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The results of several pavement studies and road tests have been com-
pared to determine the significance and interaction of design variables
with respect to distress. The design variables studied are pavement rein
forcement, thickness, joint spacing, and subgrade material. The distress
modes studied are faulting, transverse cracking, and pumping. To com-
pare faulting between pavement designs with different joint spacings, re-
searchers developed a method for estimating serviceability from faulting
and joint spacing data. This method is based on amplitude-wavelength
relationships to serviceability that were established in Texas. An exten-
sion of this method allows comparisons of reinforced and unreinforced
concrete pavements that consider both cracks and joints in concrete
pavements to be “faulting opportunities.” The expected faulting per
length of pavement for various designs is then computed by using the
number of joints and cracks and the probability of faulting for each type
of joint or crack. Load transfer is used as a criterion for estimating the
probability of faulting. A method for considering the relative cost of
pavements per vehicle is presented that is based on expected faulting and
effect of faulting on serviceability. This method is illustrated by an ex-
ample problem.

This paper investigates the major problem area of
jointed concrete pavements, interactions of problem
areas, design parameters that may minimize problems,
and economic trade-offs for selecting an optimum pave-
ment design., The use of various design parameters to
limit or minimize the effect of pavement distress on
serviceability is compared on an economic basis,

TYPES OF PAVEMENT

Jointed concrete pavements (JCPs) consist of any com-
bination of portland cement concrete slabs, reinforcing
steel, and load transfer devices. To conveniently de-
scribe these combinations, we adopted the following ab-
breviations for use in this paper:

1. JPCP is jointed plain concrete pavement without
load transfer devices at the joints or reinforcing steel,
2. JPCP/D is jointed plain concrete pavement with
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dowel bars for load transfer at the joints,

3. JRCP is jointed reinforced concrete pavement,
and

4, JRCP/D is jointed reinforced concrete pavement
with dowel bars for load transfer at the joints.

DISTRESS MODES OF JOINTED
CONCRETE PAVEMENTS

The U.S. Army Corps of Engineers (1) lists 18 specific
forms of rigid pavement distress. To discuss all of
these distress modes in this paper is obviously impos-
sible. Therefore, only 3 major forms of distress have
been selected for discussion: (a) faulting, (b) cracking
or breakup, and (c) pumping.

Faulting

Faulting, described by Spellman, Stoker, and Neal (2)
as the vertical displacement of concrete slabs at joints
or cracks, is often considered to be the main weakness
of JCP (3) because the vertical dislocation of short pave-
ment sections at transverse joints can lead directly to
serviceability loss. Two mechanisms have been identi-
fied as being associated with faulting (4). One cause is
the loss of slab support, especially under the leave slab
(the slab past the joint), which is due to settlement or
erosion of the underlying layers., The other cause is the
buildup of fine materials under the approach side of the
slab (2, 4) when the subbase is very stiff, such as in
cement-stabilized subbases. This buildup is a result

of the carrying by pressurized water of fine particles

of subbase or shoulder material under the approach slab
when a heavy axle load passes over a joint (2,4). For
these mechanisms to result in faulting the following con-
ditions must be present:

1. Free water on top of the base,

2. Differential deflection across the joint (inadequate
load transfer across the joint), and

3. Heavy axle loads (resulting in high pavement de-
flections).



Cracking

Cracking, which may take several forms in JCP, results
from a combination of environmental forces (such as
thermal contraction forces) and fatigue due to traffic
loads. The forms of cracking of interest in this report
are corner cracks, transverse cracks, and longitudinal
cracks. Cracking associated with construction prob-
lems, such as double cracking at joints (4), is not con-
sidered in this report.

Corner cracking is usually associated with excessive
corner deflections resulting from heavy axle loads, loss
of slab support, and inadequate load transfer across the
joint, Because one of the primary catalysts of corner
cracking is loss of slab support due to pumping of the
underlying layers, conditions related to pumping may
also be considered to be associated with corner crack-
ing.
Transverse cracks are generally associated with en-
vironmental forces, especially thermal contraction re-
sulting from a temperature drop. The amount of force
(or stress) generated in this manner is a function of
slab thickness, joint spacing, amount and rate of tem-
perature drop, concrete shrinkage and slab-subbase or
slab-subgrade interaction (friction). Although environ-
mental effects are usually considered the primary factor
for transverse cracking, the effect of traffic loading
cannot be ignored. This was discovered at the American
Association of State Highway Officials (AASHO) (now
American Association of State Highway and Transporta-
tion Officials) Road Test (5) where pavement sections on
the traffic loops developed cracks and sections on the
nontraffic loop had no apparent cracks,

Longitudinal cracks generally occur in a manner sim-
ilar to that of transverse cracks. The effect of longitu-
dinal cracks on pavement serviceability should be some-
what less than the effect of transverse cracks because
longitudinal cracks are parallel with traffic flow and
therefore are encountered less often than transverse
cracks,

Pumping

Pumping of materials from under a jