is 1 mi long and contains a total
of 32 prestressed slabs. The slabs consist of a PCP overlay 6
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in. thick over an existing 11-in. jointed concrete pavement
(JCP) with an intermediate 3-in. ACP stress-reducing course.
The pavement is 38 ft wide and consists of two 12-ft lanes, a
10-ft outside shoulder, and a 4-ft inside shoulder. It has the
following dimensions in plan:

@ 9 slabs at 240 ft by 21 ft
® 7 slabs at 440 ft by 21 ft
® 9 slabs at 240 ft by 17 ft
® 7 slabs at 440 ft by 17 ft

A layout plan, including the joint numbering system of the
entire experimental section, is shown in Figure 2.

PREVIOUS INSTRUMENTATION

An instrumentation program was carried out during the early
life of the McLennan County overlay (2). Measurements taken
at that time were intended to provide a verification of pre-
dicted values of concrete stress and slab movements caused
by both prestressing and daily temperature cycles. The mea-
surement program included

TRANSPORTATION RESEARCH RECORD 1286

1. Determination of daily fluctuations in ambient temper-
ature, concrete temperature at middepth of the pavement
slabs, and the temperature gradient over the thickness of the
pavement slabs;

2. Measurement of horizontal and vertical slab movements
and joint widths;

3. Measurement of tendon elongations during stressing
operations;

4. Measurement of concrete strain in the slabs; and

5. Determination of concrete strength and modulus of elas-
ticity at early ages.

CURRENT INSTRUMENTATION

A second instrumentation program for the McLennan County
PCP (covered herein) was carried out to monitor movements
of the slabs after changes in the material properties of the
concrete had stabilized and after shrinkage and creep effects
essentially were complete. Information collected in this instru-
mentation program was used to characterize the long-term
behavior of the PCP.

Field Visits

Work performed at the McLennan County PCP site included
site surveys, preliminary measurements, installation of instru-
mentation equipment, and data collection. Data collection
took place from July 1988 to February 1989. During that time
six field visits were made. The field visits took place under
varying conditions of moisture and ambient temperature—
three during hot and dry conditions, one during mild and dry
conditions, and two during cold and wet conditions. Table 1
outlines the five data collection field visits and an additional
trip. The duration of all data collection periods was 24 hr,
with the exception of the sixth field visit, which lasted 48 hr.

The array of weather conditions covers the maximum range
of temperatures that occurred at the site. It is difficult to
evaluate whether the wet moisture conditions can be consid-
ered as the extreme conditions; 1988 was a drought year with
almost no precipitation from July to December. The condi-
tions described as “wet” in Table 1 were moist from rain that
occurred 1 to 2 days before data collection.

Instrumentation Set-Up

Concrete “dead-man” anchors were used to support dial gauges
and linear voltage-distance transducers (LVDTs). The anchors
consisted of typical 6-in. by 12-in. concrete cylinders with
embedded threaded inserts that receive 7s-in. threaded dow-
els. Two inserts were installed in case one failed to function.
Rubber stoppers protected the inserts when they were not in
use. The anchors were inserted into the soil, leveled, and
secured into place with concrete, about 18 in. from the west
edge of the slabs. Then, for each field visit, a vertical steel
dowel with a threaded end was screwed into each anchor, and
horizontal dowels were secured and attached to the verticals
with 90-degree dowel clamps. Dial gauges or LVDTs were
then secured to the horizontals. This set-up allowed for the
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TABLE 1 DATA COLLECTION FIELD VISITS
Maximum Minimum
Ambient Ambient
Field Visit Date Temperature Temperature ~ Weather Condition
2 July 26, 1988 107.13°F 74.80°F Hot, Dry
3 August 6, 1988 104.00 75.85 Hot, Dry
4 August 26, 1988 107.87 71.28 Hot, Dry
] November 5, 1988 84.00 41.72 Mild, Dry
6 January 21, 1989 64.22 27.39 Cold, Wet
) February 9, 1989 62.87 30.90 Cold, Wet
temporary fabrication of instrumentation supports at the work 7 78 @ "}
site and for their removal after data collection was completed
for each field visit. N
To give the dial gauge and LVDT plunger-pins a positive
reaction-stop, the slabs were equipped with receptacles. For 8 gg‘ : g
horizontal movements, steel angles (3 in. by 3 in. by % in.) 3
were bolted onto inserts that were drilled and epoxied onto ®
the edges of the slabs. For curling movements, plastic recep- é
tacles were used to provide a smooth and level surface. Each 9 9N ® 7]
receptacle consisted of a 3-in. by % in. by % in. polyvinyl- 32/68 &
chloride pipe that was epoxied to the top surface of a slab
and filled with hot (liquid) sulfur mortar. When the liquid 10N/3 0
cooled and solidified, a flat and level surface resulted. A - }8“’62 .
smooth surface was created by epoxying a 1%2 in. by 1% in. 108 @ %_ 3
by ¥ in. plastic square to the top of the sulfur. 10S/6 O =
Temperatures werc measured using thermocouples. Six 2 40s30 E
thermocouples were drilled and grouted into the PCP to mea- E .%
sure concrete temperature. Two thermocouples were located 3 i o
at each of three depths—1 in., 3 in. (middepth), and 5 in. E S TiNgo ‘L =
The middle thermocouples were used for correlation with z £
horizontal movements, and the top and bottom thermocou- E 11 g 1IN g
’ } . . 2 s 118
ples were used for correlation with curling movements. Ambient E
temperature was measured by placing a thermocouple in £ &
the shade. g
®
8
Measurement =
12 12N o ®
The number of locations on the slabs that could be instru- 128 @
mented simultaneously was limited by the availability of dial
gauges. Figure 3 shows a plan view of the instrumented slabs.
I'nstrurgenFatlon lo_catlons .labeled. with “/3” or “/6”, respec- & insvurientaiion
tively, indicate third or sixth points along the slab length. at End of Slab
During the first three field visits data were collected from O Instrumentation
joint locations only so that joint displacement data could be N — o along Slab Length

based on the largest possible sample. For the remainder of
the field visits, displacement data were collected at locations
along slab lengths to characterize the displacements of entire

FIGURE 3 Instrumented slabs and instrumentation

locations.
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slabs. The instrumentation set-up allowed for the measure-
ment of horizontal and vertical slab movements with respect
to an arbitrary datum. Displacements measured from the first
data reading at each location for each field visit.

Prevention of Error

Several methods for avoiding error in final versions of data
were employed. These methods include prevention of inter-
ference, redundant readings, and internal checking of data.
Interference was prevented in two ways: steel dowels were
encased in foam insulation to prevent error caused by uneven
heating from the sun, and temporary masonry walls were
constructed to prevent error created by wind gusts from traffic.
Redundancy of data readings included two slab temperature
readings at each of the three depths—1in., 3 in., and 5 in.—
and at Joint 10, horizontal slab movements were measured
with both dial gauges and LVDTs. The measurements of hor-
izontal slab movements could be internally checked because
the sum of the movements measured by dial gauges or LVDTs
at the ends should add up to the change in joint opening
measured with dial calipers.

DATA ANALYSIS

This section describes the treatment of the field data collected
at the McLennan County PCP. The data include measure-
ments of horizontal and vertical slab displacements, joint widths,
ambient temperatures, and concrete temperatures at three
depths in the pavement. Only the analysis of horizontal dis-
placements and their corresponding concrete temperatures at
middepth in the slabs is included in this paper. Hankins et al.
(3) included a complete listing and graphic presentation of all
data.

0ip
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FIGURE 4 Average horizontal slab displacements at various
times during a 24-hr observation cycle for field visit 5. Data for
both slab lengths and at intermediate points are shown.
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DATA REDUCTION

To effectively use the data collected in the field, a data reduc-
tion process was designed and performed. The purpose was
to transform field data into numbers that could be used to
characterize the behavior of the PCP in a concise manner.
The process included

1. Normalizing displacement data to a common axis;

2. “Smoothing” erroneous data by using a redundant read-
ing, or by backcalculating from a closure measurement;

3. Organizing the data by field visit, slab type, and type of
instrumentation location; and

4. Performing a statistical reduction of the data.

Figure 4 is a typical graph of the horizontal displacement
versus time obtained from the reduction process. This graph
is for field visit 5 and covers both slab lengths and intermediate
points. The complete set of data may be found in Hankins et
al. (3).

BEHAVIOR ANALYSIS

The design of a PCP involves the evaluation of two major
aspects of the horizontal slab movements: the character of
slab activity during temperature changes and the range of joint
widths between slabs. The former is of interest because stresses
in the slab are a direct function of displacements. The latter
affects the placement of slabs (in which the design criteria are
meant to avoid extremely wide joint widths and complete
closure of the joints). Slab activity also affects the range of
joint widths, that is, slabs with more active horizontal move-
ments will cause a larger range of joint widths.

Regression Analysis of Horizontal Displacements

Analysis of slab activity for temperature changes was per-
formed by calculating a series of linear regression equations
for horizontal displacements as a function of the slab’s mid-
depth temperature. This independent variable provided the
best correlation. Figure 5 is a typical graph of slab displace-
ments as a function of decreasing and increasing temperature.
Plots for all instrumentation locations are presented in Appen-
dix B as reported by Mandel et al. (). The equations are
linear, in which the abscissa (T') is the concrete temperature
at middepth of a slab in degrees Fahrenheit, and the ordinate
(Y) is the horizontal displacement from the initial data reading
for a field visit. Table 2 shows a compilation of the regression
equations for all field visits, along with coefficients of deter-
mination (R?).

All R? values are high: two-thirds of the equations have
values greater than 0.95. The lowest value is 0.854. These
data indicate that the linear equations can predict horizontal
displacements with a high degree of accuracy. This regression
analysis does not indicate, however, whether stresses in the
slab can be predicted with a linear model; stresses are a func-
tion of the accumulation of frictional forces under a slab, and
any nonlinear behavior of the subbase frictional restraint could
cause stress magnitudes to vary nonlinearly.
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FIGURE 5 Horizontal slab displacements of 440-ft slabs versus change
in concrete temperature for field visit 5.

As expected, the slopes in the equations increase for the
longer slabs. The ratio of slab lengths between the 440-ft and
the 240-ft slabs is 1.835, and the ratio between the average
values of the slopes in the equations for the slabs is 2.024,
10.31 percent higher. This suggests that the increase in hor-
izontal activity with increased slab length is not linear.

The slopes follow logical trends for the various measure-
ment locations. The average slopes for displacements at the
joints are 5.890 x 102 and 1.193 x 102 in./°F for the 240-
ft and 440-ft slabs, respectively. At the sixth points, the aver-
age slopes are 3.883 X 103 and 6.977 x 10~ in./°F, 65.93
percent and 58.48 percent of the slopes at the joints. At the
third points, the average slopes are 1.990 x 102 and 3.237
x 1073 in./°F, 33.78 percent and 27.13 percent of the slopes
at the joints, and 51.25 percent and 46.40 percent of the slopes
at the sixth points. The horizontal activity varies approxi-
mately linearly with respect to the geometry of the slabs. In
addition, it appears that for both 240- and 440-ft lengths,
almost the entire slab is moving. Figure 6 shows a graph of
the slopes of the regression equations as a function of the
distance from the centerlines of the slabs.

The regression equations do not show a strong trend for
various moisture levels. Field visits 6 and 7 took place under
moist conditions; the 440-ft slabs have slightly smaller slopes
for these visits, and there is no definitive trend for the 240-
ft slabs. One explanation for there not being large differences
for field visits 6 and 7 is that the slabs might not have been
completely saturated, and therefore expansion and contrac-
tion characteristics of the slabs would not have changed enough
to show up in the data. Another explanation is that the hor-
izontal activity is not very sensitive to changes in moisture
levels. The reason for this would be that the regression equa-
tions relate horizontal movements to the concrete tempera-
ture at middepth of the slabs. The moisture level might affect
the lag time between changes in ambient temperature and
changes in concrete temperature, but the expansion and con-

traction characteristics of the slab would not necessarily change
appreciably.

The data reveal that horizontal displacements, although
behaving almost perfectly linearly in most instances, show a
small amount of nonlinearity in others. The displacements for
the 440-ft slabs during field visits 5 and 7 clearly exhibit non-
linear variation of displacements with respect to concrete tem-
perature. The nonlinearity of the displacements observed in
these two visits is probably because of either changes in the
rate of heating of the concrete (caused by differences in the
rate of heat absorption by the concrete, which is caused by
differences in atmospheric filtering of radiation) or a pro-
nounced effect of hysteresis (energy-absorbing capacity) in
the force-displacement behavior of the subbase frictional
restraint. It is not possible to draw an exact conclusion for
the cause of this effect, but previous research has indicated
that the nonlinear behavior of the subbase friction should be
considered in the analysis of horizontal displacements of rigid
pavement slabs (7).

Analysis of Joint Widths

The determination of an initial joint width for construction
of PCP depends on the following factors:

® The projected amount of creep and shrinkage that will
occur during the early life of the pavement,

® The projected amount of elastic shortening a slab will
undergo during stressing operations,

® The width requirements for inserting a protective neo-
prene seal into the joint, and

@ The expected range of temperatures and subsequent hor-
izontal displacements that the slabs will experience through-
out their service lives.
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TABLE 2 REGRESSION EQUATIONS FOR HORIZONTAL DISPLACEMENTS

Coefficient of Partial
Field Visit Measurement Location Regression Equation Determination
2 240-foot slab (joint) Y=(5.374 x 10-3) T - 0.586 R2=0.854
440-foot slab (joint) Y=(1.281 x 10-2) T - 1.422 R2=0.951
3 240-foot slab (joint) Y=(5.148 x 10°3) T - 0.558 R2=0.884
440-foot slab (joint) Y=(1.212x 10°2) T - 1.323 R2=0.970
4 240-foot slab (joint) Y=(6.076 x 10°3) T - 0.653 R2=0.931
440-foot slab (joint) Y=(1.270 x 10-2) T - 1.371 R2=0.854
5 240-foot slab (joint) Y=(6.792 x 103) T - 0.542 R2x0.991
240-foot slab (sixth point)  Y=(4.206 x 10-3) T - 0.335 R2=0.982
240-foot slab (third point) Y=(2.344 x 10-3) T - 0.186 R2=0.993
440-foot slab (joint) Y=(1.217 x 102) T - 0.970 R2=0.983
440-foot slab (sixth point) Y=(7.697 x 10-3) T - 0.611 R2=0.970
440-foot slab (third point) Y=(3.717 x 103) T - 0.295 R2=0.932
6 240-foot slab (joint) Y=(6.089 x 10-3) T - 0.358 R2=0.991
240-foot slab (sixth point) =(3.738 x 10-3) T - 0.219 R2=0.971
240-foot slab (third point) Y=(1.887 x 103) T - 0.112 R2=0.988
440-foot slab (joint) Y=(1.106 x 10-2) T - 0.649 R2=0.980
440-foot slab (sixth point) Y=(6.948 x 10°3) T - 0.402 R2=0.964
440-foot slab (third point) Y=(3.138 x 10-3) T - 0.182 R2=0.920
7 240-foot slab (joint) Y=(5.864 x 10~3) T - 0.542 R2=0.985
240-foot slab (sixth point) Y=(3.706 x 10-3) T-0.335 R2=0.966
240-foot slab (third point) Y=(1.738 x 10-3) T - 0.186 R2=0.984
440-foot slab (joint) Y=(1.074 x 10-2) T - 0.970 R220.981
440-foot slab (sixth point) Y=(6.287 x 10:3) T - 0.611 R2=0.947
440-foot slab (third point) Y=(2.855 x 10°3) T - 0.295 R2=0.904

For the current study, a sample range of maximum and min-
imum joint widths was determined; Figure 7 summarizes the
results. These maximums and minimums represent a range of
ambient temperatures from 17.6°F to 107.13°F.

The joint widths were measured at scribe marks on the
joint hardware so that the readings could be compared con-
sistently. The joint edges are not perfectly parallel, so the
reported maximum and minimum widths are not necessarily
the absolute maximum and minimum widths for the entire
length of a joint. In fact, several of the joints between 240-
ft slabs were observed to be completely closed during hot
weather measurements. Joints between 440-ft slabs never
completely closed.

Regression equations were calculated for the joint width
data. Figures 8 and 9 show graphs of the joint width data for
the two slab lengths along with the corresponding regression
equations.

Seasonal Slab Operation

Overall seasonal behavior of horizontal movements of the
slabs is a function of daily temperature cycles superimposed
over seasonal temperature cycles. This superimposition causes
slabs to operate, on a daily basis, at various seasonal datum
values. During the summer season, the joint widths are small,
and horizontal displacements occur over a range of small joint
widths. Similarly, during the winter season, horizontal dis-
placements occur over a wide range of joint widths.

CONSISTENCY AND ERROR ANALYSIS
Consistency Analysis

The consistency of horizontal displacements gives an indica-
tion of how reliable the measurements are. High consistency
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FIGURE 7 Maximum and minimum joint widths for all
field visits.

in the data would indicate a high degree of reliability in anal-
ysis and recommendations, whereas wide scatter in the data
would indicate that any analysis of the data, or any recom-
mendation based on the data, would not be as well founded.

The PCP slabs were keyed and dowelled to the subbase at
their centerlines so that the middle section of the slabs would
not shift from horizontal movements. Therefore, the slabs
were expected to expand and contract symmetrically about
their centerlines. Consistency analysis of horizontal displace-
ment data was performed by comparing the maximum change
in horizontal movement divided by the corresponding change
in concrete temperature for all instrumentation locations and
all field visits. Figure 10 shows plots of these values for slab
displacements at joints by instrumentation location for all field
visits.
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FIGURE 9 Regression equation for joint widths between
440-ft slabs.

Inspection of Figure 10 shows that consistency of slab move-
ments per degree of temperature is generally high. The legend
codes refer to instrumentation locations shown in Figure 3.
Location 10N shows the most activity of the 240-ft slabs for
the first three field visits, and 9S shows the least. Location
11N generally shows the most activity for the 440-ft slabs.
The magnitude of daily slab activity for a particular change
in temperature depends on many factors, including the amount
of radiant solar heat that penetrates the atmosphere, coeffi-
cient of thermal expansion of the concrete, thermal trans-
missivity of the concrete, moisture levels, and local devia-
tions in subbase frictional restraint. It is not possible, with
the given data, to pinpoint the reasons for more or less
slab activity at a particular location or for a particular field
visit.
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FIGURE 10 Consistency of horizontal slab displacements per degree of change in

concrete temperature for all joint locations.

Error Analysis

Error in horizontal measurements can be checked for internal
closure. The sum of the displacements of slabs at a joint should
be equal to the change in joint width. Therefore, a closure
check was made by comparing the maximum horizontal slab
displacement at each joint for a field visit with the corre-
sponding change in joint width.

As a final check, the values of the sum of horizontal dis-
placements and the change in joint width were plotted in
Figure 11. A regression equation was calculated (shown on
the graph); it shows thal the slope of the regression linc is
0.98, that the Y-intercept is small, and that the coefficient of
partial determination, R?, is 0.99. A value of 1.0 for the slope
and the R? value would indicate a perfect closure for all mea-
surements; thus, overall the error in measurement is small.

1.0+

0.8

T

0.8
0.7

5= |

0.6

0.5
0.4
0.3

Joint Width Movement (in.)

N T s e B

0.2

T

v Y = 0.980X + 0.0095 R?=0.990

0.0 | IO 1 i Iy I it
00 01 02 03 04 05 06 07 08 09 1.0

Sum of Slab Displacements (in.)

FIGURE 11 Regression equation relating sum of slab
displacements and corresponding joint width movements for all
joints and all field visits.

SUMMARY

Slab movements are significant. Measurements indicate that
entire slabs are moving (Figure 6). Resulting maximum joint
widths range from about 1.5 in. to 3 in. Additionally, slab
movements correlate well with concrete temperatures at mid-
depth of the slabs. The techniques used for measuring slab
movements work well. This success is indicated by small cross-
check errors.

This study investigated slab movements that occur after
shrinkage and creep of the concrete have already occurred.
The regression equations that result from these movements
are basically the same for all data samples. Regression equa-
tions for the 240-ft slabs have flatter slopes than those for the
440-ft slabs. When the slab temperature rises above about
107°F, joints between 240-ft slabs may close, as was observed
from the data.

General design equations for predicting slab movements
have been developed. The equations are derived by using
slopes of regression equations for 440-ft slabs (Figure 6).
For McLennan County, PCP joint movements can be pre-
dicted by

AX, = AX, + (=28 + 0.06 L) (T, — T,)

= net joint width at any temperature (7)), in.;
joint width at reference temperature, in.;

L = slab length, ft;

T, = reference concrete temperature, °F; and

T, = concrete temperature at time i.

<
il

For any portland cement concrete pavement placed on a poly-
ethylene sheet the general equation 1s

AX,_; = AX, + (=257 + 11L) o (T, — Ty)
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where «, is the thermal coefficient of expansion of concrete,
in./in./°F.

CONCLUSIONS AND RECOMMENDATIONS

This section outlines the final conclusions and recommen-
dations of this study organized into the categories of instru-
mentation and data analysis.

Instrumentation

The instrumentation program for this study was highly suc-
cessful. The collected data indicated trends that were directly
parallel with expected results. The outcome of the instru-
mentation program justifies the following conclusions:

e The method of using buried anchors to support instru-
mentation worked well. The supports were extremely stable
and therefore provided a reliable foundation for the
equipment.

® The method of measuring displacements by both the dial
gauges and LVDTSs gave consistent and identical results. The
2-hr period between measurement readings was frequent
enough to characterize movements but still allowed enough
time to gather a large amount of data.

@ The method of measuring temperatures using thermo-
couples gave accurate and consistent temperatures.

The following recommendations result from experiences
that were encountered either during data collection or as a
result of analysis that depends on instrumentation. They are
offered as guidelines for any instrumentation program that is
designed to measure phenomena similar to those in the pro-
gram for this study:

1. Although exact effects of moisture levels on magnitudes
of displacement were not qualified in this study, future instru-
mentation programs that investigate environmental effects on
pavement should consider the importance of measuring the
moisture level at various depths in the concrete.

2. The construction program for experimental protypes
should include a major consideration of subsequent deter-
mination of material properties. A large sample of material
specimens (cylinders, material-test beams, etc.) should be made
at the time of construction so that material properties for long-
term investigations can be determined directly.

DATA ANALYSIS

The analysis of slab displacements for each slab length for a
field visit allowed for the direct comparison of slab behavior
for various seasonal conditions. The use of regression equa-
tions to characterize slab movements was helpful in comparing
the behavior of all slabs for all instrumentation locations.
Furthermore, the error analysis indicated that measure-
ments were correct and quite accurate. The following points
outline specific conclusions from the analysis of horizontal
displacements:

47

1. The regression analysis of horizontal slab movements
shows that displacements can be described by a linear equa-
tion. The slopes of the equations vary at close to a linear rate
for displacements measured at the joints, the sixth points, and
the third points. These data indicate that almost the entire
slab moves on a daily basis.

2. Average slopes of the regression equations can be used
to predict slab movements as a function of temperature. For
the 240-ft slabs, the average rate of movement was 5.89 x
10-2in./°F. For the 440-ft slabs, the average rate of movement
was 1.193 x 1072 in./°F.

3. The analysis did not show a strong trend for various
moisture conditions. This may have been because the slabs
were not completely saturated.

4. Maximum and minimum measured joint widths were 1.397
in. and 0.263 in. for the 240-ft slabs and 3.20 in. and 0.983
in. for the 440-ft slabs.

5. Overall seasonal behavior of the slabs indicates that daily
fluctuations occur constantly, whereas the seasonal data for
the movements change.

6. The consistency of slab movements for the entire study
is quite high. Standard deviations of movements per degree
change in temperature are 0.646 X 1073 and 0.621 x 103
in./°F for the 240- and 440-ft slabs, respectively.

7. Field observation revealed that some joints were com-
pletely closed for prolonged ambient temperatures in excess
of about 100°F (no damage to the slabs or joint hardware
occurred).

The following recommendations result from the analysis of
horizontal movements, as well as field observations:

1. Apparently, less shortening of the slabs occurred during
the early life of the 240-ft slabs than was initially expected.
Since maximum measurements of joint widths for the 240-ft
slabs were 1.397 in., well within serviceability limits (about
3.5 in.), there is a wide margin of safety against excessive
joint widths. An initial joint width of 0.5 in. for a 240-ft slab
(otherwise constructed under similar conditions) would pre-
vent the joints from completely closing.

2. The joints for the 440-ft slabs always remained within
serviceable limits. These joints were also set closed at the
time of construction. No change is recommended for the initial
setting of joints for these slabs.
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Control of Faulting Through Joint Load

Transfer Design

ANASTASIOS M. [OANNIDES, YING-HAUR LEE, AND MiIcHAEL I. DARTER

The development of mechanistic empirical algorithms for more
realistic estimates of anticipated faulting in concrete pavements
is described and evaluated. Earlier theoretical investigations are
considered, interpreted through more recent finite element results,
and calibrated using an extensive data base of field observations.
A factor influencing faulting is the dowel-concrete bearing stress,
for which an improved method of determination is presented. A
procedure is outlined for assessing the need for dowels in both
plain and reinforced jointed concrete pavements, also resulting
in an estimate of the required bar diameter so that significant
faulting is prevented. Application of the procedure is facilitated
through use of program PFAULT, which can be implemented on
a personal computer.

In the last several years, significant deterioration has been
observed in many jointed plain or reinforced concrete pave-
ments (JPCP or JRCP), even though most had been designed
in accordance with conventional codes of practice. The major
types of distress exhibited are usually faulting, spalling, and
corner cracking. Lockup of joints is also fairly frequent and
causes the opening of nearby transverse cracks with subse-
quent deterioration. Joint repair procedures are costly and
have contributed to a large proportion of rebabilitation con-
tracts. These observations call for a re-examination of accepted
joint design methodologies in light of recent theoretical, ana-
lytical, and empirical data.

In the design and construction of doweled or undoweled
joints for portland cement concrete (PCC) pavements, a dis-
parity exists among the practices adopted by agencies in the
50 states, as well as among those reported from foreign coun-
tries. The main reasons for this are the following:

1. The state of the art with respect to the theoretical treat-
ment of the pertinent problems is still fairly elementary and
strictly applicable only to highly idealized conditions;

2. Climatic and geotechnical considerations vary widely from
state to state and from country to country;

3. The number, frequency, magnitude, and geometry of
applied traffic loadings are considerably different in each
locality, whereas concepts used to reduce mixed traffic to a
design traffic number are often theoretically unfounded and
sometimes fundamentally flawed;

4. Asa corollary of 1-3 above, a large degree of empiricism
derived from local experience enters the design and construc-
tion approaches of each agency.

Department of Civil Engineering, University of Illinois at Urbana-
Champaign, 205 N. Mathews Ave., Urbana, Ill. 61801.

This paper reports on some aspects of a broader FHWA
study whose main objectives included the development of
design guidelines for the prevention of faulting through the
proper use of doweled joints in PCC pavements. The approach
used to achieve this goal was mechanistic in nature, calibrated
with empirical inputs stemming from an extensive data base
of field observations. A major factor was the bearing stress
developing at the dowel-concrete interface, for which a new
method of determination is proposed. In addition, by using
nonlinear multiple regression techniques, algorithms were
developed for estimating transverse joint faulting, as a func-
tion of a wide range of pavement system parameters. A
mechanistic evaluation of these statistical formulae has iden-
tified several limitations of the current state of the art, and
has led to the formulation of pertinent recommendations for
future research.

ANALYTICAL METHODS FOR DOWELED
JOINTS

The first rational procedure for the design of doweled joints
in concrete pavements was presented by Westergaard in 1928
(7). This crude but ingenious method enabled engineers to
base on theoretical principles such decisions as those pertain-
ing to the number and spacing of dowels to be used. The
analytical treatment assumed that a point load was applied
midway between two dowels and that the deflected shape of
the loaded side of the joint coincided at all points with the
basin formed by the unloaded slab. Thus, all dowels were
assumed to be perfectly rigid. The background for this method
consisted entirely of Westergaard’s earlier analytical studies
of the one-slab problem (2). Nonetheless, two important new
conclusions were reached:

1. Only the two, or at most four, dowels nearest to the load
need be considered as active, since the contribution of more
remote bars is negligible; and

2. Dowels are effective in reducing the bending stress devel-
oped in the loaded slab only if they are spaced closely enough
(at less than 2 ft apart).

These two issues remained the prominent foci of the debate
that followed in the next several decades, even to the present
day.

The Arlington tests (3) provided the first documented
opportunity for a field study of dowel performance. Their
results corroborated Westergaard’s conclusions, suggesting that
a dowel spacing of closer than 2 ft may be necessary. As
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indicated by theory, using larger bars at a closer spacing will
increase the stiffness of the dowels, thus enhancing their effec-
tiveness in load transfer. This type of spacing should be done
judiciously, however, since it may also cause a detrimental
increase of restraint to longitudinal warping or curling. Thus,
dowels that are too stiff may cause more distress in the pave-
ment slab than would result from their complete omission (4).

In their independent investigations of the stress condition
existing in and around the dowel bars, Grinter (5) and Brad-
bury (6) made reference to Westergaard’s single-slab edge
loading solution. Their analytical treatments, however, dis-
pensed with Westergaard’s original restrictive assumptions
and were instead based on a method presented by Timosh-
enko and Lessels (7), which considers the dowel as an infinite
beam encased in an elastic medium. This approach is sensitive
to a parameter that has been difficult to determine with any
degree of accuracy, namely, the modulus of dowel support
(K). Despite early warnings that such calculations “should be
taken as significant qualitatively rather than quantitatively”
(8), the Timoshenko procedure had been used exclusively in
related studies until the introduction of the finite element
method (FEM) in the 1970s.

Credit for the prominence of the Timoshenko analysis is
generally given to the theoretical and experimental exposi-
tions by Friberg published in the late 1930s (9,10). This inves-
tigator presented a set of design equations for evaluating dowel
deflections, moments, and stresses, provided the shear force
transferred by the dowel could be determined (10). Thus, the
concrete bearing stress (o,) arising under the dowel bar
(responsible for spalling distress and dowel looseness) is given
by the formula

o, = KA, (1)

where K is the modulus of dowel support (FL~?) and A, is
the deflection of the dowel with respect to the concrete at the
face of the joint (I.). Note that the primary dimensions are
abbreviated herein as L for length, F for force, and, later, ©
for temperature. Deflection, A,, may be evaluated from

P
= e—i(] + 2
B, =i @ + Ba) @)
where
P, = shear force acting on any particular dowel, trans-
ferred across the joint (F);
@ = width of joint opening (L);
E, = modulus of elasticity of the dowel bar (FL~?2); and
I, = moment of inertia of dowel bar cross-section (L*).

For solid round bars,

zd

A, = 64 (3)

where d is the dowel bar diameter (L) and B is the relative
stiffness of the dowel-concrete system (L™1),

Kd 4
= (a52) N
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In deriving these equations, use was made once again of
Westergaard’s early theoretical works (2), leading Friberg to
conclude that dowels at distances greater than an “‘effective
length” (e) of 1.8 times the radius of relative stiffness of the
slab-foundation system (/) from the point of application of
the external load were inactive and did not influence the
moment at the load point. Recall that / is defined as

Er \"
'~ () ¥

where

E

slab modulus of elasticity (FL~?);

n = slab Poisson’s ratio;
h = slab thickness (L); and
k = modulus of subgrade reaction (FL?).

Friberg (10) was also the first investigator to suggest that the
load transferred by each dowel could be reasonably assumed
to decrease linearly with distance from the point of loading.
Friberg’s additional assumption of a value of 1,000,000 psi/
in. for the modulus of dowel support (K) for all pavement
systems elicited considerable discussion. Thus, Grinter pos-
tulated that K ranged between 300,000 and 1,500,000 psi/in.
but also anticipated a “maximum variation of a hundred-fold”
in the value of this parameter (/7). Less attention was paid
to Friberg’s assertion of an effective length of 1.8/, despite
the fact that this would not be in accordance with Wester-
gaard’s own conclusions (/). For a typical [-value of 36 in.
and dowel spacing of 2 ft, Westergaard’s assumption that only
the two dowels closest to the load are active would correspond
to an effective length of only 1.0/. Data presented by Suth-
erland (12) also supported a shorter effective length.

A potential for a real breakthrough in analytical methods
for doweled joints was created in the late 1970s with the
introduction of the FEM. Although the capabilities of this
versatile numerical tool are far from exhausted even to this
day, several important observations have already been made.
Tabatabaie et al. (I3,14) were among the first to present a
finite element model of the doweled joint; they concluded
that “only the dowels within a distance 1.0/ from the center
of the load are effective in transferring the major part of the
load.” They concurred with Friberg’s adoption of a linear
approximation to the dowel shear force diagram, but sug-
gested that this should begin with a maximum under the load
and diminish to zero at a distance of 1.0/ from this point.

Finite element studies by Tabatabaie also led to the con-
clusion that the dowel diameter (d) and concrete modulus of
elasticity (E) have a very significant effect on the maximum
dowel deflection and concrete bearing stress. Slab thickness
(h) and subgrade modulus (k) play a much lesser role. Earlier
laboratory investigations by Marcus (15) and Teller and Cash-
ell (16) had also pointed out the same effects. The following
relationship for the critical concrete bearing stress (o,.) was
developed, “based on the result of two- and three-dimensional”
finite element analyses (14):

_ (800 + 0.068 E)

Tpe 443

(1 + 0.355 w)sPa; 6)
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where
s = dowel spacing (L);
P = applied wheel load (F); and
o; = load location coefficient (dimensions unclear), i.e.,

0.0091 for edge load, 0.0116 for protected corner load,
and 0.0163 for unprotected corner load.

All parameters in this expression employ the kip as the unit
of force and the inch as the unit of length, whereas o,, is
expressed in pounds per square inch.

PROPOSED METHOD FOR MAXIMUM BEARING
STRESS DETERMINATION

Recent research has provided additional evidence supporting
the conclusion reached by Tabatabaie and others that the
effective length over which dowels are active in load transfer
is considerably shorter than was assumed by Friberg. Joints
designed under the assumption that all dowels within 1.8/ from
the applied load are effective have exhibited unacceptable
performance (e.g., substantial faulting (7)), indicating that
a more conservative approach is necessary. Therefore, a com-
parison was conducted during the present study between
Tabatabaie’s formula (which assumes an effective length of
1.0/) and Friberg’s original equation. This comparison is shown
in Figure 1 for a typical PCC pavement section under a single-
wheel 9-kip edge load. The pertinent system parameters were
as follows: E = 4,000,000 psi; o = 0.15; & = 10in.; &k = 50
psi/in.;{ = 51.1in.;d = 0.75in.;s = 121in.; K = 1.5 X 10°
psi/in.; E, = 29 x 10° psi; ® = 0.2 in. The assumed per-
centage of load transferred across the joint ranged from 0 to
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FIGURE 1 Bearing stress formula for a typical PCC
pavement section under a single-wheel 9-kip edge load.
Data are adapted from Friberg and Tabatabaie
9,10,13,14).
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the maximum value of 50 percent. The maximum bearing
stress, calculated using Friberg’s equation on the basis of his
linear diminution assumption over an effective length, was
1.81. This approach yields a straight line, whose slope is entirely
dependent on the assumed effective length. Therefore,
decreasing this length to 1.0/ results in a second straight line,
located above the 1.8/ line and having a steeper slope. Clearly,
a more conservative estimate of the maximum bearing stress
(i.e., a greater value) is obtained with the shorter assumed
effective length.

The actual percentage of load transferred across a doweled
joint may be estimated by comparison of Friberg’s predictions
to the calculated maximum bearing stress according to Taba-
tabaie et al. (I4). These percentages are also shown in Figure
1, for the three loading locations considered, i.e. loading at
an edge, at a protected corner, and at an unprotected corner.
It is apparent that a high assumed percentage of load trans-
ferred (close to 50 percent) leads to a conservative estimate
of the maximum bearing stress. A value of 45 percent was
adopted in this study to account for the possibility of some
dowel looseness.

Itis interesting to note that both the Friberg and Tabatabaie
formulae for the determination of bearing stress can be rewrit-
ten as

o, = A(structural) x B(load) ™

The first term, A, is entirely determined by the structural
characteristics of the pavement system, whereas the second
term, B, quantifies the transferred load. It would be reason-
able to expect that at least the A-term should be the same
according to the two equations. This, however, is not true,
as illustrated by the following calculations for the case con-
sidered above:

1. Tabatabaie:

_ (800 + 0.068 E)
~ 1000 d*?
1.6849 (units unclear, but should be in. ~2) 8)

(1 + 0.355 w)

Il

2. Friberg:

K2 + Bw)

A=
AB°E,l,

2.5812 in.~2 )

I

The discrepancy in this case is on the order of 35 percent.
Friberg’s term is considered superior, however, since it is
theoretically based and dimensionally consistent. Note that
parameters K and E, do not enter Tabatabaie’s formula. Dowel
support was not explicitly prescribed in his three-dimensional
finite element analysis, whereas a value of 1,500,000 psi/in.
was assumed as “conventional” in his two-dimensional inves-
tigations. A value of E, of 29,000,000 psi was assumed by
Tabatabaie.

Turning now to the load B-term in these equations, it is
possible to express this as follows:

B=P =P xTLE x f, (10)
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where TLE is the transferred load efficiency, expressing the
ratio of the load transferred across the entire length of joint
(Pp) to the total applied load (P), that is,

P
TLE = FT % 100 percent (11)

and f, is a dimensionless distribution factor indicating how
much of the total transferred load acts on any given dowel
bar (usually on the critical bar), i.c.,

P
fs = = x 100 percent
Py

(12)

Note that the distribution factor (f;) does not depend on
the amount of load transferred but is entirely the consequence
of the dowel spacing and of the assumptions regarding the
effective length and the linear diminution of the dowel shear
forces with distance from the applied load. For the case con-
sidered in Figure 1, Friberg’s linear diminution approach leads
to distribution factor values for the critical dowel (f,.), of 13
percent for an effective length of 1.8/, and 23 percent for 1.0/.
This illustrates once again the conservative nature of the shorter
effective length. Tabatabaie, on the other hand, defines the
transferred load by any given dowel as:
B =P, = asP (13)

In this expression, TLE is not explicitly stated, whereas the
load location is accounted for. Note that here both P and P,
are expressed in pounds, and s is expressed in inches, whereas
o, takes the values quoted above. Assuming TLE = 45 per-
cent, Tabatabaie’s equation yields the following distribution
factors for the critical dowel:

fa. = 24 percent for edge loading,

31 percent for protected corner loading, and

43 percent for unprotected corner loading.
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Friberg presumably considered edge loading only, and for
this loading condition good agreement is observed. The dis-
tribution factor for an unprotected corner is almost twice as
large as that for edge loading. This observation is confirmed
by results shown in Figure 2, obtained using a recently mod-
ified version of finite element computer program ILLI-SLAB
(Ioannides and Korovesis from a paper in this Record). The
pavement section considered in developing Figure 1 was
retained; a contact pressure of 90 psi was assumed. First, a
single-wheel load was applied at the edge or at the corner of
the slab. Because the broader FHWA study was primarily
concerned with 18-kip single axle loading (dual tires), the
variation of the distribution factor under such a load (applied
at the corner) was also examined. The effective length (e) for
both single-wheel loadings (i.e., at the edge and at the unpro-
tected corner) is found to be closer to 1.0/, instead of to 1.8/,
as concluded by Friberg (10). On the other hand, the single-
axle (dual-wheel) load at the corner leads to e = 2.0/, indi-
cating that the effective length is not constant but it is sensitive
to the gear configuration.

Referring to the geometry of the transferred load distribu-
tion diagram assumed by Friberg, it can be shown that the
value of f,,. can be determined to a good approximation using,
for edge loading,

s
foo =3 (14)
and for corner loading,
2s
= 15
fdc e+ s ( )

Both Figure 2 and Equations 14 and 15 suggest that for the
case of a single-wheel load, the critical distribution factor
pertaining to a corner load is almost twice as large as the
corresponding edge loading value. Furthermore, under corner
loading conditions, a single-wheel leads to responses similar
to those obtained using a single-axle (dual-wheel) load, since
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the product (f,. X P) in Equation 10 is approximately the
same in both cases. Consequently, a single wheel applied at
the corner can be regarded as the critical (design) loading
condition.

Using Equation 15 for f,. in the load B-term, and Friberg’s
structural A-term, the maximum bearing stress may be deter-
mined in a manner that accounts for both the location of the
load and the rest of the parameters entering Friberg’s theo-
retical development. Results obtained during this investiga-
tion using ILLI-SLAB indicate that TLE is only slightly affected
by load location and is generally about 42 + 1 percent. The
assumed value of 45 percent is, therefore, somewhat conserva-
tive, as desired.

The proposed bearing stress determination method outlined
above has been incorporated into an interactive computer
program called PFAULT, prepared for FHWA for the esti-
mation of faulting (18). Given below is the formula used in
PFAULT to determine the critical bearing stress:

Ope = KSZT::E:_&) X P x TLE X f,. (16)
in which f,, is determined by using Equation 15, assuming
e = 1.0l. The dowel spacing is set to 12 in. since the PFAULT
data base contained only such sections. As noted above, P =
9,000 1bs, and TLE = 45 percent. The joint width (w) is
calculated by using Equation 17, as described below. The
following inputs are tentatively adopted since they had also
been assumed in analyzing the field data that provided the
data base for PFAULT: K = 1,500,000 psi/in.; E, = 29 X
10° psi.

The sensitivity of the proposed method for determining the
maximum bearing stress was investigated for a wide range of
d, s, h, and k values (18). Dowel diameter (d) clearly emerged
as the most important of these variables. The reduction in o,
with increasing d is particularly dramatic at the smaller dowel
diameters (d = 1 in., say). The sensitivity of o, to the rest
of the parameters considered is considerably smaller. It fol-
lows, therefore, that since the required dowel diameter is
greatly affected by the assumed value of modulus of dowel
support (K) it is imperative that a good estimate of the latter
be obtained before proceeding to a faulting calculation.
Unfortunately, no method exists today for this purpose.

CALIBRATION OF MECHANISTIC-EMPIRICAL
FAULTING ALGORITHMS

In conventional practice, the amount of transverse joint fault-
ing for PCC pavements is commonly estimated by developing
mechanistic-empirical algorithms by using a data base con-
taining in-service pavement data. Accordingly, the NCHRP
Project 1-19 (COPES) data base (I7) was employed in the
calibration of PFAULT. Nonlinear multiple regression tech-
niques from the SPSS software package (19) were applied in
describing the variation of measured faulting with respect to
three méchanistic parameters—concrete dowel bearing stress,
joint opening, and corner deflection. This can contribute toward
more realistic and accurate estimates of anticipated transverse
joint faulting, in both doweled and undoweled pavements.
Guidelines for dowel design may also be formulated on the
basis of such a mechanistic-empirical appraich.
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Estimating Faulting in Doweled Pavements

The COPES data base (17) contains information from dow-
eled pavement sections from the following four states: Illinois,
Louisiana, Minnesota, and Nebraska. Both JPCP and JRCP
are included. In addition, 12 sections of JRCP from the exper-
iment at Rothsay, Minnesota, were incorporated into the
PFAULT data base. These were designed with 27-ft joint
spacing over granular, asphalt, and cement-treated bases.

The maximum concrete bearing stress was computed using
the new proposed method of calculation. As indicated by
Equation 16, this involves the joint width (w), which is known
to be a highly variable parameter (20). The mean value of
the joint opening caused by temperature and moisture changes
in the slab is computed in PFAULT using the following
expression:

w = CL (0.5¢AT + &,) (17)

where

o = thermal coefficient of contraction of concrete (0 !)
(e.g., 5.0 x 1079 &¢/°F);

¢, = drying shrinkage coefficient of concrete (approxi-
mately 0.5 — 2.5 X 10~ *¢, specified as 1.5 X 10~
e in PFAULT);

L = transverse joint spacing (L);

AT = temperature range (0), i.e., maximum mean daily
air temperature in July minus minimum mean daily
air temperature in January; and

C = dimensionless empirical adjustment factor caused by
slab-base frictional restraint (PFAULT assumes that
C = 0.65 for stabilized base, and C = 0.80 for
granular base).

Equation 17 is a modification of a regression equation,
based on “limited field data,” presented by Darter (21) to
provide an approximate estimate of » “‘despite the many com-
plexities involved.” Introduction of the factor of 0.5 in Equa-
tion 17 aims at reflecting a more realistic average condition
of joint opening. The faulting algorithm established in this
manner for doweled pavements is as follows:

FAULT = ESAL®S" (2.2073 + 0.002171 048
+ 0.0003292 L10% — 2,1397 001305) (18)

Statistics: R*? = 0.53; SEE = 0.05 in.; n = 280.

In this formula, ESAL denotes the cumulative 18-kip equiv-
alent single-axle load applications (in millions), o, is expressed
in pounds per square inch, and L in feet. The effective mod-
ulus of subgrade reaction (k) is provided in pounds per square
inch per inch, whereas FAULT is expressed in inches. Several
climatic variables (e.g., precipitation and freezing index) were
also introduced into the regression analysis, but they did not
show any statistical significance. A plot of observed versus
estimated faulting is presented in Figure 3.

Among the four parameters used for estimating FAULT,
a sensitivity analysis showed that v, and L are the most
significant. Adjusting the joint spacing, slab thickness, and
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FIGURE 3 Predicted versus actual faulting: nationwide model
for undoweled pavements (PFAULT version 1.2).

subgrade support to keep the ratio of L/l below 6, for instance,
may therefore help in fault control in JPCP (22).

The expression in Equation 18 is primarily a descriptive
tool whose predictive capability is not high. This is especially
true when a small number of particular sections are consid-
ered. As with all statistical algorithms, however, agreement
between observed and estimated responses may be expected
to increase as the number of test cases considered increases.
A review of similar statistically based tools, such as PDMAP,
COLD, and PMARP, indicated that reliability problems are
widespread, particularly when these are applied to geograph-
ical regions other than those included in the original data base
(23,24). Therefore, the following major deficiencies of the
faulting algorithm in Equation 18 must be kept in mind by
prospective PFAULT users:

1. Because of the limited number of climatic zones in the
data base, climatic variables did not appear significant enough
to warrant their explicit inclusion in the formula derived.

2. A variety of other situations existed, in which the range
of some of the variables was not sufflicient (e.g., permeable
base type, subgrade type, edge support, and subdrainage).

3. The possible interactions between individual factors
entering the algorithm are ignored.

4. The formula involves the ESAL concept, which is urgently
in need of reconsideration (25).

5. A number of the implicit assumptions made during the
development of this statistical algorithm and its application
in PFAULT have been mere intelligent and educated guesses.

In examining the PFAULT data base, deficiencies in the
state of the art have dictated choices that may or may not
apply to any one situation. In order of their importance, such
selections include a universal value of the modulus of dowel
support (K = 1.5 x 10° psi/in.); a constant value of the radius
of the applied load (¢ = 5.64 in.); an empirical-statistical
method for calculating joint width (Equation 17); and fixed
values for the effective length (¢ = 1.0/) and transferred load
efficiency (TLE = 45 percent). The method employed in the
determination of the subgrade modulus k was also arbitrary

0.3 0.4
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and inconsistent. This method was often based on correlations
with soil classification groups or other soil properties, whereas
on other occasions it was determined by application of elastic
theory. The procedure followed involved increasing & when
a treated base was used, as recommended by the Portland
Cement Association. This may be a conventional approach,
but it has severe limitations as revealed by finite element
investigations (26), especially for unbonded slab/base inter-
faces. Use of Equation 18 in cases involving undue extrapo-
lation beyond the data range used in its generation is, there-
fore, to be avoided. This is particularly true for open-graded
drainablc bascs.

As a result of the limitations noted, the R? value of the
algorithm in Equation 18 is rather low. Previous attempts at
deriving similar algorithms were also fraught with similar
weaknesses (18,21). It may be expected that substantial prog-
ress in the state of the art in mechanistic analysis methods
would allow the elimination of the sources of the deficiencies
outlined above. In the meantime, a much simpler predictive
algorithm proposed by Snyder (27) appears promising. This
algorithm involves a single independent variable, namely load
transfer efficiency in terms of deflection (LTE,, defined as
the ratio of the deflections on the unloaded and loaded sides
of a joint), and displays a considerably higher R? value. Sny-
der’s proposal is as follows:

FAULT = 23.37 — 0.1288 LTE,
+ 141,900 LTE; % (19)

Statistics: R> = 0.691; SEE = 0.057 in.; n = 140.

In this expression, FAULT is expressed in hundredths of an
inch, and LTE;, is expressed in percent. Note that this rela-
tionship is linear, since the third term is negligible for LTE,
values in excess of 20 percent. A significant improvement of
Snyder’s model can result if the endurance of LTE; over time
is investigated and incorporated into the proposed faulting
algorithm.

Estimating Faulting in Undoweled Pavements

Prevention of faulting in undoweled pavements relies on effec-
tive load transfer through aggregate interlock. The degree
and long-term endurance of load transfer by aggregate inter-
lock is affected by the size of joint opening, slab support,
thickness of slab, coarseness, angularity and hardness of con-
crete aggregates, and number of applied load repetitions
(Ioannides and Korovesis from a paper in this Record). The
slab corner deflection (8,) may provide a useful indicator of
ensuing deterioration of load transfer efficiency by aggregate
interlock and of impending distress because of pumping and
faulting (17). According to Westergaard (2), this deflection
is given by

P

B, =

[1.1 — 0.88 (V2 al)] (20)

in which a denotes the radius of the applied load (L). A
refined expressio 1 for §, (based on finite element results) was
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presented by Ioannides et al. (28). PFAULT assumes that a
= 5.64 in., which for P = 9,000 1b corresponds to a contact
pressure of 90 psi. Furthermore, erodibility factors for the
base and subbase materials (ERODF) are introduced. These
are similar to the loss of support coefficients recommended
by AASHTO (29), as follows:

1. Granular material: ERODF = 2.5;

2. Asphalt-treated base: ERODF = 2.0;

3. Cement-treated base (without granular subbase): ERODF
= 1.5;

4. Cement-treated base (with granular subbase): ERODF
= 1.0; and

5. Lean concrete: ERODF = 0.5.

Regrettably, no permeable base courses were included in the
PFAULT data base, even though these are expected to have
a major effect on reducing faulting.

The nonlinear regression technique referred to above for
doweled pavements was employed in a similar fashion for
undoweled pavements. Only plain concrete pavement sections
were available in the NCHRP 1-19 data base for undoweled
pavements (/7). The data base included pavement sections
from the following states: Georgia, Illinois, Louisiana, Utah,
and California. Two extra sections from New Jersey and Mich-
igan were also added. The data base was expanded by 24
additional sections from California, which included the fol-
lowing conditions: half-joint spacing (7.8 ft), thicker slab (11.4
in.), and lean concrete base (effective k-value = 591 psi/in.).
Furthermore, 12 sections from the experiment at Rothsay,
Minn., were also incorporated. These sections had 27-ft joint
spacing over granular-, asphalt-, and cement-treated bases.
The resulting nationwide algorithm for estimating faulting in
undoweled pavements is given as follows:

FAULT = ESAL®357[0.4531 + 0.3367 02
— 0.5376(100 ) ~0-008437
+0.0009092 FI°5%® + (.004654 ERODF
— 0.03608 EDGESUP
—~ 0.01087 SOILCRS
— 0.009467 DRAIN] 1)

Statistics: R?> = 0.55; SEE = 0.03 in.; n = 186.

In this formula

FI = mean air-freezing index in °F days;
EDGESUP = numerical indicator of type of edge support,
e.g., 0, if no edge support exists and 1, if
edge beam/tied concrete shoulder exists;

SOILCRS = numerical indicator of AASHTO subgrade
soil classification, e.g., 0, if A-4 to A-7 and

1, if A-1 to A-3; and
DRAIN = numerical indicator of drainage provided,
e.g., 0, if no edge subdrains exist and 1, if

edge subdrains exist.

Note that in Equation 21, the mean transverse joint opening
(w) and the Westergaard corner deflection (3,) are expressed
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in inches. Figure 4 shows a plot of observed versus estimated
faulting for this formula. A sensitivity study revealed that the
effects of w, ERODF, and EDGESUP are the most pro-
nounced (18).

The comments made above with respect to the nature of
statistical algorithms and the limitations of Equation 18 apply
here as well. Although the effect of some climatic variables
is included in this case, caution is still warranted in the appli-
cation of the resulting algorithm. Unwarranted extrapolation
beyond the data range from which Equation 21 was generated
is to be avoided, as always. Nonetheless, this mechanistic-
empirical tool may be useful in long-term performance eval-
uations and design applications within the range of data.

The interactive computer program PFAULT, mentioned
above, incorporates both faulting algorithms developed in this
study, i.e., Equations 18 and 21. The program is available in
an IBM-PC compatible version with pertinent documentation.
An input guide is included in the report by Heinrichs et al.
18).

GUIDELINES FOR THE USE OF DOWELS

Mechanistic-empirical algorithms for estimating faulting can
be used in assessing the need for dowel bars and determining
the required diameter for pavements similar to those included
in the data base used in their development. The application
of the PFAULT formulae in this manner is described below.

Jointed Reinforced Concrete Pavements

Dowels are always recommended for JRCP caused by longer
joint spacing and expected wider joint opening. The required
dowel diameter may be determined using PFAULT, if a
threshold faulting level is selected. According to the NCHRP
1-19 data base (17), joint faulting in rough pavements [present
serviceability index (PSI) = 3.0] was about 0.26 in. In view
of the weakness of the correlation in Equation 18, a design
faulting magnitude of approximately 0.13 in. is suggested,
subject to further verification.

Predicted Faulting (in.)
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FIGURE 4 Predicted versus actual faulting: nationwide model
for doweled pavements (PFAULT version 1.2).
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Jointed Plain Concrete Pavements

Dowels often are omitted in the design of JPCP, and aggregate
interlock is relied on for load transfer. Aggregate interlock
alone often is inadequate, and many such pavements develop
serious pumping and faulting. The need for dowels may be
assessed by using PFAULT. Referring again to the NCHRP
Project 1-19 data base (17), JPCP offered a rough ride and
exhibited faulting of about 0.13 in. A threshold value of about
0.07 in. may be appropriate for design purposes, subject to
further verification. If faulting is excessive, the required dowel
diameter may be determined as outlined above for JRCP.

CONCLUSIONS

This paper presents some of the findings of a study conducted
for thc FHWA, to provide a synthesis of the current state of
the art with respect to PCC pavement design, incorporating
the results of recent pertinent investigations (/8). In partic-
ular, design guidelines are outlined for assessing the need for
load transfer at transverse joints, so that significant faulting
is prevented. The proposed procedure can be used in deter-
mining whether dowels are needed and in selecting their
appropriate size. Theoretical considerations and interpreta-
tion of an extensive field data base have led to the develop-
ment of descriptive mechanistic-empirical algorithms for esti-
mating the expected transverse joint faulting in both plain
and doweled concrete pavements. Within the constraints
imposed by their statistical nature, the application of these
tools is facilitated by the user friendly micro-computer pro-
gram PFAULT. At the heart of this procedure is a new method
for calculating the maximum bearing stress developing at the
dowel-concrete interface, which couples earlier theoretical
investigations with more recent results from finite element
studies.
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Effect of Lane Widening on Lateral
Distribution of Truck Wheels

RaHIM F. BENEKOHAL, KATHLEEN T. HALL, AND HARLAN W. MILLER

Past field studies of lateral distribution of trucks on highway
pavements are limited in their relevance to current design prac-
tices and truck size limits. In particular, little information is avail-
able on the effect of widened concrete slabs on lateral distribution
of trucks. The Illinois Department of Transportation has con-
structed test sections of “‘widened-lane’ pavements with 18-in.
and 20-in. slab extensions on I-57. Truck wheel placements on
these test sections were compared with those observed on nearby
conventional 12-ft pavement slabs in a recent study conducted at
the University of Illinois. Continuous filming of truck wheel posi-
tions was performed with an 8-mm camera mounted on bridges
over the highway. Wheel positions were determined to within
approximately 0.5-in. precision by scaling distances measured on
the films to known dimensions on the pavements. The mean
placement of the wheels of over 900 trucks observed on the con-
trol sections was about 22 in. from the slab edge. About 2.5
percent of the wheels passed within 6 in. of the slab edge. On
the widened-lane sections, the mean placement of truck wheels
was about 2 in. closer to the lane edge (marked by the paint
stripe) but still 38 to 40 in. away from the slab edge. No slab
edge loadings were observed among more than 1,300 observations
of truck wheel placements on the widened-lane pavement sec-
tions. The results suggest that lane widening is likely to be a cost-
effective design improvement for concrete highway pavements
that otherwise would be vulnerable to transverse fatigue cracking
as a predominant mode of failure.

STATEMENT OF THE PROBLEM

Structural damage to concrete highway pavements is caused
primarily by truck loads applied at the outer slab edge. Field
observations of concrete highway pavement performance (/)
have confirmed the findings of many analytical studies that
have identified the outer edge as the critical location for fatigue
damage accumulation. The major structural distresses observed
nationwide are transverse cracking and corner breaks on jointed
pavements and punchouts on continuously reinforced pave-
ments, all of which are fatigue failures produced by edge
loadings. Load-related longitudinal cracking is far less prev-
alent on highway pavements than on airfield pavements.
The importance of fatigue cracking to the performance of
concrete pavements has prompted a two-pronged effort by
researchers to study truck edge loads. Analytical studies
employing plate theory (Westergaard’s equation) (2,3), influ-
ence charts (4), and, more recently, finite element programs
(5,6) have concentrated on quantifying the magnitude of the

R. F. Benekohal and K. T. Hall, Department of Civil Engineering,
University of Illinois at Urbana-Champaign, Urbana, Ill. 61801. H. W.
Miller, Region 10, FHWA, 708 Southwest 3rd Ave., Portland, Oreg.
97204.

stress under an edge load and the reduction of this stress with
increasing distance of the load from the edge. These and other
studies have encouraged design modifications to reduce edge
stresses, including increased slab thickness, reduced trans-
verse joint spacing, tied concrete shoulders, and widened lanes,
paved a foot or more wider than the standard 12-ft traffic
lane width (7—10). Field studies, meanwhile, have attempted
to observe the lateral wander of truck wheels around their
mean wheelpath location and to quantify the portion of truck
loadings that truly may be considered edge loads (11-19).
These field studies have been conducted by using a variety of
data collection methods on various types of roads and have
addressed a variety of concerns (not only pavement thickness
design but also vehicle operations and roadway geometry).
Unfortunately, those field studies that are the oldest and least
relevant to current roadway designs and truck characteristics
persist in being the most influential to many concrete pave-
ment design procedures and state design policies. In addition,
very little field information is available to assess the effect of
widened lanes on lateral distribution of truck traffic.

The Illinois Department of Transportation (DOT) has con-
structed an experimental pavement section with a widened
lane design on Interstate 57. The University of Illinois recently
conducted a field study and analysis of lateral distribution of
truck traffic on the widened-lane pavement sections and on
nearby sections of standard designs. The findings of this study
are reported in this paper.

SUMMARY OF PAST FIELD STUDIES

Before World War II, when most roads in the United States
had traffic lanes less than 12 ft wide, the Bureau of Public
Roads studied the effect of roadway width on vehicle oper-
ations. Based on observations of some 95,000 vehicles at 47
sites in 10 states, Taragin reported in 1945 (17} that vehicle
encroachment onto shoulders was much greater for lane widths
of 11 ft or less than for 12-ft widths. Largely on the basis of
these findings, the 12-ft lane width became the norm in post-
war roadway construction and remains so today. Relation-
ships among lane width, vehicle placement, and pavement
distress on two-lane highways in Texas were studied by Scriv-
ner in 1955 (12). Further research on lateral placement of
vehicles on two-lane rural highways with and without paved
shoulders was reported in 1957 by the Texas Highway Depart-
ment (13).

Taragin’s 1958 study (/4) on lateral placement of trucks on
two-lane and four-lane divided highways drew on data for
nearly 20,000 trucks collected at 119 sites in 17 states between
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1948 and 1956. For two-lane highways with 12-ft lanes, lateral
displacements from the outer edge of truck dual wheels to
the edge of the pavement were reported to have means of
26.4 in. and 10.8 in. for pavements with unpaved and paved
shoulders, respectively. Similar results were obtained for 10-
ft and 11-ft lanes, leading Taragin to conclude that paved
shoulders that clearly contrasted the traffic lane in appearance
increased the effective width of each lane by a foot or more.

The mean displacement on four-lane divided highways with
unpaved shoulders was 33.6 in.; no data for four-lane divided
highways with paved shoulders were reported. If paved shoul-
ders were assumed to have the same effect on four-lane high-
ways as on two-lane highways (i.e., an outward shift of about
15 in.), a mean displacement of 18 in. could be inferred from
Taragin’s study.

The early Texas and Bureau of Public Roads studies relied
on point sampling of vehicle placements by taking mcasure-
ments directly from the pavement surface. In a 1972 study of
the effect of intercity buses on nearby passenger cars, Weir
and Sihilling described a system for continuous photographic
monitoring of vehicles using cameras mounted inside buses
(15). Although conducted for purposes unrelated to pavement
design, this study introduced following moving vehicles as a
means for observing their positions in traffic lanes. Data for
Emery’s 1975 lateral displacement study for the Georgia DOT
(16) were collected by observers in passenger cars who fol-
lowed trucks for 10 mi at a time and visually estimated the
trucks’ wheel positions every 10 seconds. The mean lateral
displacement of the truck wheels from the lane edge was
reported as 17.6 in.

Canner and Hale’s 1980 study for the Minnesota DOT (19)
was the first to compare truck positions on pavements with
widened slabs or tied concrete shoulders with those on con-
ventional 12-ft-wide slabs with bituminous shoulders. Canner
and Hale used the same data collection method as Emery:
following trucks for 10 mi and estimating their positions every
10 seconds. Truck positions were recorded and reported in
8-in. intervals, a level of precision felt by the researchers to
be coarse, but sufficient for the purposes of the study. The
mean lateral displacements computed from the information
reported for the sections included in the Minnesota study are
shown in Table 1.

The tied concrete shoulder apparently caused trucks to shift
their positions 3 to 4 in. closer to the lane edge than to the
bituminous shoulders, even though the concrete shoulder had
rumble strips. Slab widening apparently caused an even greater
shift (about 10 in.) toward the lane edge. Rumble strips on

TABLE 1 MEAN LATERAL DISPLACEMENTS FROM
MINNESOTA STUDY (19)

Section Lane (ft) Slab (ft) Shoulder Rumble strip Mean (in.)

1-90 12 12 AC No 26
1-94 12 12 AC No 27
I-35 12 12 AC No 26
TH 169 12 12 AC No 26
1-90 12 12 PCC Yes 23
1-94 12 15 AC No 16
TH 52. 12 15 AC Yes 17

NoTe: All displacements are measured from the lane edge (paint stripe).
Means computed to whole inch; measurement accuracy about +4 in.
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one of the widened slab sections did not appear to significantly
affect this shift.

Time-lapse photography was used by Miller and Stewart in
1982 (I7) to monitor traffic on lanes of various widths in
Toronto. They found this technique to be superior to other
methods of collecting lateral distribution data. Lee et al.
returned to the truck-following method in a 1983 study of
truck positions on Texas highways (1/8). Trucks were moni-
tored by using a video camera mounted in a van, and measure-
ments were made by displaying the videotape on a 19-in.
monitor. Of the sources of error encountered in this proce-
dure, among the more serious was image distortion caused
by curvature of the monitor screen, for which some compen-
sation was attempted. No mean lateral displacement was
reported in the study.

Statistical analysis of the data collected in these past studies
has been limited in nearly all cases to presenting histograms
of the data, calculating the mean wheel location, and reporting
the percentage of vehicles encroaching on the shoulder. How-
ever, it is commonly assumed in concrete pavement thickness
design that lateral placement of truck wheels is approximately
normally and symmetrically distributed about the mean loca-
tion. This assumption permits calculation of the percentage of
truck passes constituting edge loads using normal distribution
z-tables. Although this assumption may be valid for aircraft
wheels distributed about the centerline of a wide runway or
taxiway, there is less reason to believe that it is valid for high-
way traffic. For example, Emery’s data were shown in a 1976
study by Darter to be approximately normal, whereas Tara-
gin’s data were not (20). The median (50th percentile) value
of Taragin’s data for two-lane highways with paved shoulders
is approximately 18 in., in contrast to the reported mean value
of 10.8 in. This type of discrepancy suggests that lateral dis-
tributions of highway traffic may be significantly asymmetric,
which raises the question of whether it is appropriate to use
normal distribution tables to compute edge loadings.

LEGISLATION AFFECTING TRUCK WIDTHS

Previous studies on lateral distribution of trucks must also be
viewed in light of legal truck widths in forcc at the time the
data were collected. Width limits were controlled by individ-
ual states’ regulations between 1913 and 1956, with 96 in. (8
ft) being the maximum in nearly all states. The first federal
truck size and weight limits were contained in the Federal-
Aid Highway Act of 1956, which set 96 in. as the truck width
limit on all interstate highways (with a grandfather clause
allowing wider limits already set by a few states to stand) (27).
The 96-in. limit remained in effect until 1983, when the Sur-
face Transportation Assistance Act of 1982 took effect,
increasing the limit to 102 in. (8.5 ft). Only one of the above
studies was published after that time, and it is likely that data
for that study were collected before the law changed and
trucks with wider wheel spacings were on the road.

LATERAL DISTRIBUTION ON WIDENED LANES

Another concern associated with applying the findings of past
lateral distribution studies to future pavement designs is the
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FIGURE 1 Typical cross-section of widened-lane pavement on I-57 near

Effingham, IIl.

scarcity of data for pavements with widened lanes or tied
concrete shoulders. Some researchers have suggested that
widened lanes and concrete shoulders do not provide the
strong visual delineation of the shoulder from the traffic lane,
which bituminous shoulders provide, and thus do not dis-
courage shoulder encroachment as effectively as bituminous
shoulders. Colley et al. (9) state that “it is highly improbable
that a painted white stripe located 406 mm (16 in.) from the
pavement edge will prevent encroachment.” The Minnesota
DOT’s study (19) seems to support this assertion; however,
the crude measurement method employed in this study casts
doubt on the significance of any differences observed.

FIELD DATA COLLECTION
Widened Lane and Conventional Pavement Sections

In 1987, the Illinois DOT constructed a 4.1-mi section of
widened-lane pavement on Interstate 57 north of Effingham
in east central Illinois. The original 10-in. jointed reinforced
concrete pavement (JRCP), which was built in 1964, was recy-
cled and reconstructed as a 10-in continuously reinforced con-
crete pavement (CRCP) with a 7-in. cement-stabilized sub-
base and longitudinal edge drains. Figure 1 shows a typical
cross-section detail from the widened-lane pavement. The
traffic lanes are striped 12 ft wide, but the design calls for the

slab to be paved 18 in. wider on each side. Measurements
taken during this study showed the pavement to be 18 in.
wider in the southbound direction, but 20 in. wider in the
northbound direction. A typical cross-section for a conven-
tional Illinois interstate pavement is shown in Figure 2 for
comparison. Eight control sections (northbound and south-
bound) were selected at four sites on I-57 in Champaign,
Douglas, and Coles counties. The control sections, as well as
the widened-lane sections, had little or no horizontal curvature.

Field Data Collection and Data Reduction

The lateral distribution data collected for this study were
obtained by using an 8-mm camera mounted on bridges over
the highway. A variety of camera positions and angles were
tried in an effort to identify the set-up that gave the best view
of truck wheels in the outer lane and allowed measurement
of their positions to the greatest degree of precision. Two-
inch-square holes spaced 2 in. apart were cut in a cardboard
template 2 ft long, which was used to paint marks on the
pavement. The template was placed perpendicular to the outer
lane edge stripe and the pavement was marked 60, 120, and
200 ft downstream from the bridge. The positions of truck
wheels passing over the paint marking could be determined
with a precision of less than 1 in. at the 120-ft and 200-ft
locations. Better precision (0.5 in. or better) was obtained at
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FIGURE 2 Typical cross-section of control sections on I-57 between

Champaign and Effingham, Il
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the 60-ft location, so a camera angle directed at the pavement
60 ft from the bridge was selected for use at all of the test
sites.

The position of the camera on the bridge was also selected
after much trial and error, at positions ranging from one aligned
with the paint stripe to one several yards farther away from
the paint stripe. The camera position that provided the best
view of truck wheels passing over the template without sig-
nificant visual distortion was one above the outer edge of the
outer shoulder, 10 ft from the paint stripe. This location resulted
in a camera position at a slight angle from the traffic lane as
well as at a downward angle to the roadway. 'l'o check for
distortion and the possible need for a correction factor, a scale
striped in 2-in. increments was placed across the lane, and
actual distances on the scale were compared to distances mea-
sured on film. From this comparison it was determined that
lateral distortion was not significant.

A variety of filming methods were tested before a satisfac-
tory one was identified. Continuous filming of all traffic on
the highway was tried first and consumed a lot of camera film.
Next the camera was operated with its automatic timer feature
active and an operator-controlled trigger, so that as a truck
approached the operator could start the camera and take a
series of time-lapse images of the truck. Even at the fastest
shutter speed available, however, truck wheels were not always
filmed at the spot on the pavement at which the camera was
aimed. The most satisfactory method eventually proved to be
having the operator watch for an approaching truck and trig-
ger the camera to film continuously for the several seconds

“~_.._during which the truck passed under the bridge and through

" tire, camerals field of view.

Data collection was not performed on days when, in the
operator’s judgment, a significant cross-wind was present that
might influence truck positions. Only tractor-semitrailers were
filmed; no data were collected for single-unit trucks or pas-
senger cars. Using the methods described, a total of 1,304
trucks were filmed on the two widened-lane sections and Y12
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trucks were filmed on the control sections. The trucks’ posi-
tions were determined by projecting the movie films onto a
screen and measuring the distance from the side of the outer
wheel to the edge of the pavement. The distances measured
on the films were scaled to actual distances by constant factors
determined from the actual measured widths and filmed widths
of the paint stripe and the widened slabs.

STATISTICAL ANALYSIS
Normality of Control Section Data

The lateral distribution data collected on the control sections
are summarized in Table 2. In most cases, the data did not
appear to be normally distributed. Examples of this are shown
in Figure 3 using data from control sections 1 and 5. In each
case, the actual data frequencies are indicated by bars, and
the theoretical frequency of a normal distribution with the
same mean and variance is indicated by a curve. Most of
section 1’s actual frequencies to the left of the mean are less
than the theoretical frequency, whereas most of the actual
frequencies to the right of the mean exceed the theoretical
frequency. The mean of these data is 20.09 in., whereas the
median is about 18 in. Section 1 exhibited the most pro-
nounced skew; among the other control sections, the median
was skewed an inch or less from the mean. No consistent
leftward or rightward skew was observed among the eight
control sections.

Normality should not be judged only by skewness, however.
The mean of the data for control section 5 (24.34 in.) is very
close to the median (24 inches). Nonetheless, the distribution
does not appear to be normal. Actual frequencies exceed
theoretical frequencies on both sides of the mean and fall
short of theoretical frequencies in the vicinity of the mean.

To examine the normality of the control section distribu-
tions, chi-square (x?) tests were performed on each of the
eight data sets. The computed y? values and the theoretical

TABLE 2 SUMMARY OF LATERAL DISTRIBUTIONS MEASURED ON
CONTROL SECTIONS OF I-57 IN ILLINOIS

Section Number Mean Std Dev Location

1 146 20.087 8.479 I-57 SB Champaign Cty Rd 25
2 84 25.716 6.854 I-57 NB Douglas Cty Rd 1250 N
3 48 24,422 7.382 I-57 NB Douglas Cty Rd 600 N
4 136 18.411 8.226 I-57 NB Champaign Cty Rd 25
5 118 24,345 8.259 I-57 SB Coles Cty Locust Rd
6 64 24,071 7.893 I-57 NB Coles Cty Locust Rd
7 146 24.844 8.239 I-57 SB Douglas Cty Rd 600 N
8 170 22.682 8.204 I-57 SB Douglas Cty Rd 1250 N

Total 912 22.659 8.396

Notes: Mean displacements are distances from the slab edge, in inches.
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values at a significance level of a = 5 percent are shown in TABLE 3 RESULTS OF CHI-SQUARE TESTS FOR
Table 3. For seven of the eight data sets, the computed values GOODNESS OF FIT OF CONTROL SECTION DATA TO
exceed the theoretical values, implying that those seven data NORMAL DISTRIBUTION
sets exhibit a significant departure from a normal distribution. Observed
The observed significance level of each test, also reported Section Xaale K Xk —3.a=5% Significance
in Table 3, showed that five of Fhe. f:ight data sets would 1 23.08 14 19.67 08
be judged not normal even at a significance level of a = 1 9 18.84 10 14.07 >99
percent. 3 18.28 6 7.81 >99
4 22.91 14 19.67 98
5 24.00 13 18.31 >99
Equality of Variances on Control Sections 6 27.97 8 11.07 >99
7 26.54 13 21.03 >99
8 20.67 15 21.03 93

Any significant differences among the means of the eight
control sections can be identified by an analysis of variance,
provided that the data sets meet the assumptions required for
use of the F-statistic. Ideally, the data sets compared should
be independent and normally distributed and have a common

Note: The null hypothesis /, that the data are normally distributed N(j,0%)
is rejected with 95 percent confidence if the calculated value x2,,. exceeds
the theoretical value x% 5, .se. where K is the number of intervals and
a is the level of significance. The observed significance level corresponds
to the level at which x2,,. equals the theoretical value of xi .
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TABLE 4 TEST FOR HOMOGENEITY OF VARIANCE OF CONTROL

SECTIONS
Given: J sample variances 312. s22...‘s 2, of relatively large (> 25)
samples ny, np,...04 from populations with possibly different means
and variances, all unknown
Null hypothesis H: 012 -0pf = ., - ajz
Alternate hypothesis H,: at least two 012 are unequal
Let Yij - 1*h ohservation in jth sample
Y = jth sample mean
T (ny - 1) 1n 55?2 2
¢ -2(nj-1)[1nsj2- ----------------- ] / k2
Z (n; - 1)
J
l_c-2+[1-(1/§)]m
n = (X ny Y/ Jd
(Zoj) TE(Yy - T
m e e = 3

[ 22 ( Yij -
If H, is true and all n
level a is:
Reject Hy 1f G > xz

Do not reject Ho if G <

For the 8 control section data sets:

See

m = 0.092

n - 912/8 = 114
k o= 2%{1

k2 = 4.373

G = 2.92

x2 = 14.07

2.92 < 14.07

are reasonably large,
distribution with J-1 degrées of freedom.

- (1/ 114 ) ) 0,092

J

G has approximately a x2
A formal test of H, at a significance

a,J-1

2
X a,J-1

Table 1 for observations and sample variance of each data set.

2.0912

Therefore do not reject H,, assume variances are homogeneous.

variance. Although the control section distributions already
have been shown to be nonnormal, an analysis of variance
from a previous study (22) still may be used to compare their
means, provided that their variances are homogeneous:

If the number of observations in each group is reasonably
large, inferences made about means assuming normality remain
valid for nonnormal populations, all other things being equal. . .
In particular, the F test is essentially unaffected if the under-
lying populations are all of the same form.

To ensure that the data sets are of the same form, a test
of the equality of their variances can and should be conducted.
Unfortunately, the most commonly used tests for comparing
variances are severely affected by nonnormality. One test for
homogeneity of variance that applies to large samples and is
insensitive to departures from normality is given by Layard
(23). Applied to the eight sets of control section data, Layard’s
test confirms that the variances are homogeneous, as shown
in Table 4. The F-statistic is therefore appropriate for use in
comparing the means of the data sets.

Comparison of Control Section Mean Displacements

The results of the analysis of variance, given in Table 5, con-
firm that significant differences do exist among the eight con-
tro! section means at a significance level of & = 5 percent.
The seven degrees of freedom provided by the eight data
sets permit up to seven specific comparisons to further inves-
tigate differences in the control section means. However, only
five comparisons were judged to be of interest. It should be
noted that since they are not independent (all being related
by the mean square error), these comparisons cannot be tested
individually at a particular significance level a and all be simul-
taneously considered valid at that same level of o. The five
individual comparisons were therefore made at a significance

level of & = 1 percent, so that their simultaneous confidence
level is (1 — a)® = (0.99)° = 0.951 = approximately 95
percent.

One of the comparisons made was between the pair of
sections 1 and 4 and the remaining six sections, since these
two means (20.1 and 18.4 in.) are noticeably less than those
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TABLE 5 ANALYSIS OF VARIANCE OF CONTROL SECTIONS
Sum of Mean
Degrees Squared Square
Source Freedom Errors Error F calc F theor
Total 911 64,156
Trtmnt 7 5,515 788 12.14 2.01
(1) 1 4,647 4,647 71.63 6.63
(2) 1 198 198 3.05 6.63
(3) 1 1,225 1,225 18.88 6.63
(4) 1 564 564 8.69 6.63
(5) 1 523 523 8.06 6.63
Error 904 58,631 64 .86
Notes: Some significant difference among the eight treatment means is

indicated by F,,1. (12.14) greater than F3.05 7 o (2.01).

Significant comparisons are indicated by F_ ., (see table) greater

than F o) 1 o (6.63).

These comparisons are made individually with 99

percent confidence; their simultaneous confidence level is (0.99)

= 95 percent.
Comparisons:

(L)
(2)
(3)
(4)
(5)

versus
versus
versus
versus

)
y &)
3

1
1
8
8 , 5,
2

—— - ——
—— — —
N -

)

6

7

, 4 ) versus ( 2, 3, 5, 6, 7, 8 )

1

of the other six sections. Table 5 shows that these two sections
are significantly different from the other control sections.

The mean of section 8 (22.7) is about 2 in. greater than
that of section 1, but about 2 in. less than those of the remain-
ing five sections. As Table 5 shows in two comparisons, the
difference in means between section 8 and these two groups
is significant.

At two of the four bridge locations, the means of the data
measured in opposite directions appeared to be noticeably
different. As noted above, the means of sections 1 and 4
(southbound and northbound at Champaign County Road 25)
differ by 1.5 in. The means of sections 2 and 8 (northbound
and southbound at Douglas County Road 1250 N) differ by
afull 3in. As Table 5 shows in two comparisons, the difference
between the means of 1 and 4 was not statistically significant,
whereas the difference between the means of 2 and 8 was
significant. At the two other locations used in the study, the
difference in means by direction was so slight (0.4 in. between
sections 3 and 7, 0.2 in. between sections 5 and 6) that com-
parisons did not seem warranted.

The analysis of variance tests only for significant differences
in means and does not compare entire distributions. The
cumulative percent frequency distributions for the eight con-
trol sections shown in Figure 4 illustrate the notable difference
between sections 1 and 4 and the remaining six sections, but
does not make obvious the differences found among the other
sections. The points at which the curves cross the 50 percentile

line in Figure 4 correspond to the median values of the distrib-
utions, and not the mean values.

Lateral Distributions on Widened-Lane Sections

A summary of the data collected on the widened-lane sections
is given in Table 6. Five rolls of film were shot on each test
section, each roll on a different day. A total of 691 trucks
were observed on the southbound section, which is widened
18 in., and 613 trucks were observed on the northbound sec-
tion, which is widened 20 in. The mean displacements reported
in Table 6 are measured from the edge of the slab and can
be converted to displacements from the lane edge by sub-
tracting 18 and 20 in., respectively. When this is done, the
values for the two sections appear similar. Mean displace-
ments from the lane edge range from 17.0 to 23.2 in. on the
southbound section, with an overall mean of 20.09 in., and
mean displacements range from 18.3 to 21.5 in. on the north-
bound section, with an overall mean of 20.55 in.

Of the 691 trucks observed on the southbound section, the
smallest measured distance from the slab edge was 10.9 in.,
a 7.1-in. encroachment over the lane edge stripe but still well
outside the range in which it could be considered an edge
loading. On the northbound section, the smallest measured
wheel distance from the slab edge among 613 observations
was 17.1 in., an encroachment of 2.9 in. over the lane edge
stripe.
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FIGURE 4 Cumulative percent frequency distributions for control sections.

Widened-Lane Lateral Distributions Compared by
Direction

The variances of the northbound and southbound widened-
lane lateral distributions were confirmed to be homogeneous
by using Layard’s test. The similarity in the means (20.55 and
20.09 in.) suggests, and an analysis of variance confirms, that
no significant difference exists between the distributions
observed in the two directions.

CONCLUSIONS AND RECOMMENDATIONS

The findings of past field studies on lateral distribution of
trucks on conventional 12-ft lanes should be examined care-
fully and applied with caution. All of the past field studies on
lateral distribution were conducted before enactment of leg-
islation permitting 8.5-ft truck widths, and some were con-
ducted using approximate data collection methods. The method
employed for this study, filming truck whccls on the pavement
at fixed spots, was felt to provide sufficiently accurate and
precise measurements.

The mean lateral displacement of truck wheels from the
pavement edge on conventional 12-ft-wide lanes ranged from
18.4 in. and 25.7 in. on eight pavement sections, with an
overall mean of 22.7 in. However, significant differences were
observed among the mean displacements, despite the pave-
ment sections being of the same geometric design, all located
on the same interstate highway, and all within 70 mi of each
other. Variance in lateral distribution, however, was consist-
ent among all of the control sections.

Using a mean and standard deviation for lateral distribution
of trucks, and assuming the distribution to be normal, a pave-
ment designer can compute the percentage of truck loads in
any desired interval of the distribution as the area under the
normal curve within this interval. Although conditions will
vary depending on the specific design features of the pave-
ment, as a rule of thumb only loads within about 6 inches of
the slab edge will produce significantly high stresses at the

slab edge. For the eight control sections in this study, the
percentage of loads within 6 in. of the slab edge ranged from
less than 1 to about 7.5 percent, with an overall average of
about 2.5 percent. The designer should keep in mind that
whatever quantity for percent edge loads is computed in this
fashion may be somewhat overconservative or underconserva-
tive if the assumption of a normal distribution is not valid.

The findings of this study clearly show that the paint stripe,
and not the slab edge, is the more influential factor in truck
wheel placement on widened-lane pavements. The mean lat-
eral distance from the lane edge was only about 2 in. less on
18-in. and 20-in. widened pavement sections than on control
sections. With respect to both mean and variance, no statis-
tically significant differences in lateral distributions were
detected for the 18-in. and 20-in. widcned-lanc pavement sec-
tions.

Among more than 1,300 observations of truck wheel place-
ments on widened-lane pavement sections, the smallest mea-
sured from the slab edge was 10.9 in. There were, in other
words, no edge loadings observed among some 1,300 total
loadings. The practical significance of this to structural design
of concrete pavements is noteworthy: lane widening is likely
to be a cost-effective design improvement for pavements whose
probable mode of failure will be accumulated fatigue damage
manifested by slab cracking. For pavements likely to fail in
other ways (e.g., joint deterioration or D-cracking), other
design improvements should be investigated.

The trends observed in this study may be fairly typical, but
the actual statistics are specific to the sites studied and should
not be applied to design of pavements at other sites without
great caution. Research into the effects of pavement condi-
tions, shoulder conditions, weather conditions, traffic volume,
and other factors on lateral distribution of trucks is strongly
encouraged. Meanwhile, pavement designers should view with
skepticism any reported national average for truck wheel posi-
tions and verify assumed distributions with field observations
whenever possible. The methodology used in this study for
field data collection is suggested as reasonable for other
studies.
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TABLE 6 SUMMARY OF LATERAL DISTRIBUTIONS MEASURED ON
WIDENED-LANE TEST SECTIONS ON I-57 IN ILLINOIS

18-INCH WIDENED-LANE SECTION:

Film Roll Number Mean
1 129 34,978
2 131 38.528
3 127 41,229
4 195 38.235
5 109 37.336

Total 691 38.091

20-INCH WIDENED-LANE SECTION:

Film Rell  Number ean
1 107 41.376
2 127 41.466
3 145 41,486
4 126 38.342
5 108 39.949
Total 613 40,546

Std Dev  Location
8.671 I-57 SB Effingham Cty mp 165
7.398 (same)
9.520 (same)
9.071 (same)
9.840 (same)
9.077

9.244

9,312

9.707

8.590

8.242

9.375

Std Dev  Location

I-57 NB Effingham Cty mp 165
(same)
(same)
(same)

(same)

Note: All mean displacements are expressed as distance from the side of the wheel
to the edge of the concrete slab, in inches. Subtract 18 inches and 20
inches respectively to obtain mean displacement from the lane edge.
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Validation of Concrete Pavement
Responses Using Instrumented Pavements

ERNEST |J. BARENBERG AND DAN G. ZOLLINGER

Mechanistic based pavement design procedures require validated
mathematical models and calibrated transfer functions. The trans-
fer functions can be calibrated only by observing the performance
of pavements over time. The mathematical models can be cali-
brated by comparing the fundamental pavement responses to load
and climate with the responses predicted by mathematical models.
Two instrumented pavement sections are described that were
constructed in Illinois to validate the mathematical models used
in the development of a mechanistic based pavement design pro-
cedure for jointed concrete pavements. The type and location of
gauges and the material properties and testing procedures used
are detailed. Typical results and the significance of results with
respect to the analysis models used and the design procedure
developed using the models are presented. Effects of bonding
between the slab and the lean concrete subbase and the impli-
cations of tied portland cement concrete shoulders are demon-
strated. Effects of temperature changes are shown to be a major
factor in the responses of the pavements.

Over the past several years, the University of Illinois, under
the sponsorship of the Illinois Department of Transportation,
has developed mechanistic based procedures for jointed and
continuously reinforced concrete pavements. Validation of
the design procedure was one of the tasks included in the
study, which included short- and long-term validation. The
long-term validation involves a comparison of the actual pave-
ment performance over a number of years versus the predicted
performance. Short-term validation involved a comparison of
actual pavement responses with responses predicted using the
mechanistic models in the design procedure.

During the summer of 1986, as a part of the short-term
validation, a number of jointed and continuously reinforced
concrete (CRC) pavement test sections were instrumented at
two locations in Illinois. Gauges were installed in 5 sections
of CRC pavements and 22 sections of jointed pavements. A
total of 16 different pavement sections were instrumented,
with 11 of the jointed sections replicated. The instrumented
sections included three slab thicknesses of the jointed and two
of the CRC pavements, with four different joint spacings in
the jointed pavements. Instrumented sections of both jointed
and CRC sections had varying drainage characteristics.

Strains in the pavement sections were recorded at specified
intervals starting as soon as possible after the concrete had
initially hardened. After the concrete had reached its design
strength, but before the pavements were opened to traffic,

E. I. Barenberg, Department of Civil Engineering, University of
Illinois, Urbana-Champaign, Urbana, Ill. 61801. D. G. Zollinger,
Department of Civil Engineering and Texas Transportation Institute,
Texas A&M University, College Station, Tex. 77843.

the pavements were loaded with static and moving loads by
using a truck with an 18-kip single axle load. The data were
first collected in the memory of a Compaq portable computer
with 640K memory, quickly reviewed for potential errors, and
then transferred to floppy disks.

Currently there are over 100 floppy disks (360K capacity)
filled with data, and more are being collected. These data are
being analyzed and evaluated as time permits. As a check on
the recording equipment, strains in the concrete and steel
under static loading were also read using an SR-4 strain indi-
cator type N.

Preliminary evaluation of the data indicates that the analysis
models used in developing the design procedure accurately
predict the strains caused by load in the concrete pavement.
Strains caused by temperature and moisture changes in the
concrete are also significant in the performance of these pave-
ments. These results indicate that both the relative and abso-
lute strains caused by temperature and moisture changes in
the pavement were, on the average, greater than expected.
Interpretation of these data is very difficult because the pave-
ments with the greatest thermal and shrinkage strains prob-
ably have the least restraint and hence the least stress, whereas
those with the least strain probably have the greatest restraint
and hence the greatest stress.

Details of the instrumentation installed in the pavements
are described and the type of data available from the instru-
mentation package is presented. Procedures used to analyze
the data and examples and implications of the findings to date
are discussed.

PROJECT DESCRIPTION

Two instrumented demonstration projects were designed and
constructed for validation of proposed design procedures for
jointed plain concrete (JPC), jointed reinforced concrete (JRC),
and CRC pavements in the state of Illinois. Demonstration
project FA 409 was constructed near Carlyle, Ill., approxi-
mately 20 mi south of I-70 on US-50, and demonstration
project FA 401 was constructed near Freeport, IIl., approx-
imately 40 mi west of Rockford, Ill. on US-20. Layout of
these projects along with details regarding joint layout, pave-
ment thicknesses, pavement type, and drainage conditions at
the project sites are shown in Figures 1 and 2 and are reported
elsewhere (7). The strain gauges were installed during the
construction phase to monitor the effects of wheel load and
temperature-induced strains. Table 1 summarizes the instru-
mented slabs at each project site.
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TABLE 1 SUMMARY OF GAUGES IN JOINTED
PAVEMENTS

Joint Joint Ref

Carlyle 3216+08 20’ 9-1/1" 5 dowel 4

3218468 5 " 4

3226408 40° 12 > 13

3229+88 12 L [

3264491 20’ (A1) 8-1/2" 13 hinge 7
3266+91 13 L4
3273431 13/-4"(B) 13 .
3274491 13 s
3432406 20" 7-1/2" 5 dowel
3439406 5 X
3485+66 40" 12 "
3505466 12 X
Freeport 846+91 20° 10" 5 dowel
875+46 40’ 12 "
896+05 15* 5 *
970+10 207 5 J
927+30 207 (A1) 13 hinge
292470 13 "
935430 13/-4"(B) 13 "
935+30 13 ¥
985427 40’ 12 dowel
999+87 15¢ b =

® O ! W N N s ® O & e & & v o» o~
1
1
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STRAIN GAUGE LAYOUT AND SLAB
INSTRUMENTATION

Polyester-encapsulated wire-type electrical resistance gauges,
Series “PM,” manufactured by Tokyo Sokki Kenkyujo (PML-
120 and PML-60 obtained through Texas Measurements, Inc.),
were placed in the concrete. The wire-type strain gauge and
lead wires were hermetically sealed between polyester resin
plates, and the entire gauge was coated with a gritty substance
to promote bonding to concrete.

To eliminate localized effects, the gauge length was chosen
to span several aggregate particles. Since the maximum par-
ticle size in the portland cement concrete (PCC) was 1.5 in.,
a gauge length of 4.75 in. was selected.

The electrical conducting wires used in the strain gauges
undergo a change in resistivity with changes in temperature.
Another temperature effect is caused by the gauge being bonded
to a test material (concrete) that has a different coefficient of
thermal expansion than the resin gauge material. Therefore,
a temperature compensation gauge or “‘dummy’’ gauge was
installed in parallel with each active gauge. To maintain them
in an ‘“‘unstrained” condition, dummy gauges were placed in
a polyvinylchloride (PVC) tubing, which was then sealed to
prevent intrusion of the concrete, and the entire tube was
cast into the pavement slab adjacent to the active gauges. This
scheme worked well for measuring the load strains but was
not as satisfactory for evaluating the temperature-related strains.

A typical instrumented jointed slab layout indicating the
locations of the active gauges is shown in Figure 3. Other

\- LONGITUDINAL
SAWCUT

—— TOP GAUGE (ODD NUMBERS)
-—— BOTTOM GAUGE (EVEN NUMBERS)

LANE Q\
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LOCAT ION

CARLYLE 3216 +08 FREEPORT 846 + 9!

FIGURE 3 Instrumented slab layout.
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FIGURE 4 Strain gauge pavement installation.

similar joint spacing and gauge layout configurations were
also included in the project instrumentation (1) but are not
shown here. The gauges were strategically placed to measure
the maximum strain caused by a wheel load placed at or near
the pavement edge and the strain caused by slab curling.
Gauges were generally placed in pairs along selected trans-
verse and longitudinal joints with one gauge at the slab top
and the other near the bottom. Gauges at the slab corners
were reference gauges, so only the top gauge was installed at
these locations.

Encapsulated gauges were also installed in several CRC
pavements, but these are reported here only briefly for ref-
erence. The measured strains in the CRC pavements are
reported elsewhere (2). Basically, the gauges in the CRC
pavements were positioned to measure transverse and lon-
gitudinal strains in the concrete midway between the trans-
verse cracks. Gauge installation procedures for the CRC pave-
ments were essentially the same as those for the jointed
pavements, cxcept that all top gauges were installed using the
saw-and-grout method discussed later. Strain gauges were also
installed on several longitudinal steel bars in the CRC pave-
ments. The gauges on the reinforcing bars were positioned so
that strain gradients along a bar segment near and adjacent
to transverse cracks could be established.

After the roadway had been graded and trimmed, but before
the subbase (lean concrete) was placed, a 4-ft-deep trench
was cut from beyond the outer edge of the shoulder to approx-
imately the wheel path in the paving lane. A PVC conduit

was installed in this trench, and lead wires from the dummy
gauges and thc gauges placed at the bottom of the pavement
were routed through the conduit. Grooves were cut in the
top of the subbase to run the lead wires from the individual
gauges to the conduit inlet box. The lead wires were carefully
marked to indicate the gauge and location and were run to
an outlet box attached to a 4-by-4 post beyond the outer edge
of the shoulder.

Accurate location of the gauges was considered to be essen-
tial if meaningful data were to be collected. As soon as the
lean concrete subbase had cured, the proposed locations of
the bottom gauges were marked on the subbase surface. A
support system consisting of a thin metal rod bent into the
shape of a U was installed in two holes drilled into the subbase,
as shown in Figure 4. The gauges were then attached to the
supports. Installation of the top gauges is discussed later.

During the paving operations, the contractor was requested
to slow the paving speed and reduce the concrete head as the
paver approached the instrumented sites. Approximately 5
min before the paver reached the instrumented site, plastic
concrete was placed directly over and around each gauge to
prevent movement of the gauges and tearing of the lead wires.
This procedure appeared successful as no gauges were lost
because of the paving operations.

An acceptable procedure for supporting the top gauges in
the concrete was not found, so the gauges were installed in
the concrete after the finishing operations were complete.
Three different procedures were used for this installation.
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The first method for installing the top gauges was to saw a
groove in the hardened concrete and then to bond the gauges
in place by using a sand cement grout. This procedure was
effective but did not provide immediate readings of the strains.
There was also some concern about the long-term effective-
ness of the grout, which is essential for transferring the strains
from the concrete to the gauges. All of the top gauges in the
CRC pavements were installed in this manner.

A second method involved placing a wood plug in the fresh
concrete at the approximate gauge location. As soon as the
concrete had taken on a set, the plug was removed and the
gauge was placed in the void. Again, the gauge was grouted
into place by using a sand cement grout. Because it permitted
earlier readings of the strains, this method was judged supe-
rior to the first method. The main problem with this approach
was the concern about the long-term effectiveness of the grout.

The third procedure involved working the gauge into the
fresh concrete and carefully compacting the fresh concrete
around the gauge. The lead wires were also worked into a
groove in the fresh concrete, which was cut with a trowel.
This method alleviated the concerns over the grout effective-
ness and permitted immediate readings of the strains. How-
ever, accurate placement (both alignment and depth) was
more difficult to achieve with this procedure. With some prac-
tice, this would be the recommended procedure for any future
installations.

STRAIN RECORDING

Strains are measured as voltage changes in the strain meters
within the system. These voltage changes are then amplified,
processed, displayed, and stored. For every gauge and every
reading there must be a zero value and a calibration reading.
Calibration readings were recorded with strain readings.

For static loading, the strains were read using a portable
strain meter, and the data were recorded manually. For the
dynamic loading, the readings were recorded on a recorder,
capable of recording 10 channels of data simultaneously. These
readings were recorded on tape and then transferred to floppy
disks and read directly into a spread sheet using Lotus 1-2-3.

One of the most difficult tasks in collecting this type of data
is to minimize unwanted electrical noise. Much of the noise
“comes from such sources as electrical high-tension wires near
by, automobile ignition sparks, radio signals, and other sources.
High-quality lead wires, connectors, and mating plugs were
used to keep the noise to a minimum. However, the first
attempt at recording the strains under dynamic loading still
produced significant noise problems. Through careful ground-
ing of the equipment and installation of high-frequency filters
a significant amount of the noise was eliminated for the sub-
sequent tests.

THERMOCOUPLES

Temperature changes in the concrete and temperature gra-
dients through the slab can significantly affect the measured
responses of PCC pavements. Thermocouples were installed
near the top and bottom of several slabs within the test site.
The thermocouples were installed near the pavement edge in
CRC pavements and near a corner in the jointed pavements.
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The thermocouples were installed by fastening them to a poly-
ester tube at the desired heights and fastening the tube to
reinforcing bars in the pavements.

During the load testing procedures, the thermocouples were
read directly with a potentiometer or a digital thermometer.
For longer-term readings, that is, readings taken over 24-hr
or longer periods, the temperature data were recorded on a
multichannel, battery-powered portable recording system. The
recording device was programmed to sample the data at pre-
selected intervals throughout the test period. The device had
a memory of 64K and, when the device was filled, the data
were transferred directly to floppy disks using a portable IBM-
compatible computer system.

MATERIALS
Subgrade Soils

Soils at the test site near Carlyle in southern Illinois were
mainly glacial till, overlain with a relatively thin layer of wind-
deposited loess. The soil types ranged from silt loam to clays,
with the predominant soil type a silty clay.

The soil at the test site near Freeport in northern Illinois
was also glacial till and was classified as a silt loam with an
AASHTO classification of A-4(8), with poor drainage char-
acteristics. Soil support at this site was non-uniform, because
there were a number of rock outcroppings within the test site.

Plate load tests were conducted at each site after the final
grading but before placing the subbase. The tests were run
at random locations throughout the project sites. The k values
obtained from the plate load tests for both sites are given in
Table 2.

Falling weight deflectomer (FWD) tests were run on the
top of the subgrade to obtain dynamic k& values. A 30-in.-
diameter plate was placed on the subgrade, and the FWD test
was run on top of the plate. Dynamic tests were run only at
the Carlyle site. These results are also shown in Table 2 along
with a ratio of the dynamic to the static k values. The average
ratio of dynamic to static k is 1.30, with a standard error
of 0.26.

Subbase

The subbase for both projects was lean concrete with a com-
pressive strength of approximately 2,500 psi after 1 year of
service. In Illinois this material is commonly referred to as
“econocrete.” The econocrete was placed with a concrete
paver to a depth of 4 in. and finished with a float, and a coat
of liquid curing compound was applied. The specifications
called for the subbase to cure for 7 days before placing the
concrete.

Concrete

Concrete used in both test projects met the Illinois Depart-
ment of Transportation (IDOT) standards for paving class
concrete. The IDOT standards call for a mix with a 14-day
strength of 650 psi, when tested in flexure under center point
loading.
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TABLE 2 SUMMARY OF PLATE LOAD TEST RESULTS

Project 409 Carlyle, IL Project 401 Freeport, IL
Static k Dynamic k Ratio
P L | __Dsi Dynamic k/Static k psi
116 120 1.03 529
119 202 1.70 412
50 145 2.90 360
174 194 1. 12 527
86 128 1.49 248
210 129 0.64 282
143 119 0.83 312
169 124 0.73 345
Avg. 133 145 1.30 377
std dev 51 34 .74 105

Sufficient beam specimens were cast from the concrete used
in the instrumented slabs so that 14-, 28-, and 90-day strengths
could be determined. The beams tested to measure the 28-
and 90-day strengths were stored on the project sites. The
beams were wrapped in plastic sheets to prevent drying, bur-
ied in a pit alongside the pavement, and covered with moist
sand. Thus, the beams were cured uatil testing under con-
ditions comparable to the concrete in the pavement. Maturity
meters were also installed at project sites to monitor the con-
crete strength development before loading and testing.

Table 3 shows a summary of the 28-day concrete properties
for the Carlyle project. The effective modulus of rupture under
third point loading was 713 psi, with a compressive strength
of 5,332 psi. The modulus of elasticity measured during com-
pressive testing was 4.16 X 10 psi. The variability in the
concrete properties was very low, with the coefficient of var-
iation under 10 percent for both the compression and flexure
test results.

TABLE 3 28-DAY CONCRETE FLEXURAL AND
COMPRESSIVE STRENGTH AT CARLYLE, ILL.

Station Flexural Strength Compressive
Center Point* Third Point** Strength* E x 10%

-3216+12 989 840 6084 4.43
3229487 802 682 4651 3.88
3262+50 856 728 5736 4.32
3275400 840 714

3352450 5335 4,16
3395400 - - 5229 4.12
3432450 750 638 -s

3505400 827 703 4994 4.03
3510400 806 685

Average 838 713 5332 4.16
STD DEV 74 63 502 .20
Coef of Var (%) 8.8 8.8 9.4 5.72

* Measured Value
** Calculated Value at 85% of Center Point Load

TYPICAL TEST RESULTS

Pavements at both sites were tested under both static and
moving truck axle loads. The primary load system was a
single-axle truck with 18 kips on the rear axle. Initial tests on
the pavements at Carlyle were during July 1986, approxi-
mately 30 days after placing the concrete for the mainline
pavement slabs, and before the tied concrete shoulders were
added. These same pavements were retested during the sum-
mer of 1986, after the shoulders had been added and the
pavements had been open to traffic. Pavements at the Free-
port site were tested initially during the fall of 1986, both with
and without tied shoulders similar to the tests at Carlyle.

Pavements at both sites have subsequently been tested under
similar loading conditions, in both the summer of 1987 and
the late spring of 1988. In all, a total of over one hundred
360K capacity floppy disks have been filled with data. Since
most of the gauges installed are still active and in good work-
ing order, it is anticipated that subsequent testing will be done
on these sites.

Since the primary focus of the testing for this project was
to validate the ILLI-SLAB model to predict pavement response
to load, sufficient data were reduced as soon as possible to
verify this for several different pavement configurations and
loading conditions. Examples of results obtained are pre-
sented herein. However, much of the data have not yet been
reduced, and work is continuing on this phase of the study.
More complete results will be presented in the literature over
the next few years.

Jointed Concrete Pavements

Figure 5 shows some typical comparisons obtained between
the calculated and measured strains in jointed concrete pave-
ments. The maximum strains were recorded by gauges installed
near the edge of the slab at a point midway between transverse
joints (gauges 1 and 2, Figure 3), with a static wheel load
placed directly over the gauge. Variation in strains at the
midslab position (gauges 1 and 2) as the load was moved away
from the gauge location is also shown in Figure 5. The appar-
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ent “‘mirror image” strains (+ and —) are from gauges at the
top and bottom of the slab.

One of the more interesting aspects of these data is the
effect of bond between the slab and the subbase. The theo-
retical results are shown for both the bonded and unbonded
conditions based on ILLI-SLAB analyses (3). The measured
strains suggest that there was significant bonding between the
slab and subbase when these tests were conducted. Tests con-
ducted in the late spring of 1988 indicate that this bond may
be breaking down.

Since the gauges away from the immediate loaded area
show small strains, the remainder of the data presented herein
for the jointed pavements is from midslab gauges only.

Figure 6 shows measured and calculated strains from a series
of slabs 7.5, 8.0, and 9.5 in. thick. In these data the measured
strains are in good agreement with the calculated values for
the bonded condition, but the calculated strains for the
unbonded condition are significantly greater than those for
the bonded condition.

Figure 7 shows the effect of speed on the measured strains
in the pavements. Again, the measured and theoretical results
for the bonded case are in good agreement, but the theoretical
results for the unbonded condition are significantly higher.

The effects of tied PCC shoulders on the strains in the
jointed pavements are shown in Figure 8. The trends with
regard to speed and bonding to the subbase are the same as
those shown for the slabs without shoulders (Figures 6 and
7). The results clearly show the benefits of tied shoulders in
reducing edge strains in jointed PCC pavements.

Temperature Strains

Temperature gradients were recorded for both the jointed
and CRC pavements. Figure 9 shows the gradients in a jointed
pavement for the winter of 1986 and the spring of 1987, along
with the gradients and percent time assigned for the gradients
in the design procedure for jointed concrete pavements. Table
4 gives a summary for the gradients at various times for both
sites.

Results from measured strains caused by curl are somewhat
more difficult to interpret. If, for example, a slab is fully
restrained, and if the thermal expansion of the gauge and the
concrete are the same, then there should be no measured
strains in the slab caused by curl. Conversely, if a slab is
completely unrestrained, then the measured strains caused by
curl should be equal to the thermal strain differential between
the top and bottom of the slab, but there would be no curl
stress. The actual situation is somewhere between these two
extremes; the only way to get an estimate of the curl strains
is to have one gauge located in a position where one would
not expect any curl restraint, and to evaluate the difference
between the restrained and unrestrained gauge readings.

Using the strain difference technique, the strains in a typical
jointed concrete at Carlyle were determined and are shown
in Figure 10. The measured strains show good agreement with
the theoretical strains for curl in these pavements. The the-
oretical strains were determined by using an algorithm devel-
oped from a series of runs with the ILLI-SLAB program, with
the weight of the slab as the restraint.
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TABLE 4 THERMAL GRADIENT DURATION PERIODS

Thermal Gradient
v

ti Th

Carlyle 3432+06 7-1/2" Summer 86 28% 47% 25%
Fall 86 10% 1% 19%
Winter 86 5% 78% 17%
Spring 87 46% 21% 27%
Average 22% 56% 22%
3218+68 9-1/2" Summer 86 36% 57% %
Fall 86 9% 84% 7%
Winter 86 8% 67% 25%
Spring 87 52% 40% 8%
Average 26% 62% 12%

Freeport 937430 10" Summer 86
Fall 86 12% 26% 62%
Winter 86 18% 35% 47%
Spring 87 25% 43% 32%
Average 18% 35% 47%
Overall Average 22% 51% 27%

SUMMARY

Instrumented pavement sections are a powerful tool for val-
idating mathematical models used to predict the basic response
of pavements. Throughout this paper the results, both mea-
sured and calculated, have been given as strains. Strains are
a basic pavement response that can be measured, as compared
with stresses, which are fictitious values that can be calculated
only if a value is assumed for the E of the material being
tested. Measured strains are real physical properties and can
be considered basic pavement responses.

Results obtained from these tests indicate that the models
used in the pavement analysis provide an accurate response
of the pavement to both load and environmental conditions,
provided the appropriate conditions are used in the analyses.
Bonding of the slab to the subbase can, for example, have a
significant impact on the results. For design, one can always
assume the worst condition, and, if the other condition hap-
pens, there is a greater factor of safety in the design. When
evaluating the accuracy of the models, however, it is vital that
one know the true condition of the pavement, or, as shown
in the paper, some of the results will be different than is
expected.

Results from the instrumented pavements verify that cli-
matic conditions have a profound effect on the behavior of
PCC pavements. For jointed PCC pavements the combined
curl and warping strains can be as large or larger than the
anticipated load strains.

For CRC pavements, the total changes from the temper-
ature at which the slab was cast have a profound impact on
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CURL STRAIN, micro strains
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FIGURE 10 Comparison of measured and theoretical curl strains.

the strains in both the steel and the concrete. Thus, it appears
that climatic conditions at the time of construction are major
factors in the behavior and performance of CRC pavements.
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Evaluation of the Subbase Drag Formula
by Considering Realistic Subbase

Friction Values

MEeHMET M. KunT AND B. FrRaANK McCULLOUGH

A modification of the reinforcement formula that considers the
realistic frictional characteristics of subbase types is presented.
The objective of this study is not to abandon the current formula
but to arrive at a better formula, one that considers the field
observations. Rational reinforcement design is important because
the amount of reinforcement affects the restraint on the move-
ment of a pavement section, or slab, and the long-term perfor-
mance. This study was the result of a need to revise the rein-
forcement formula based on the subbase drag theory. The
reinforcement formula was modified in accordance with the
experimental results obtained concerning subbase frictional resis-
tance. The modification was necessary to include the actual char-
acteristics of subbase friction in the reinforcement design formula
for both continuously and jointed reinforced concrete pavements.
The new formula reflects the experimental results concerning
subbase friction. It represents the actual components of frictional
resistance at the interface: adhesion, bearing, and shear. The
implementation of information from this study will result in more
rational reinforcement design. The formula calculates the steel
requirement for the middle of the slab; in other words, the cal-
culated value is the maximum requirement, and the locations
between the free end and the middle of the slab will require less
reinforcement. Further experimental study is necessary to cali-
brate the new formula.

In the revised 1985 AASHTO Guide for Design of Pavement
Structures (/), the friction factor is used to develop a nom-
ograph for estimating the required steel percentage for both
continuously reinforced concrete pavement (CRCP) and jointed
reinforced concrete pavement (JRCP) for transverse and lon-
gitudinal reinforcement, respectively. As mentioned in this
guide, this parameter corresponds to the coefficient of fric-
tion. For various subbase materials, the recommended and
currently used friction factor varies from 0.9, for natural
subgrade, to 1.8, for stabilized subbases. With the use of this
factor it is assumed that the amount of subbase frictional force
is directly proportional to the weight of the slab.

The first studies involving frictional resistance measurement
started as early as 1924. The main objective of those exper-
iments was to observe the relationship between the friction
value and the subbase type. The observed values were obtained
before the use of stabilized subbases. According to the results
of recent research performed at the Center for Transportation
Research of The University of Texas at Austin (2,3), the
frictional resistance is primarily a function of the subbase type
and the magnitude of resistance is independent of slab thick-

Center for Transportation Research, The University of Texas at Aus-
tin, Austin, Tex. 78705.

ness. Thus, all the JRC pavements laid over cement-stabilized
subbases experienced excessive cracks, regardless of the thick-
ness of the slab.

OBJECTIVE

The primary objective of this study was to demonstrate the
limitations of subgrade drag theory by considering new data.
The next objective was to rederive the subgrade drag equation
to more precisely reflect the subbase frictional analysis observed
in the field. New findings on frictional restraint at the interface
of the slab and subbase required a revision of the subbase
friction concept. A formula was developed for the design of
both CRCP transverse reinforcement and JRCP longitudinal
reinforcement (/). The derivation of the present formula is
based on the classical friction concept. In other words, the
resultant friction force is mainly a function of slab weight, not
of the frictional characteristics of the subbase. In reality, the
frictional resistance consists of three components: adhesion,
bearing, and shear at the interface (2). For each subbase type,
the relative effect of each component is different. That is why
the failure plane for unbounded subbase occurs at the inter-
face, whereas for bounded subbase, it occurs within the subbase.

LIMITATIONS OF THE CURRENT FORMULA

The steel requirement is mainly dependent on the thickness
of the slab, not the subbase type, because the assumed friction
factors are more or less the same for various subbase types.
This is one of the limitations of the current reinforcement
formula that was observed when it was compared with the
results of a previous study (2). From experience it can be
concluded that there is a significant difference in applied fric-
tional resistance among the various subbase types. A slab on
a cement-stabilized subbase experiences more cracks than one
on an asphalt-stabilized subbase.

DERIVATION

The derivation of the reinforcement formula is the result of
equating the force in steel at the middle of the slab, assuming
that a crack has formed at that location, to the developed
frictional force. Although the current formula is based on the
same equilibrium, it lacks the representation of the actual
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subbase frictional characteristics. Among the subbase types,
only untreated clay fits the classical friction pattern. The pur-
pose of this paper is to explain the reason for the modification
of the nomograph (and the formula of the nomograph) by
using the recent findings reported elsewhere (2,3).

The current formula is

Pow = [2‘7}: x 100 4]

where

P4 = percent steel required by using the old formula,
n = friction factor,
L = length of the slab (ft), and
f, = maximum allowable stress of steel (psi).

Il

The derivation of this formula is given later, but a modi-
fication is necessary, because the subbase is the major param-
eter for the resulting frictional resistance. The current approach
in the AASHTO guide assumes that the magnitude of fric-
tional resistance is independent of the subbase type.

The friction factor values for certain subbase materials are
included in Table 1. Table 1 also shows the push-off test results
for the same subbase types from Project 459 (2,3).

The equilibrium condition of the slab after the first crack
formation (approximately L/2 from the free end) is illustrated
in Figure 1. The resultant friction force should be balanced
with the load in steel. The equilibrium is formed as

pP="p,

where

P = force carried by the steel for a unit width of slab (Ib)
and
P, = frictional force applied to the unit width of slab (Ib).

The frictional force, simply, equals the contact area of one-
half of the slab times the frictional resistance:

L
P, = 2 17 B
where
7r = frictional resistance (psi) and
B = width of the pavement (ft).

TABLE 1 SUBBASE FRICTION VALUES

H-Value from H-Value? Frictioual
Subbase Type Guide Measured Resistance (psi)
Cement-Treated granular base 1.8 523 15.40
Flexible Subbase 1.5 5.0 337
Asphalt-stabilized granular base 1.8 38 220
Lime-treated clay 1.8 2.9 1.70
Untreated clay 0.9 1.9 1.10

2Based on 15t cycle of push-off tests

79

Converting the units of L and B from feet to inches, to be
compatible with the rest of the equation, results in

p= 144 L v, B @)
2
where
P = the load of the longitudinal steel (Ib),
7 = the frictional resistance (psi),
L = length of the slab (ft), and
B = width of the slab (ft).

We know that
P = Af, 3)

where

A, = area of the longitudinal steel (in.2) and
f, = maximum allowable stress of the longitudinal steel

(psi).

By definition, percent of steel is the ratio of steel area to
the concrete area, i.e.,

AS
P. = z X 100 4)
or
PJ Al.‘
4, = 100
Since
A,=12DB
then
12P.DB
A, st (5)

If Equation 5 is inserted into Equation 3 and Equation 3
is equated to Equation 2, the following equation is obtained:

P...D12Bf 144L<.B g
100 B 2 ©)

FIGURE 1 Equilibrium of
forces after the first crack
occurs.
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where
P, = percent steel required by using the new formula.
Rewriting Equation 6 in terms of P,

p _1200LB
snew 12 D st

The width of the slab (B) is assumed to be the unit width,
and it is automatically dropped from the formula. All the
dimensions were converted to pound-inch units. After con-
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version, the P, formula becomes

600 L 7, @

P snew D j-‘

RESULTS

P.... and P for various subbase materials are compared in
Figures 2 and 3. The data for these plots are given in Table

05
Flexible
. Subbase
Psnew
04 |
Asphalt-
i Sgablllzed Lime -
snew Treated and
03 L
Lime- Asphalt-
Treated Stabilized
[ Psnew Psold
9 02 |
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FIGURE 2 Steel percentage requirement of four different subbase materials, by using P;,.,, and P,.
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TABLE 2 DATA SHEET FOR P,,., VERSUS P, (f, = 65,000 PSI)

Length Pso1d® Pgnew %

Subbase Type  of Slab n T Dequiv (%) D=6 D=8 D=10 D=12 D=4
Untreated 25 0.90 1.10 1470 0.020 0.060 0.046 0.036 0.030 0.026
Clay 60 0.060 0.145 0.112 0.088 0.073  0.063

80 0.080 0.194 0.150 0.117 0.097 0.084
100 0.100 0.242 0.187 0.146 0.121 0.104
Asphalt- 25 1.80 2.20 1470 0.050 0.121 0.094 0.073 0.060 0.052
Stabilized 60 0.119 0290 0224 0.176 0.146 0.125
80 0.158 0387 0299 0.234 0.194 0.167
100 0.198 0484 0374 0293 0242 0.209
Flexible 25 1.50 337 2696 0.041 0.185 0143 0.112 0093 0.080
Subbase 60 0.099 0445 0344 0269 0222 0.192
80 0.132 0593 0458 0358 0296 0.256
100 0.165 0.741 0573 0.448 0371 0.320
Lime- 25 1.80 1.72 11.50  0.050 0.095 0073 0.057 0.047 0.041
Treated 60 0.120 0227 0175 0.140 0.113  0.098
80 0.160 0307 0234 0.183 0.151 0.131
100 0.198 0378 0292 0.229 0.189 0.163
Cement- 25 1.80 1535 10230 0.050 0.844 0.652 0.510 0422 0.364
Stabilized 60 0.119 2.026 1566 1.225 1.013 0.875
80 0.158 2702 2087 1.633 1350 1167
100 0.198 3377 2.610 2.041 1.688 1458
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8 percent reinforcement predicted by using the old formula.

2. As can be observed, P, is higher than P, for all the
materials (for all the thicknesses), except for the slab on lime-
treated base (LTB). For slab on L'1B, P, becomes higher
than P,,.,, if the slab thickness is 12 in. or higher. The old
formula does not vary with thickness, whereas the new one
does (Figure 4).

DISCUSSION OF RESULTS

As can be observed in Figures 2 and 3, P, 4 becomes larger
than P,,.. when the thickness is greater than a certain value.
A close examination of the steel percentage formula is nec-
essary to see whether the old and new reinforcement formula
can be combined.

Assume that we have a certain kind of subbase with a given
frictional characteristic (i.e., that + and p are known). Then
let us equate Equation 1 to Equation 7:

Psold = Psnew (8)

If we use the right-hand sides of both of the equations, Equa-
tion 8 becomes

L _ 6L 7,
o x 100 = Df.

x 100 ©9)

Rewriting Equation 9 in terms of D, and calling the thickness
D quiv> IVES

Dequiv = 12%: (10)

which creates an equation for calculating the equivalent thick-
ness. Any thickness less than D, the thickness calculated
from Equation 10, for the given subbase types will create a
higher P, ..., whereas greater thicknesses will create the oppo-
site case, P,y = P, as illustrated in Figures 2 and 3.

[n the derivation of the new steel percentage formula, fric-
tional resistance was assumed to be constant throughout the
length of the slab. The maximum frictional resistance occurs
at the free end of the slab and then gradually decreases to
zero at the center of the slab. Tn other words, assuming the
maximum friction for the complete length of the slab will
result in higher reinforcement values. Therefore, in reality,
the representative frictional resistance should be less than that
used in the derivation. However this requires an extensive
use of the computer program for both material and environ-
mental conditions. If an average frictional resistance, calcu-
lated by using the computer program, is used in the formula,
it will be variable even for the same subbase type. This is
mainly because of the dependency of frictional resistance on
the slab movement. Therefore, the use of the above assump-
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tion is accepted as long as the formula is used as a guideline
for the reinforcement design. Another important point is the
high steel percentage requirement of the slab laid on cement-
stabilized subbase (Figure 5). A solution to this problem is
to use a bond breaker, which is, in fact, the asphalt-stabilized
subbase illustrated in Figure 4. The use of a bond breaker
will lower the steel percentage requirement considerably.

CONCLUSIONS

1. Previous subgrade drag theory is incorrect, because,
instead of representing the frictional characteristics of the
subbase, the friction factor, which resulted in a friction force,
is merely a function of the slab thickness.

2. The rederived formula represents much better than the
previous formula the actual frictional resistance of a range of
available subbase types.

3. The use of the new formula yields an approximate result.
The variation of friction along the slab length requires use of
a program for calculating the friction force and, in turn,
increasing the accuracy of the required steel percentage.

4. The P, formula is inadequate for D for thicknesses
larger than D,,,,. The equivalent thickness is a function of
the friction coefficient and the frictional resistance.

RECOMMENDATIONS

1. An interactive algorithm should be developed (like the
one in the JRCP computer program) to calculate the actual
frictional resistance corresponding to the slab movement. The
current formula will be used until the interactive program is
available.
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2. The use of the P, formula yields higher tensile stresses
in concrete because of the amount of restraint to relative
movement, for D < D.,, so the use of P, will increase
the number of cracks. This development requires further study
to observe the effect on long-term pavement performance.

3. The combined P, and P, (Figures 4 and 5) for various
thicknesses will not be a good substitute for the AASHTO
Guide equation (Equation 1). Especially for cement stabilized
subbases, it is not economically feasible to use up to 2 percent
steel reinforcement to keep the cracks tighter. The high expense
can be avoided by using a bond breaker to lower the subbase
frictional resistance to a reasonable value.

4. A reasonable frictional resistance value, one that is lower
than the maximum one, should be selected for the subbase
type under consideration. In other words, the magnitude of
frictional resistance is a function of slab movement. It varies
from maximum at the free end to zero at the middle of the
slab. Therefore, the maximum frictional resistance used in
the formula is always higher than it should be.
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Field Performance and Evaluation of Thin

Bonded Overlays

Davip G. PesHKIN AND AMY L. MUELLER

Bonded concrete overlays of jointed concrete pavements cur-
rently are not used widely for pavement rehabilitation. As part
of a major FHWA research project, between 1987 and 1988 an
extensive performance evaluation of 16 different bonded overlay
designs at 10 locations in 6 states was carried out. The projects
were located in three different environmental zones and involved
a variety of low- to high-volume pavements. The overlays ranged
in age from 3 to 11 years at the time of the surveys. The field
performance surveys consisted of the following elements: a com-
prehensive field survey to identify, measure, and map pavement
surface distresses; a debonding survey; the measurement of
roughness and a panel present serviceability rating; deflection
testing with a falling weight deflectometer; and a materials testing
and sampling program. Historical traffic data were collected to
estimate the accumulated 18-kip equivalent single axle loads
(ESALs) on the pavement before and after the overlay was placed.
Environmental data were also collected to describe the nature of
the environmental forces to which the various sections were sub-
jected. Previous research projects or state reports were reviewed
to characterize the construction conditions and the preoverlay
condition of the pavements. The results of the field survey are
presented for each pavement section based on all of the major
measured parameters. Overall, it was found that bonded concrete
overlays showed mixed success. Some of the projects appeared
to be nearing failure, based on the accumulation of surficial dis-
tresses and the apparent widespread debonding that was observed.
In general, it was found that debonding was a cause for concern
on many of the projects.

Portland cement concrete (PCC) pavements constitute a large
percentage of pavements that are designed to carry high vol-
umes of heavy traffic. When designed, constructed, and main-
tained properly, PCC pavements can be expected to provide
a long service life. Many factors, however, contribute to the
accelerated deterioration of pavements, including construc-
tion deficiencies, design loadings in excess of those forecasted,
materials problems, and unanticipated changes in traffic pat-
terns. It is not surprising, therefore, that there exists a good
deal of interest in the rehabilitation of PCC pavements. Of
the major rehabilitation approaches—resurfacing, recycling,
restoration, and reconstruction—resurfacing (or overlays) is
one of the most commonly performed methods of restoring
rideability and improving structural capacity.

The most frequently constructed type of overlay is made
of asphalt concrete (AC). An AC overlay can be placed fairly
rapidly, at a very competitive cost, and with little shutdown
time of the facility. However, there are two major problems
associated with AC overlays: reflection cracking and rutting.
These problems contribute to a shorter service life than is
desired in many cases for a rehabilitation strategy on high-

ERES Consultants, Inc., 1401 Regency Dr. East, Savoy, Ill. 61874,

volume, heavily loaded pavements. Also, a fairly thick AC
overlay is required to improve the structural capacity of the
pavement.

An intriguing alternative to the construction of an AC over-
lay is the use of PCC as an overlay material. A bonded PCC
overlay holds the promise of an extended service life, increased
structural capacity, and lower life cycle costs, compared with
other overlay techniques. Although the initial cost of a bonded
PCC overlay may be higher than those of an AC overlay, the
benefit of longer life and reduced maintenance costs suggest
that bonded overlays can be a viable resurfacing alternative.

The research presented in this report was performed as part
of the second phase of a two-phase study for the FHWA,
entitled Performance/Rehabilitation of Rigid Pavements. Phase
I of this project is devoted to a performance evaluation of
selected PCC pavements, with the goal of improving the inputs
to new pavement design. The second phase of the project
examines the rehabilitation of jointed concrete pavements.
One of the goals of Phase II is to evaluate the performance
of selected projects, including previously reviewed projects,
perform additional testing and/or analysis to verify and/or
improve recommended design and construction procedures,
and to develop improved design and construction procedures
for this technique. The evaluation and performance of the
bonded overlay projects selected for this study are presented
in this paper.

Bonded overlays currently are not widely used for pave-
ment rehabilitation, except in Iowa, so there are not many
candidate sections available for study. A total of 16 different
bonded overlay designs at 10 locations in 6 states (covering
3 climatic zones) were evaluated for this project during sur-
veys conducted between 1987 and 1988. All of the overlay
projects were constructed since 1976; the age of the original
pavement varied considerably. An attempt was made to include
sections on interstates or pavements subjected to heavy traffic.
Most of the sections that are discussed here are also included
in an earlier rehabilitation study performed for the FHWA
and in other summary evaluations performed by the FHWA
(1,2). The data from the 1985-1986 FHWA surveys, where
available, are presented for comparison with the more recent
data. Table 1 presents the pavement sections that were included
in this study.

DATA COLLECTION

Field surveys were conducted by using procedures similar to
those in use for the Strategic Highway Research Program
(SHRP) Long-Term Pavement Performance (LTPP) project.
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TABLE 1 BONDED OVERLAY SECTIONS INCLUDED IN STUDY

Original Overlay
Construction Construction
Project Route Location Date Date
NY 6 1-81 Syracuse, NY 1957 1981
1A 1 1-80 Grinnell, TA 1964 1984
1A 2 1-80 Avoca, 1A 1966 1979
IA 3 Cc17 Clayton County, IA 1968 1977
1A 4 SR 12 Sioux City, IA 1954 1978
IA 5 US 20 Waterloo, TA 1958 1976
CA 13 180 Truckee, CA 1964 1984
SD 1 SR 38A Sioux Falls, SD 1950 1985
WY 1 1-25 Douglas, WY 1969 1983
LA 1 US 61 Baton Rouge, LA 1959 1981

A detailed distress survey was performed using LTPP guide-
lines. Debonding, a failure mode of major concern with this
rehabilitation method, was estimated using a combination of
“sounding” the pavement and limited coring. For the sound-
ing, the survey crew consisted of two people, one to tap the
pavement using a 4-1b hammer, and the other to record whether
the sound represented a bonded or debonded layer. A debonded
arca was said to be present if the pavement gave off a hollow
sound, or one of “low frequency.” When a debonded area
was located, its extent was identified by pounding with the
hammer and establishing a contour of the debonded area on
the pavement surface. It must be stressed that the debonding
estimated for these sections is the result of limited testing
using a partially subjective technique. To accurately charac-
terize the extent of debonding it would be necessary to survey
a larger area of the project with a laboratory-tested method.

Pavement surface roughness was collected for all of the
sections with the aid of a Mays Ride Meter. The survey crew
also gave a subjective rating of the rideability of each pave-
ment section, in the form of an average present serviceability
rating (PSR). The roughness and PSR data that are presented
here represent a very small sample size, and no clear rela-
tionship exists between the two values. Deflection testing was
performed with the use of a Dynatest Model 8002 falling
weight deflectometer (FWD).

Coring and boring were performed at each project location.
The retrieved cores were subjected to a visual inspection and
a verification of thickness. The bond between the overlay and
the existing pavement was tested by applying a shearing force
on the monolithic core using a specially constructed apparatus
and a compression testing device. Data compiled by the states
and submitted to FHWA on truck types and axle load distribu-
tions (W-4 tables) were used to calculate truck factors by state
and to calculate the number of 18-kip equivalent single axle
loads (ESALSs) applied to each section. This information was
used to estimate the number of ESALs carried by the pave-
ment before the overlay construction and the number of ESALSs
that had been applied since placement of the overlay.

INTERSTATE 81—SYRACUSE, N.Y. (NY 6)

The first project location was on I-81, near Syracuse, N.Y.
The original pavement was constructed in 1957 as a 9-in.
doweled, jointed reinforced concrete pavement (JRCP) with

43-ft joint spacing, placed on a 12-in. aggregate base. The
original JRCP pavement displayed extensive longitudinal and
transverse crack deterioration. This deterioration most likely
was a result of the use in the original concrete of coarse
aggregate susceptible to freeze-thaw deterioration. Freeze-
thaw cycling caused pop-outs in the pavement surface and
disintegration beneath the surface similar to D-cracking. The
areas that showed the most deterioration were those surface
areas exposed to water and areas in which water could be
held and trapped, such as the pavement edges and joint faces.
Many of the deteriorated areas had been repaired with asphalt
patches.

Pavement blowups had occurred during the life of this pave-
ment. In 1972, doweled, full-depth repairs were placed at as
many transverse joints as funding permitted. In 1980, many
of these repairs were showing deterioration also. Slab cracking
was also present on this section, particularly over existing
culverts. Before placement of the bonded overlay in 1981, it
is estimated that the outer lane of this pavement had sustained
3,350,000 18-kip ESAL applications, the middle lane, 1,260,000
ESAL applications, and the inner lane, 350,000 ESAT. appli-
cations.

Overlay

In 1981, a 3-in. bonded PCC overlay was constructed follow-
ing extensive surface preparation. The deteriorated concrete
(at almost all of the transverse joints) was milled to a depth
of 3 in. The milling generally extended about 2 ft on either
side of the joint. About 90 percent of the length of the lon-
gitudinal joints required the same milling. These depressed
areas were paved over at the same time as the overlay was
placed. Pressure relief joints were placed at blowup locations
and at either end of northbound and southbound mainline
structures over NY-31. Wire mesh was placed over areas of
existing cracking where it was felt that the existing mesh was
no longer functioning. The surface of the rest of the pavement
was milled to a depth between 0.25 and 0.50 in. The pavement
was then sandblasted to remove any remaining loose material
or contaminants. A cement-sand grout spread by hand and
broomed onto the pavement was placed shortly ahead of the
paver. Temperatures at the time of placement ranged from
about 50°F to nearly 90°F.
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TABLE 2 INTERSTATE 81 (SYRACUSE, N.Y.) PERFORMANCE

DATA
1985 FIELD SURVEY
FHWA 1987
SURVEY
OUTER | OUTER | LANE LANE
LANE LANE #2 #3
Average PSR| N/A 3.2 N/A N/A
Mays Roughness, IN/MI|  N/A 135 N/A N/A
Transverse Faulting, IN|  0.05 0.07 N/A 0.11
Transverse Cracks/MI L| 231 152 300 76
M 5 20 b 0
H 0 0 0 0
Long. Crk., LIN FT/MI L 0 20 0 0
M 0 0 0 0
H 0 0 0 0
% Joints Spalled 0 0 0 0
ESAL's on Overlay (millions) A 2.36 1.01 0.26
% Joint Corners Debonded 95
% Area of Wheelpath
Debonded 0
% Total Area Debonded 3

Immediately after paving, the plastic concrete was scored
with a straight edge and an edging tool directly over the trans-
verse joints, using previously marked guide locations. Within
5 to 6 hours after placement of the concrete overlay, the
transverse joints were sawed to a depth of 5 in. This depth
compensated for the additional thickness of the overlay at the
transverse joints from the additional milling performed there.
The longitudinal joint between lanes was sawed to a depth of
2 in. The transverse joints were sealed with a preformed
compression sealant.

Performance of the Overlay

Since construction of the overlay in 1981, this pavement has
experienced 2,360,000 ESALs in the outer lane—over 70
percent of the total estimated traffic carried on the original
pavement from 1957 through 1981. As an examination of
Table 2 shows, there is some cracking and faulting present.
There is more transverse cracking in the second lane. The
ride is fairly rough, indicating that some problems are devel-
oping. Almost all of the corners tested showed debonding.
The average size of the debonded area at each corner was
about 2 ft.

A center slab core showed that the PCC overlay appeared
to be completely bonded to the existing slab. A core was also
retrieved from a slab corner. Good bond existed between the
overlay and the original slab, but the core was not recovered
in one piece, having disintegratéd from the level of the original
slab reinforcement and below.

The overall performance of this section, surveyed 6 years
after construction, is not very good. It is very likely that there
was too much deterioration present on the original pavement
to warrant the construction of a bonded overlay.

INTERSTATE 80— GRINNELL, IOWA (1A 1)

The next project location was on I-80 in central Iowa, near
Grinnell. The original pavement was constructed in 1964 as
a 10-in. doweled JRCP on a 4-in. aggregate base. The trans-
verse joint spacing was 76.5 ft. Before construction of the
overlay, it is estimated that the outer lane had sustained
11,800,000 ESALs and the inner lane, 2,230,000 ESALs.

Overlay

In 1984, a 4-in.-thick, bonded concrete overlay was con-
structed on this pavement. By then, the original pavement
exhibited extensive distress: there were 110 broken interior
corners noted in the construction plans. Before construction
of the overlay, however, extensive full-depth repairs were
placed; 458 areas were noted as being already in place and
the construction of an additional 260 patches was required,
again according to the plans. Epoxy-coated tie bars were placed
on chairs above full-depth concrete repair joints that did not
constitute a pavement joint before placement of the overlay.
Longitudinal subdrains with transverse outlets were added to
the project. At areas of broken interior corners, a depressed
area of 4 in. was to be created by milling.

The initial surface preparation consisted of milling to a
depth of 0.25 in., except at the locations where 4 in. was
specified. The final preparation of the surface consisted of
sandblasting. A cement-water grout was sprayed on the cleaned
surface just before the application of the overlay. The trans-
verse joints were sawed the full depth of the overlay and
sealed with joint sealant material and backer rope. Joints at
full depth patches were not sawed. The longitudinal joint was
sawed to a depth of 1.5 in.
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TABLE 3 INTERSTATE 80 (GRINNELL, IOWA)
PERFORMANCE DATA

1985 FIELD SURVEY
FHWA 1988
SURVEY
OUTER | OUTER | LANE
LANE LANE #2
Average PSR| N/A 4.2 4.2
Mays Roughness, IN'MI| ~ N/A 69 44
Transverse Faulting, IN|  0.05 0.02 N/A
Transverse Cracks/MI L| 222 210 225
M 11 0* 0
H 0 0 0
Long. Crk., LIN FT/M! L 21 0 0
M 0 0 0
H 0 0 0
% Joints Spalled 0 4.8 6.7
ESAL's on Overlay (millions)| 1.87 6.31 1.41

* Several cracks were sealed and counted as low severity

% Joint Corners Debonded | 22.2
% Debonded Crack Corners| 27.1

% Area of Wheelpath
Debonded 0

% Total Area Debonded 5.8

Performance of the Pavement Section

The results of the field survey from this section are found in
Table 3. Table 3 shows that after 4 years of service and 6,310,000
ESALs, the pavement was still performing satisfactorily. The
amount of traffic carried by the overlay in 4 years was over
50 percent of the total traffic carried by the original pavement
in 20 years. Bonding survey results are also summarized.
Debonding was occurring at both joints and cracks, although
none was noted in the wheelpaths.

Cores were retrieved from the pavement at a center slab
and corner location. The center slab core was in excellent
condition, with no distresses noted. The core from the corner,
however, was not recovered intact. Extensive horizontal
cracking passed through the aggregate and the mortar, start-
ing about 3 in. below the surface of the original slab. Several
inches of the bottom of the core were disintegrated. The bond
shear strength between the concrete layers, as measured at
the corner, was 714 psi. A value of 200 psi is considered the
minimum necessary for good performance.

After 3 years of heavy traffic, the only distresses noted were
transverse cracking and some joint spalling. A comparison
between the results of a 1985 survey and those of the 1988
survey showed no indication of progressive deterioration.
However, many of the transverse cracks were of medium
severity when surveyed in 1985. These cracks were routed
and sealed in 1986, thereby reducing further deterioration of
the cracks. The estimated amount of debonding suggests that
further deterioration of this section may occur.

INTERSTATE 80—AVOCA, IOWA (IA 2)

The next project was located in west central Iowa, on I-80
near Avoca. The original pavement, constructed in 1966, con-
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sisted of a short section of 10-in. doweled JRCP on a 4-in.
aggregate subbase, with 76.5 ft transverse joint spacing. It
exhibited D-cracking at the transverse and longitudinal joints
before construction of the overlay. This probably consisted
of low to medium severity D-cracking at most of the joints.
Before construction of the overlay, it is estimated that the
pavement had sustained 5,410,000 ESALSs in the outer lane
and 810,000 ESALs in the inner lane.

Overlay

In 1979 a 3-in. bonded overlay was constructed on this pave-
ment. Approximately 400 yd? of partial depth repairs and 153
yd? of full-depth repairs were specified for severely deterio-
rated areas before placement of the overlay. The continuity
of the steel was not maintained in these patches. Pressure
relief joints were constructed on an average of every 800 ft.
These joints were sawed in the overlay approximately 4 in.
wide within 24 hours and sealed with a preformed urethane
foam.

The pavement was milled to a depth of 0.25 in. before
resurfacing. In areas where there was deteriorated D-cracked
pavement the milling extended to a depth of 1 in. Final surface
preparation consisted of sandblasting and airblasting. Before
placement of the overlay, longitudinal edge drains were
installed. Transverse outlets were placed at 1,000-ft intervals.
The grout used to bond the overlay consisted of a cement and
sand mixture. No longitudinal joint was sawed, but the trans-
verse joint was sawed the full depth of the overlay.

Performance of the Pavement Section

Results of the distress survey are found in Table 4. The table
shows some deterioration, with 0.1 in. of faulting and dete-

TABLE 4 INTERSTATE 80 (AVOCA, IOWA)
PERFORMANCE DATA

1985 FIELD SURVEY
FHWA 1988
SURVEY
OUTER | OUTER | LANE
LANE LANE #2
Average PSR| N/A N/A k¥4
Mays Roughness, IN/MI|  N/A N/A 173
Transverse Faulting, IN|  0.0§ 0.1 N/A
Transverse Cracks/MI L| 164 211 162
M 26 6* 0
H 0 0 0
Long. Crk., LIN FT/MI L 53 0 0
M 0 5280™" 0
H 0 0 0
% Joints Spalled 0 25 23.1
ESAL's on Overlay (millions)| 4.82 7.93 1.39

* Centerline joint not sawed.

** Sealing may have changed M. sev. cracks to L. sev.

% Joint Corners Debonded 30
% Debonded Crack Corners| 11.4
% Area of Wheelpath
Debonded 0
% Total Area Debonded 1.7
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riorated transverse cracks in the outer lane. There was also
a large amount of transverse joint spalling present. Apparent
debonding was present at both joint and crack corners, although
it was more prevalent at joint corners. At the time of the
survey, the overlay had carried approximately 7.9 million
ESALs in the outer lane and 1.4 million ESALs in the inner
lane, which is approximately 50 percent more than the original
pavement had carried.

The center slab core was in good condition with no dis-
tresses noted. The core retrieved from the slab corner showed
good bonding, but the original slab was totally deteriorated,
with extensive cracking and disintegration. The slab appeared
to have had a bituminous subsealing, because asphaltic mate-
rial had infiltrated cracks at the bottom of the slab. The shear
test performed on the center slab core showed a bond of
756 psi.

This bonded overlay has performed fairly well in light of
the loads it has carried. It was placed over a pavement that
probably showed distress at every transverse joint. Although
the overlay does not exhibit D-cracking at the joints, there
were a large number of spalled joints and transverse cracks.
Deteriorated cracks and transverse joints are showing signs
of debonding.

COUNTY ROUTE C-17—CLAYTON COUNTY,
IOWA (1A 3)

Another experimental project was located in east central lowa,
near the Mississippi River. The original pavement, con-
structed in 1968, was a two-lane, 22-ft-wide and 6-in.-thick
JPCP, with 40-ft joint spacing. It was constructed on a gran-
ular surfaced, secondary roadway that had been shaped to
the required cross-section. The existing pavement had expe-
rienced 350,000 ESALSs in the eastbound direction and 150,000
ESALs in the westbound direction before placement of the
overlay.
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Overlay

The original pavement was badly cracked, and numerous
patches were placed before construction of the overlay. Also,
the sections that were thicker and reinforced were constructed
over areas of the pavement that were more severely deteri-
orated, thus skewing the performance results somewhat. A
total of seven different sections, designated IA 3-1 through
3-7, were evaluated. These included variations in the follow-
ing: overlay thickness; surface preparation; concrete water
reducing admixtures; reinforcement; and sawing of joints.
The full range of variables in this 1.3-mi-long project is described
in previously published reports (1,3).

The grout used was a mix of cement and sand and was
spread using brooms and squeegees. The overlay was rein-
forced with No. 4 reinforcing bars placed on 30-in. centers in
3-, 4-, and 5-in.-thick sections. Transverse joints were marked
with nails and resawed following paving. These were cut to
a depth of 1.5 in., with the exception of the 2-in.-thick slab,
which had a 1-in. sawcut. A longitudinal joint was sawed only
on 300 ft of the project, as an experimental feature.

Performance of the Pavement Sections

The field survey results are presented in Table 5. This 10-
year-old project displayed significant distress over most of its
length. It is estimated that at the time of the field survey, the
eastbound lane had experienced 1.0 million ESALSs and the
westbound lane had experienced 0.4 million ESALs. The results
of the bonding survey are also shown in Table 5. Debonding
appeared to be widespread on all of the sections, especially
at cracks, but also at most of the transverse joints. The section
with the least overall debonding was the 2-in. overlay. The
3-in. and 5-in. overlays had the most debonding,

Pavement cores were retrieved from five sections. All of
these cores showed the pavement to be in good condition,

TABLE 5 COUNTY ROAD 17 (CLAYTON COUNTY, IOWA) PERFORMANCE DATA

3-1 3-2 3-3 3-4 3-5 3-6 3-7
3in OL 5in OL 4in OL
3in OL | Sandblast 5in OL Milled 4in OL Milled 2in OL
Sandblast |Reinforced Milled Reinforced | Sandblast | Reinforced | Sandblast
EB |WB|EB |wB| EB |WB|EB |WB|EB |WB| EB [ WB | EB | WB
Transverse Faulting, IN| 0.07 [ N/A [0.08 [ N/A| 0.16 | N/A |0.11 [ N/A |0.17 | N/A | 0.11 | N/A | 0.06 | N/A
Transverse Cracks/MI L| 14 | 14 0 0 132 0 0 66 0 0 0 0 16 4
M| 284 | 185 | 264 | 106 | 330 | 132 | 330 | 132 | 236 | 177 | 462 | 396 | 20 24
H| 14 | 28 0 0 0 0 66 66 15 0 264 0 0 0
Long. Crk,LINFT/MI L] 0 | 0 [634] 0 | 0 [o | o | o] o] of o ]o][63]o0
M|5834| 0 |4963| 0 |[10098|5280)|9834|2574|7065(1755| 7920 [4554 | 246 | 214
Hl114] o | o [ 0o | 462 | o | o [ o |[15] 15 | 660 | © 0 | o
% Joints Spalled| 66.7 [22.2| 0 0 0 33.3| 0 |33.3|546|27.3]| 333 0 44.5127.8
ESAL's on Overlay (millions)| 1.03[0.44 | 1.03 [0.44| 1.03 |0.44]1.03[0.44|1.03|0.44 | 1.03 | 0.44 | 1.03 |0.44
% Joint Corners Debonded| 100 50 100 N/A 77.8 N/A 92.9
% Crack Corners Debonded| 100 100 100 N/A 100 N/A 91.7
% Area of Wheelpath
Debonded 0 0 0 N/A 0 N/A 0
% Total Area Debonded| 69.6 72.3 77.9 N/A 46.5 N/A 26.2
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with no visible deterioration. The average shear strengths
obtained from tests run on corner cores ranged from 310 psi
to 586 psi.

This is the only project that allows for a comparison between
some of the various design variables that influence the perfor-
mance of a bonded overlay. For example, Table 5 shows that
a comparison of sections 3-1 and 3-2 should show the effects
of reinforcement, as should a comparison of sections 3-3 and
3-4. Section 3-1, 3-5, and 3-7 can be used to examine the
effects of the overlay thickness on performance. However,
these apparent effects are confounded by other variables,
particularly cracking of the original pavement before the over-
lay was constructed. Also, it should be noted that sections 3-
2, 3-3, 3-4, and 3-6 were short and that the presentation of
the observed distresses on a per mile basis has most likely
skewed the results; sections 3-1 and 3-7 were much longer.
Finally, this pavement receives much more heavy truck traffic
in the eastbound lane than in the westbound lane. In general,
the distresses were considerably less severe in the westbound
lane.

STATE ROUTE 12—SIOUX CITY, IOWA (IA 4)

A bonded overlay project was constructed in the western part
of Iowa, on State Route 12 (SR-12) in Sioux City. The original
pavement, constructed in 1954, consisted of a 9-in. nondow-
eled JPCP, with a 20-ft transverse joint spacing. The pavement
had sustained approximately 1,660,000 ESALs in the outer
lane and 180,000 ESALs in the inner lane before placement
of the overlay.

Overlay

In 1978, a 3-in. bonded concrete overlay was constructed on
this pavement. The surface preparation consisted of removal
of an old AC overlay, followed by milling. Partial depth repairs
were also carried out before placement of the overlay. These
consisted of milling the pavement at deteriorated areas until
sound concrete was reached. A cement-sand grout in a 1:1
ratio was used to bond the overlay to the existing pavement.
The joints were sawed directly over existing joints. The trans-
verse joints were sawed through the overlay, and the longi-
tudinal joints were sawed to a depth of 1 in. Because the
existing joints were not well aligned, it was sometimes difficult
to follow the underlying joint pattern.

Performance of the Pavement Section

The distresses noted during the field survey are shown in
Table 6. These distresses are representative of a pavement in
fairly good condition, although there is a large amount of
longitudinal cracking. The distresses in the inner lane are
higher than those in the outer lane. It was estimated that at
the time of the survey the outer lane had sustained 1.3 million
ESALs and the inner lane had sustained 0.2 million ESALs.
This is about the same amount of traffic carried by the original
pavement before construction of the overlay. Results from
the debonding survey are also presented. Debonding had begun
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to develop along cracks and joints, and 5.5 percent of the
total slab area showed signs of debonding, which may be cause
for future concern. These data indicate a progressive dete-
rioration of the overlay, especially in the amount of medium
to high severity cracks and faulting.

Cores were retrieved from both center slab and slab corner
locations. These cores both were in excellent condition, with
no noticeable deterioration. Shear tests performed on the
corner core indicated a bond of 537 psi.

This 10-year-old overlay project is performing well. The
excessive longitudinal cracking may be caused by the insuf-
ficient depth of cut of the longitudinal joint.

US-20—WATERLOO, IOWA (IA 5)

Another bonded concrete overlay section is located in east
central Towa on US-20. The original pavement was con-
structed in 1958. The pavement consisted of 10 in. of non-
doweled JPCP on an aggregate base with a transverse joint
spacing of 20 ft. The original 10-in. slab exhibited extensive
D-cracking. There was considerable spalling of the transverse
joints, especially near the intersection with the longitudinal
joints. Some of these areas had been repaired with bituminous
patches. Approximately 1,190,000 ESALs had been applied
to the outer lane and 95,000 ESALSs had been applied to the
inner lane before construction of the overlay.

Overlay

In 1976, a 3-in.-thick bonded overlay was placed on this pave-
ment. However, extensive work was completed on the pave-
ment before that construction. Partial depth repairs at the
joints consisted of additional milling of approximately 2 in.
of the deteriorated pavement, sandblasting, grouting, and fill-

TABLE 6 STATE ROAD 12 (SIOUX CITY, IOWA)
PERFORMANCE DATA

1985 FIELD SURVEY
FHWA 1988
SURVEY
OUTER | OUTER | LANE
LANE LANE #2
Average PSR| N/A N/A 2.4
Mays Roughness, IN'MI|  N/A N/A 163
Transverse Faulting, IN|  0.04 0.07 N/A
Transverse Cracks/MI L 4 10 5
M 13 55 50
H 0 5 15
Long. Crk., LINFT/MI L| 40 0 0
M 84 100 5260
H 0 0 0
% Joints Spalled 10 4.4 29.6
ESAL's on Overlay (millions)] 0.87 1.34 0.15

% Joint Corners Debonded 3.3

% Debonded Crack Corners| 8.3

% Area of Wheelpath
Debonded 0

% Total Area Debonded K]
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ing of the patched area with new concrete. This work was
performed at 30 joints for the full width of the pavement, and
at 5 joints for one-half the width. Also, full depth repairs were
constructed at four locations. Finally, 4-in. pressure relief
joints were sawed at either end of the project before the
placement of the overlay and also were constructed in the
overlay.

In preparation for placement of the overlay, the entire top
0.25 in. of the pavement was milled off. This was followed
by sandblasting. Just before placement of the overlay, the
surface of the pavement was cleaned by airblasting. The grout
used was a 1:1 mix of cement and sand, with enough water
added to produce a creamy consistency. Existing transverse
joints were marked with nails on the shoulder. The resurfacing
was then sawed a minimum of 1 in. deep over approximately
20 percent of the existing transverse joints. Of the 38 joints
where no partial depth patching was done, 7 were sawed after
resurfacing. No centerline joint was sawcut in the pavement
overlay. After 2 or 3 months, most of the transverse joints
had reflected through the resurfacing.

Performance of the Pavement Section

The results from the field survey are summarized in Table 7
and show that this 12-year-old overlay is in very poor con-
dition. This overlay exhibits extensive cracking and joint spall-
ing and has noticeable transverse joint faulting. The condition
of the inner lane is similar to that of the outer lane; it also
had signs of D-cracking in the overlay. There were approxi-
mately 1.3 million ESALs applied on the overlay in the outer
lane and 0.1 million applied in the inner lane. This is about
110 percent of the traffic applied on the original pavement
before rehabilitation.

TABLE 7 US-20 (WATERLOO, IOWA)
PERFORMANCE DATA

1985 FIELD SURVEY
FHWA 1988
SURVEY
OUTER | OUTER | LANE
LANE LANE #2
Average PSR|  N/A 24 2.6
Mays Roughness, IN/MI|  N/A 174 201
Transverse Faulting, IN|  0.07 0.12 N/A
Transverse Cracks/Mi L| 40 198 | 168
M| 216 228 228
H 0 18 6
Long. Crk.,, LINFT/MI L| 216 601" 222
M 0 5334" 0
H 0 0 0
% Joints Spalled 0 40 50
ESAL's on Overlay (millions)| 1.07 1.32 0.11

* Centerline joint not sawed.

% Joint Corners Debonded | 83.3

% Debonded Crack Corners| 76.9

% Area of Wheelpath
Debonded 0

% Total Area Debonded| 45.7
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The bonding survey results suggest that there is a serious
loss of bond developing between the overlay and the original
pavement. The debonding is primarily associated with dis-
tresses occurring at the joints and cracks, and not in the wheel-
path.

Sample cores were obtained from representative slab corner
and center slab locations. The center slab core was in good
condition, with no noted distresses. The corner core, how-
ever, was in poor condition. It had primarily horizontal crack-
ing throughout the aggregate and mortar, extending to within
0.25 in. of the original surface. A shear test performed on
the center slab core showed a bond of 706 psi; the shear
strength from the corner core was only 160 psi.

As is noted previously, the original pavement was severely
distressed by D-cracking at the time of the overlay construc-
tion. D-cracking and spalling had evolved into severe joint
deterioration, necessitating widespread repair both before
placement of the overlay and as preoverlay repair. This pave-
ment is now approaching a failed condition. The original pave-
ment was most likely not a good candidate for the selection
of a bonded overlay as the appropriate rehabilitation strategy
because of the extensive D-cracking.

INTERSTATE 80—TRUCKEE, CALIF. (CA 13)

The I-80 thin bonded concrete overlay project is located in a
mountainous region of central California. The original pave-
ment was constructed in 1964 and consisted of 8 in. of non-
doweled JPCP on a 4-in. cement-treated base (CTB) and a
12-in. aggregate subbase. The transverse joint spacing was a
random pattern of 12-13-19-18 ft.

The original pavement was exhibiting some random crack-
ing when the overlay was constructed. Also, much of I-80 in
this mountainous region had experienced a severe loss of
wearing surface in the wheelpaths because of the use of chains
on tires during periods of inclement weather. Before the
placement of the overlay in 1984, the outer lane of the pave-
ment had experienced approximately 5,900,000 ESALs. The
inner lane had experienced approximately 860,000 ESALs.

Overlay

A bonded concrete overlay was constructed on this section
in 1984. It was 2 in. thick for a distance of 750 ft and 4 in.
thick for 300 ft. Before placement of the overlay, the sealant
material in the random cracks was removed by impact ham-
mers. Contraction joints were also cleaned out. The initial
surface preparation for the existing concrete pavement con-
sisted of cleaning by shot blasting. The final surface prepa-
ration was by airblasting. An epoxy was used as the bonding
agent. It was applied to the existing pavement just before the
overlay, which was placed within 36 hours of shot blasting.
Placement temperatures ranged from 46°F to 86°F. Reinforce-
ment was placed in the overlay in the inner, or second, lane.
This reinforcement consisted of both No. 4 rebar and welded
wire. There was no reinforcement used in the outer lane.
The transverse joints were sawed directly over the joints
in the existing pavement to the full depth of the overlay and
sealed with silicone. The two lanes were paved separately, so



Peshkin and Mueller

no special provisions were made for a longitudinal joint. The
specifications required sawing of the transverse joints within
12 hours of paving.

Performance of the Pavement Section

The distresses measured on the pavement section are sum-
marized in Table 8. These indicate a pavement that is per-
forming well, although there are transverse and longitudinal
cracks present. It is not known how many of these are reflected
cracks. The bonding survey results show that an extraordi-
narily large area of this pavement appears to be debonded.
This debonding does not appear to be restricted to joints or
the wheelpath area but covers substantial portions of the entire
slab area. An informal survey of this project by Caltrans in
1986 revealed minimal debonding. It is estimated that the
overlay had sustained 3.1 million ESALs in the outer lane
and 0.5 million ESALSs in the inner lane at the time of the
survey. This figure is slightly more than 50 percent of the
traffic carried by the original pavement until construction of
the overlay.

This pavement has good serviceability and no faulting.
However, there is a fairly large amount of low-severity trans-
verse and longitudinal cracking that has not yet deteriorated.
Given the extent of the debonding, some type of further dete-
rioration is likely. The cause of the apparent debonding may
be related to the performance of the epoxy grout or environ-
mental conditions at the time of paving. An earlier bonded
overlay (1981) in the same area failed to develop bond, although
in that instance a cement grout was used and the debonding
occurred almost immediately.

SR-38A—SIOUX FALLS, S.D. (SD 1)

The SR-38A project is located in the extreme southeastern
portion of South Dakota, on State Route 38A. The original

TABLE 8 INTERSTATE 80 (TRUCKEE,
CALIF.) PERFORMANCE DATA

FIELD SURVEY
1987
OUTER | LANE
LANE #2
Average PSR| 4.2 N/A
Mays Roughness, IN/MI| 134 N/A
Transverse Faulting, IN 0 N/A
Transverse Cracks/MI L| 245 136
M 0 0
H 0 0
Long. Crk., LIN FT/MI L| 1002 543
M 0 0
H 0 0
% Joints Spalled 3 1:5
ESAL's on Overlay (millions)| 3.09 0.53
% Joint Corners Debonded 75
% Area of Wheelpath
Debonded 19
% Total Area Debonded| 56.8
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pavement, constructed in 1950, consisted of 8 in. (203 mm)
of nondoweled JPCP on a 6-in. aggregate base. The transverse
joint spacing was 15 ft. A survey conducted before construc-
tion of the overlay showed that 4 percent of the pavement
area required full-depth patching. There were 1,100 linear ft
of longitudinal cracking recorded, and 60 percent of the trans-
verse joints were spalled. Corner breaks were also noted, as
were transverse cracking, delamination, and large areas of
asphalt overlay and patching already in place. Several blowups
had occurred on the pavement; these had been repaired either
with AC patches or full-depth concrete repairs. The pavement
had sustained approximately 1,130,000 ESALs in each direc-
tion by the time the overlay was constructed.

Overlay

The 3-in.- and 4-in.-thick, bonded concrete overlay was con-
structed in 1985. Only the 3-in. section was evaluated for this
project. Extensive repairs were performed before placement
of the overlay, including 51 full-depth patches and additional
partial-depth patching. The partial-depth patches were pre-
pared and then filled as part of the overlay paving operation.
Four different methods of reinforcing the longitudinal cracks
were tried, including placing tie bars on chairs, placing bent
tie bars in predrilled holes on either side of the crack, tying
tie bars to reinforcing steel rails running parallel along either
side of a crack, and placing the tie bars in sawed slots.

After all of the patching was completed and the undesirable
deteriorated material was removed, the pavement was shot-
blasted. A cement-water grout, used to bond the overlay, was
sprayed onto the surface immediately before application of
the overlay. Ambient temperatures during placement ranged
from 57°F to 80°F. Three transverse cracks occurred during
rapid cooling of the pavement from a severe thunderstorm
that produced a cold rain.

The transverse joints were sawcut the full depth of the
overlay as soon as possible after placement of the overlay.
The cuts were made across a single lane, guided by two sets
of reference pins, in an attempt to compensate for the non-
uniformity of the joints. The longitudinal joint was specified
to be cut within 48 hours of paving, but was actually sawed
at the same time as the transverse joints. In addition, seven
4-in.-wide pressure relief joints were constructed along the
project.

Soon after the sawing was completed, 20 random transverse
cracks, most very short, developed. These cracks were routed
and sealed with epoxy. During the first day of paving, a ran-
dom centerline crack occurred on 720 ft of overlay before
sawing of the longitudinal joint. The sawing time was adjusted,
but the overlay still developed another 5,100 ft of random
centerline cracking. These cracks were also sealed, with the
sealant material determined by the crack’s location. No
delamination of the overlay was detected on the project after
construction.

A survey made a year later indicated a small amount of
reflection cracking. The only cracks that weren’t reflection
cracks were located along the boundary of full-depth repairs
in the overlay or the next slab.
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Performance of the Pavement Section

A field survey was conducted on this pavement in May 1988,
after nearly 3 years of service and 0.71 million ESALs in each
lane. This is over 60 percent of the traffic carried by the
pavement in the 25 years of service before construction of the
overlay. The distresses were nominal, consisting of some lon-
gitudinal cracking and slight transverse joint spalling. These
results are shown in Table 9. A bounding survey was also
performed and showed that very little of the pavement was
debonded. The only debonded areas consisted of 9 percent
of the slab corners tested.

Cores were taken from the slab center and corner. They
were both in excellent condition, with no signs of deterioration
or distress. The shear strength between the overlay and the
pavement, measured from a corner core, was 675 psi—higher
than the shear strength obtained from the slab center core.

This bonded overlay is performing very well after 3 years
of service and approximately 710,000 ESALs. This good per-
formance is occurring despite the preexisting distresses and
the need for widespread preoverlay repairs. It is not known
whether the good performance is a result of some design factor
or whether the low number of applied ESALSs has helped to
minimize the presence of deterioration.

INTERSTATE 25—DOUGLAS, WYO. (WY 1)

The Douglas, Wyo., project is located on I-25, in the south-
eastern corner of the state. The original pavement, con-
structed in 1969, was an 8-in.-thick nondoweled JPCP on an
aggregate base, with a 20-ft transverse joint spacing. When
the overlay was constructed, the original pavement was rel-
atively sound, with some transverse and longitudinal cracking
and corner breaks evident in limited areas. Minor pumping
and faulting were observed throughout the project. Mainte-

TABLE 9 STATE ROAD 38A (SIOUX FALLS, S.D.)
PERFORMANCE DATA

1985 FIELD SURVEY
FHWA 1988
SURVEY
EB EB WwB
LANE LANE LANE
Average PSR| N/A 4.2 4
Mays Roughness, IN/'MI|  N/A 59 72
Transverse Faulting, IN|  0.02 0.03 N/A
Transverse Cracks/MI L 0 0 0
M 0 0 0
H 0 0 0
Long. Crk., LIN FT/MI L 0 63 0
M 0 73 259
H 0 0 0
% Joints Spalled 0 1.3 6.3
ESAL's on Overlay (millions){ 0.11 0.71 0.71

* Centerline joint not sawed.

% Joint Corners Debonded 9.2
% Area of Wheelpath
Debonded 0

% Total Area Debonded| 0.1
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nance operations up to the time of the 1983 overlay construc-
tion included sporadic joint resealing and maintenance patch-
ing with an AC cold mix. It is estimated that the outer lane
of the pavement had sustained 1,970,000 ESALs before con-
struction of the bonded overlay. In 1983, many different repairs
were carried out on this section. These included subsealing
in the outer lane for the entire length of the project with a
cement-pozzolan grout, full and partial depth repairs, and
joint and crack resealing.

Overlay

Before placement of the 3-in. overlay, the pavement was milled
to a depth of 0.5 in. and then sandblasted. The final surface
preparation consisted of airblasting immediately before the
application of the bonding agent. The temperature range dur-
ing the paving period was between 65°F and 86°F. A cement-
water mixture was used as the bonding agent, with a maximum
water-cement ratio of 0.62. The transverse joints were sawed
full depth above the marked joints of the original pavement,
except for at several locations. They were then sealed with a
silicone sealant before the pavement was opened to traffic.
The longitudinal joint was sawed along the middle of the
overlay slab, to an initial depth of 2 in. However, the original
longitudinal joint was formed with an insert, which may have
made it difficult to locate and follow the longitudinal joint.

Performance of the Pavement Section

The pavement was evaluated several times by the Wyoming
State Highway Department. Deflection testing performed
shortly after construction showed that one area appeared not
to have been successfully undersealed and that there were
three slabs that appeared not to be bonded. Cores taken less
than 1 year after construction showed shear strengths ranging
from 223 to 360 psi. One year after construction, there were
a few interior corners that had become debonded and broken
out. The extent of this problem was considered minimal. A
subsequent survey conducted by the state in the spring of 1986
showed extensive deterioration, consisting of fine transverse
cracks spaced 6 in. to 9 in. apart over the entire project. There
were many areas of the project that were experiencing more
severe cracking and several areas that had broken up.

This pavement was next evaluated by the FHWA in 1986.
Debonding was noted at the intersection of reflected trans-
verse and longitudinal cracks. There were also about a dozen
instances of small corner breaks with associated debonding.
Some transverse cracks occurred in relation to missawed joints.
There was minor cracking attributable to reflection of under-
lying cracks or joints. Some of the cracks had developed minor
spalling. According to the Wyoming State Highway Depart-
ment, this cracking had begun to develop during the winter
and spring of 1985-1986.

Table 10 presents the results of the 1988 field survey. Over-
all, the pavement showed significant deterioration, with a
large number of medium severity transverse cracks and exten-
sive longitudinal cracking. The distresses are notably higher
in the outer lane than in the inner, less traveled lane. There
appears to be a debonding problem at over one-half of the
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TABLE 10 INTERSTATE 25 (DOUGLAS, WYO.)
PERFORMANCE DATA

1986 FIELD SURVEY
FHWA 1988
SURVEY
OUTER | OUTER | LANE
LANE LANE #2
Average PSR| N/A 4.2 4
Mays Roughness, IN/MI|  N/A 82 113
Transverse Faulting, IN|  0.01 0.04 N/A
Transverse Cracks/MI L 21 158 0
M 0 42 0
H 0 0 0
Long. Crk., LIN FT/MI L] 42 232 0
M 0 2165 528
H 0 296 11
% Joints Spalled| 8.3 23 3.8
ESAL's on Overlay (millions)| 1.12 1.90 0.13

* Centerline joint not sawed.

% Joint Corners Debonded | 52.9

% Area of Wheelpath
Debonded 1

% Total Area Debonded| 3.6

corners and in 1 percent of the wheelpath area. This is a large
amount of debonding for a 4-year-old project. The loads applied
to the overlay at the time of the survey were 1.9 million ESALs
in the outer lane and 0.1 million ESALs in the inner lane—
over 95 percent of the traffic carried by the original pavement
before construction of the overlay. The amount of longitu-
dinal cracking appears to be the most serious problem, as
much of it is deteriorated. The transverse cracking could also
further deteriorate and develop into excessive roughness.

A joint core was retrieved from a representative slab cor-
ner. There was no bond between the existing pavement and
the overlay, as the overlay section was totally separated from
the underlying pavement.

This project is in fairly good condition in terms of ser-
viceability, with a high PSR, but the debonding observed
suggests that further cracking may occur. The original pave-
ment required extensive rehabilitation before the overlay con-
struction, which may be an indication that a bonded over-
lay might not have been the most appropriate rehabilitation
strategy.

SUMMARY AND CONCLUSIONS

The pavement sections investigated in this study represent the
majority of the bonded overlays that have been constructed
in the United States. The original pavements ranged in age
from 9 years to 35 years before overlay. The overlays ranged
in age from 3 years to 11 years. The original pavements and
the overlays had carried a wide range of traffic levels. In fact,
several of the overlays have carried nearly as much or more
traffic than the original pavements.

These overlays were constructed by using various surface
preparations and bonding agents. Because of the various design
factors involved in the design and construction of each over-
lay, the effect of many of these factors was confounded.
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Therefore, no strong conclusions regarding surface prepara-
tion or bonding agent could be drawn.

It is believed that curing conditions play a large role in the
performance of bonded overlays. The ambient conditions at
the time of concrete placement have an effect on the curing
and bonding of the overlay. Rapid curing is associated with
shrinkage cracking and debonding of the overlay, particularly
at the corners. Undesirable climatic conditions may also cause
rapid drying of the grout, which will not promote a good bond
between the overlay and the original surface. Information
regarding the curing conditions in this project was unavaila-
ble, however, and these conclusions can not be substantiated
by the results presented herein.

Sawing of the transverse as well as longitudinal joints soon
after placement of the overlay is critical in controlling the
deterioration of the joints. Several of the sections exhibited
cracking because of inadequate joint sawing or no joint sawing
at all. For example, no longitudinal joint was sawed on TA
2, and only 20 percent of the transverse joints were sawed on
IA 5. Not surprisingly, these sections exhibited more cracking
at higher severity levels than sections whose joints were sawed.

There was a large degree of difference in the amount of
preoverlay repair performed. Many of the sections had exten-
sive preoverlay repairs whereas others had very little. The
conclusions regarding preoverlay repair are fairly clear. If the
existing slab has working cracks, deteriorated joints, or mate-
rials problems, and an overlay is placed on the slab, the chances
of the overlays performing well are not good. It is believed
that working cracks in the existing slab propagate quickly
through the overlay. The sections on IA 3 and IA 5 show this
type of propagation.

Deteriorated joints resulting from excessive spalling of
materials problems result in problems in the overlay. The 1A
5 section showed deterioration of the overlay joints caused
by inadequate support from the original slab, which exhibited
“D” cracking.

Several of the sections exhibited serviceabilities of 3.2 or
less. These pavements have failed in terms of their serviceable
lives. Closer examination shows that these sections are in poor
structural] condition as well, typically exhibiting cracking and
faulting.

e NY 6—This section had a serviceability rating of 3.2 and
showed transverse cracking, faulting, and a large degree of
debonding at the corners.

® JA 3—Although it was not possible to determine the
serviceability of these sections because of the geometry of the
roadway, observations were made regarding their remaining
serviceable life. The extensive deterioration of the slabs and
the amount of debonding present indicate that the sections
are near failure.

® [A 4—The IA 4 section had a serviceability of 2.4, indi-
cating that the pavement was very rough. The section exhib-
ited a large amount of longitudinal cracking and some medium
and high severity transverse cracking, as well as some faulting.

® JA 5—The serviceability rating given to the IA 5 section
was 2.4. This rating indicates failure of the section in terms
of rideability. The section also exhibited extensive transverse
cracking, several shattered slabs, a high level of faulting, and
longitudinal cracking. All of these indicate a serious structural
failure.
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Because of inadequate documentation, the condition of the
original pavement after full-depth repairs (if performed) and
before overlay is unknown. This information would be useful
in determining the amount of deterioration in the overlay that
may be attributed to deficiencies in the original slab.

Unfortunately, many of the factors that affect the perfor-
mance of the bonded overlays cannot be compared in this
study because they are confounded by the various designs,
climates, curing agents, bonding agents, and so on. Also,
bonded overlays are typically constructed to either improve
the structural capacity of a pavement or correct a surficial
defect (4). It was not possible to determine whether any of
the overlays evaluated for this study were constructed for
either of these reasons. Generally, the bonded overlays that
were studied had mixed success. However, it is believed that
with proper preoverlay repair, thorough cleaning and prep-
aration of the surface, use of a good bonding agent, careful
placement and curing of the concrete, and proper joint sawing
techniques, many years of benefit can be attained through the
placement and use of bonded overlays. Also, the effect of the
selection of proper candidate sections for this rehabilitation
technique cannot be understated.
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Heavily Loaded Trailers: An Approach to
Evaluate Their Interaction with Asphalt

Concrete Pavements

JorRGE B. Sousa, Jim McGHIE, AND BOB SHEPARD

The Permits Department of the California Department of Trans-
portation is often asked to issue permits for the movement of
unusual vehicle configurations. It then becomes necessary to eval-
uate the damage these configurations cause. The shaking table
of the Earthquake Engineering Research Center at the Richmond
Field Station was used to investigate and compare some aspects
of the dynamic behavior of a new super-heavy haul vehicle trailer
(JXS), equipped with an hydraulic cylinder-nitrogen suspension,
with those of four other, currently used, semitrailer types. Based
on the data obtained during the tests conducted on the shaking
table improvements on the JXS suspension were made, and it
can be concluded that levels of the dynamic component of the
loads, induced by the JXS at normal highway operations, are
within the same range of magnitude as those produced by the
other trailers studied. The results also suggest that the difference
in performance between trailers equipped with leaf-spring sus-
pensions and trailers equipped with air bag suspensions is greater
than the difference between tridem trailers and tandem trailers
equipped with air bags. From a dynamic point of view, the effect
of suspension type appears to be more significant than the number
of axles.

The purpose of this study was to compare the relative behavior
of the JXS super-heavy haul vehicle trailer, equipped with an
hydraulic cylinder-nitrogen suspension, with that of four cur-
rently used semitrailer types. This heavy trailer is capable of
carrying 150,000 Ib of payload (as tested), distributed over 32
tires (Figure 1). Three semitrailers and a jeep were used for
the comparison. Two semitrailers were equipped with tandem
axles (one of the tandem trailers had a leaf-spring suspension
and the other an air bag suspension), and the third was equipped
with a tridem axle using an air bag suspension. The jeep
(auxiliary dolly) was equipped with 2 axles (16-tire group)
with a walking beam suspension.

One of the new features of the JXS trailers (design by I rans
World Crane, Inc., for Jake’s Heavy Lift & Transport Inter-
national) is the configuration of the suspension and the axle
(Figure 2). The JXS (Jake’s EXtra Speed) axle, developed
for use by the heavy-haul transporter at normal highway speeds,
can be positioned at various points on the trailer’s frame.
Because load equalization would be difficult over many axle
points on a long and wide structure, it was decided that a
suspension having extensive vertical travel in which each axle

J. B. Sousa, Richmond Field Station, Building 40, University of Cal-
ifornia at Berkeley, Berkeley, Calif. 94720. J. McGhie, Trans World
Crane, Inc., 3600 Kennebec Drive, Eagan, Minn. 55122. B. Shepard,
Division of Transportation Operations, State of California Depart-
ment of Transportation, 112 N St., Sacramento, Calif. 95814.

steers would be necessary. An hydraulic cylinder-nitrogen
suspension system satisfied these requirements. The suspen-
sion uses a 6-in.-diameter cylinder with an 18-in. stroke and
can steer to +45 degrees. The nitrogen system used was
designed to give the vehicle a stability float similar to, but
slightly stiffer than, an automobile coil spring suspension.

The Permits Department of CALTRANS (California
Department of Transportation) is often asked to issue permits
for the movement of unusual vehicle configurations such as
the JXS. With the increasing number of these vehicles, it
becomes necessary to evaluate the damage they cause. One
way to complete this evaluation would be to use the mechan-
istic design for pavement sections. This method allows com-
parisons of the relative performance of sections under the
influence of these various types of trailers, providing that time
histories of the loads applied are known.

The shaking table of the Earthquake Engineering Research
Center (EERC) at the University of California Richmond
Field Station (RFS) was used to investigate some aspects of
the dynamic behavior of trailers. By individually exciting a
set of dual tires with known amplitudes and frequencies and
simultaneously reading the loads under each set of dual tires,
it is possible to determine the frequency response function of
the vehicles for the frequency range tested. It is also possible
to generate time histories of loads under various types of
excitation.

Using the frequency response function of the trailer and
the profile of typical highway roads, it is possible to determine
the power spectral density of the loads actually applied by
each tire. As part of this study, the RPL (Reduction of Pave-
ment Life Index) of each of the trailers was also determined
(under specific conditions speed and pavement roughness,
i.e., amplitude and frequency of excitation).

TESTING PROGRAM
Equipment and Instrumentation

The principal intent of this research was to compare the per-
formance of various suspension systems and to determine the
effects of the suspension and trailer designs on pavement
performance. For this reason, eight load cells were used to
directly measure the loads applied by each set of dual tires.
Wooden blocks were placed beneath the other tires to keep
the trailer level.
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A beam was fabricated and attached to the shaking table
so that the axial movement of the table could be transmitted
to a specified set of dual tires (Figure 3). This beam contains
two parts. One acts as a major cantilever beam extending out
from the shaking table. This cantilever was physically attached
to the table by four 60 TF prestressed rods positioned 3 ft
apart. The other part is a movable L-shaped cantilever. One
side attaches to the major cantilever beam, and the other side
contains a load cell (load 1) on top of which a set of dual tires
can be placed. A potentiometer (disp b) was placed between
this L-shaped piece and the ground floor to measure the actual
input displacements to the set of dual tires (this reading should
be equal to the vertical displacements of the shaking table
plus the deflection of the beams).

An accelerometer was positioned on the top central position
of the heaviest counter weights used to ballast the trailers (acc
1). Another accelerometer positioned near the end of the axle
being excited by the L-shaped cantilever beam recorded the
acceleration.

On the JXS, four pressure transducers were used to record
the pressures in the pistons (press0, pressl, press2, and press3).
Figure 1 diagrams the location of the transducers. Addition-
ally, every piston was instrumented with a potentiometer to
record the displacements (disp 1 through disp 8) and two
additional accelerometers were positioned at each end of the
trailer to help identify modal frequencies. During the tests on
conventional trailers the number of channels was reduced.

Testing Sequence

Several tests were performed on each trailer. To determine
the frequency response function (Z,2) of a trailer it is necessary
to excite it with known sinusoidal amplitudes and frequencies
and monitor its response. Several frequency response func-
tions can be obtained for a single vehicle. Essentially these
functions can be perceived as black boxes. From one end
known frequencies and amplitudes are input, and from the
other end the responses are measured.

In this study the inputs were the amplitudes and frequencies
of the displacements applied to a selected set of dual tires.
The monitored responses essentially represent the time var-
iation of the loads under the tires and the time variation of
the vertical accelerations of the counter weight(s) placed on

LOAD CELLS
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the trailers. The frequency response function of the load under
the set of dual tires being excited was determined for each
trailer. Several other frequency response functions can also
be derived from the data obtained.

The experimental work was subdivided into testing sequences.
A detailed description of the test sequences has been pre-
sented previously (3). Generally each sequence of tests con-
tained at least one test with a random input with a white noise
acceleration (the amplitude of the acceleration is the same at
all frequencies) within the frequency range of interest (0 to
20 Hz) and a series of tests composed of sinusoidal inputs
between 0.8 and 20 Hz. During each sequence all character-
istics of the trailer being tested remained the same. During
these sequences about 40 Mbytes of data were collected. In
this paper only selected aspects of the data analysis are pre-
sented.

DATA ANALYSIS
Determination of the JXS Piston’s Friction

During the initial stages of testing, the piston exhibited slip/
stick behavior under sinusoidal input; in other tests, it did not
exhibit any displacement. This irregularity was attributed to
piston friction caused by the bearing or the seals, or both. To
determine the magnitude of the friction forces, data were
interpreted from tests in which the piston moved. To minimize
errors caused by inertia forces, a low-frequency test (1.5 Hz)
was selected for analysis.

Figure 4 displays the time variation of the force applied to
the piston, the piston displacement, and the pressure variation
in the piston. From the displacement trace the slip/stick pat-
tern can be observed. The variation in the oil pressure, caused
by the sudden movement of the piston, can be identified in
the pressure trace. The force variation indicated variations of
approximately +1.0 kip.

Studying the data that were gathered between 0.48 sec and
0.75 sec confirms that the piston did not move while the force
was steadily increasing (roughly between —0.8 klb and 1.0
klb). The piston did not move until enough force was present
to break the frictional forces.

For this case it can be assumed that

Force(friction) = Pressure(pis:on) * Area(piston) - Force(!ircs)

BEAM ANCHORED TO
SHAKING TABLE

FIGURE 3 Schematic representation of the I-beam extending from the shaking table

to transmit excitation to a set of dual tires.
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1.5 Hz.

Figure 5 plots the time variation of the friction force for
this case (identified as the trace of Piston I). The figure indi-
cates that the frictional forces can be as high as 2 klb.

Based on this finding, the piston (Piston I) was replaced
by another (Piston II) in which the bearing and seals were
machined to higher tolerances and lubricated. Figure 6 graphs
the time variation of force displacements and pressure for
Piston II under the same conditions as for Piston I. The slip/
stick behavior is still present, but the force necessary to break
static friction is now of a lower magnitude.

Figure 5 compares the variation of the frictional forces with
time, for both pistons. The magnitude of the friction forces
in Piston II was reduced to about 600 1b. The magnitude of
the force caused by pressure variation is quite small, account-
ing for only about 200 to 300 Ib of the load. The predominant
frequency present in the traces is 24 Hz, probably because of
the oil column resonance in the hydraulic lines.

Effects of Piston Friction
Dynamic Effects

The effects of friction can be both beneficial and detrimental
to vehicle performance. Figure 7 shows the frequency contents
of the acceleration for the counter-weights placed on the JXS
system. For each frequency the graph indicates the amplitude
of the accelerations caused by a random input on the left rear
piston.

The trace, represented by a solid line, was obtained with
Piston I. It is clear that there are two predominant frequen-
cies, one at 2 Hz and the other at 7.5 Hz. A few additional
peaks can be identified at 6.5, 9, 11, and 24 Hz.

For Piston II the trace is quite different. The peak at 2 Hz
is still present; however, the peak at 7.5 Hz no longer exists.
Peaks at 5.0, 6.5, and 11.0 Hz are now noticeable. The response
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of the vehicle, except for the decrease in performance at 11.0
Hz, is improving by offering a “softer” ride.

Static Effects

Before the tests were executed at RFS, the tractor/trailer
combination stopped at scales during the trip from Las Vegas
to Richmond. Table 1 shows the values of the weight obtained
from each axle. These values show that the air bag and the
walking beam suspensions provided a good load axle distribu-
tion. However, the JXS exhibits axle load differences as high
as 5,580 Ib.

w
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|

During the tests the friction for Piston I was measured at
2,000 Ib. Therefore, the maximum load difference between
the two axles can be as high as 8,000 Ib (2 pistons X 2 axles
x 2,000) (note that each axle on the scale encompasses two
JXS axles or two pistons). These values are of the same order
of magnitude as the values recorded by the scales.

Based on the results obtained from the shaking table, all
pistons on the JXS where modified, and a series of static tests
were later performed by CALTRANS in Las Vegas, Nev.,
to investigate if load distribution characteristics had improved.
Column 3 shows typical results obtained by driving the JXS
on to the load cells. Significant improvement has been achieved
by reducing the piston’s friction levels.
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TABLE 1 AXLE WEIGHTS OBTAINED AT WEIGH STATIONS

(1) (2 (3) (4)
SCALES SCALES NEW PISTONS REMARKS
A B (Load Cells)
(10E3 LBS) (10E3 LBS) (10E3 LBS)
AXLE 1 17.0 17.16 FRONT AXLE
AXLE 2 20.2 21.08
AXLE 3 20.3 20.08 AIR BAGS
AXLE 4 224 22.66
AXLE 5 21.6 21.92 WALKING
AXLE 6 23.4 23.78 30.20
AXLE 7 26.7 27.02 30.46
AXLE 8 29.2 28.90 30.02 JXS
AXLE 9 283 29.36 29.30

Investigation of Nonlinearities in Vehicle Response

Three levels of random displacements were provided to the
JXS trailer at the rear left piston. Figure 8 diagrams the time
history of the displacements measured with the potentiometer
disp b (located between the L-shaped piece and the ground
floor). It can be observed that the three traces are of similar
shape, differing only by the amplitude (600, 500, and 100).

During these tests the acceleration of the counter weight
was recorded. The fast fourier transform (FFT) of this accel-
eration was divided by the FFT of the input displacements
(Figure 9). If the trailers had linear response the three traces
would be superimposed.

Although the trace displayed reaches up to 30 Hz, the most
meaningful fraction is between 0 and 12.0 Hz. Beyond this
range the noise levels are of the same magnitude as those of
the components, thus affecting the interpretation.

These results indicate that a typical frequency response
analysis of truck behavior cannot be performed in this study

0.8 4

because this type of analysis assumes a linear response for
the structure being studied. However, this approach could be
implemented to evaluate suspension and vehicle behavior if
input levels in laboratory studies are within those provided
by normal highway operations. Unfortunately the amplitude/
frequency ranges that could be provided by the shaking table
do not cover the full spectrum that can be encountered in
rough pavements.

Response of the Trailers to Random Input

One particularly interesting variable is the capability of a
trailer to minimize the level of acceleration induced to the
payload. Figures 10 through 13 compare the FFT of the ver-
tical acceleration recorded on the counter weights for the
various trailers. At the lower frequency ranges the JXS out-
performs the other trailers. In the higher frequencies (i.c., 5
to 12 Hz) the walking beam and the air bag 3 exhibit better
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performances. The comparison with the walking beam is not
quite appropriate because the jeep equipped with the walking
beam was of very small dimensions. Resonance frequencies
caused by a long frame (such as the JXS or even the other
semitrailers) are not present within the frequency range stud-
ied. Furthermore, the dimension of the counter weight was
such that it almost totally covered the jeep, thus preventing
the excitation of any resonance mode in the frame.

The data also suggest that generally the leaf-spring semi-
trailer exhibits the worst performance.

0.30

Determination of the Frequency Response Functions

To evaluate its behavior to dynamic inputs, the behavior of
JXS was compared with that of other trailers. For each trailer
the same input (displacement of dual right rear tires) was
imposed at various frequencies. Figure 14 graphs the input
for each of the trailers. The shaking table is unable to provide
displacements of high amplitudes at high frequencies; there-
fore, the amplitude at 1 Hz was 0.25 in. and at 12 Hz was,
at most, 0.025 in.
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Figure 15 displays the values obtained for the force (L1)
(see Figure 1) under the dual right tires for the various trailers.

Two major peaks can be globally identified, one at about
1 to 2 Hz and the other at about 9 to 12 Hz. The first cor-
responds to the body’s predominant mode of vibration and
the second to the predominant frequency resonance of the
suspension (axle assembly). In the case of JXS, it is possible
that in the high frequency range (9 to 12 Hz) flexure and
torsional modes might be present.

Figure 16 shows the frequency response function H[L1/b](w)
[or force amplitude (L1)/Input Displacement Amplitude (b)]
(in pounds per inch) so the responses of various trailers can
be compared. It is the frequency response function at each

frequency of each of the trailers for the load analysis. Essen-
tially these traces indicate the magnitude of the dynamic load
that would be produced (if linearity is assumed) by sinusoidal
displacement with 1 in. of amplitude imposed at the tires.
These values indicate that the dynamic component of the
loads that can be expected for the JXS are within the same
order of magnitude as the loads produced by any other trailer.
The solid trace presents the peaks at 7 Hz and the other at 9
Hz, indicating the frequencies that are most unfavorable for
the JXS. For the lower frequency range, which is most likely
to be encountered on normal highway conditions, the JXS
mostly offers the same or better load response. It is also
noticeable that the airbag 2 exhibits the worst performance
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FIGURE 16 Frequency response function of the various trailers.



Sousa et al.

at about 12 Hz. Although air bags are generally chosen because
they offer a softer ride, that does not necessarily imply benign
effects to the pavement.

On-the-Road Performance of the JXS

After JXS was laboratory tested, its performance on the high-
ways was investigated so that some of the observations made
on the shaking table could be validated.

The following transducers were mounted on the JXS trailer:

® One accelerometer recorded the vertical acceleration of
the heaviest counter weight.

@ One accelerometer recorded the vertical acceleration of
the right rear axle. The accelerometer was positioned at the
middle of the axle, just beneath the piston.

@ One accelerometer was positioned at the center rear end
of the frame to measure vertical acceleration.

@ The four pressure transducers used during the testing
sequences remained in position. They were used to monitor
pressure variations in the piston.

e Eight potentiometers monitored the displacement of
the pistons. Unfortunately, data from the transducers cannot
be used because the file containing the calibration contents
was lost.

The transducers were excited by a very low-noise alternat-
ing current (AC) signal conditioner. All data were recorded
by an on-board TOSHIBA 3200 portable microcomputer. The
115 AC power supply was provided by a gasoline generator.
A line tamer was used to stabilize the current. The data acqui-
sition software permitted the continuous recording of 4.8 sec
of data at a rate of 200 conversions per sec per channel with
12-bit accuracy. A Metrabyte DAS16F board performed the
analog to digital conversions.

The road test was executed on Tuesday, June 21, 1988,
between 6:00 and 7:00 p.m. on Interstate 80 between the
Richmond Field Station and the Cordelia scales. At this time
traffic was heavy and maintaining speed was difficult. There-
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fore, the velocity information ascertained with the data is not
accurate. For example, during preparation of a file to receive
data obtained at speeds of 55 mph on rough pavement, the
speed dropped to about 20 mph. Therefore, all data associated
with this section are presented with reservations.

There was an attempt to include information in the data
files about respective roughness levels and speed. The experts
on roughness were the drivers of the trucks. They were asked
to characterize roughness levels on a scale of 0 to 5 (0—very
smooth, S—very rough). The speed was read directly from
the speedometers of the trucks. From all the various data
records only two are analyzed here. One was obtained at
approximately 55 mph over a jointed rough PCC pavement
section. The other was obtained at about 25 mph over a rel-
atively smooth asphalt pavement.

Figure 17 graphs the FFT of the vertical accelerations of
the counter weight. At lower velocities, the accelerations are
kept at levels below 0.02 g with peaks at 1.5, 2.8, 8.0 and
11.0 Hz, peaks at frequencies close to those identified with
the shaking table. Note that these peaks are not expected to
agree with those obtained by the shaking table because on
the freeway the counter weight is subjected to a multitude of
inputs (one for each tire).

At roughly 50 to 60 mph on a rough PCC pavement a very
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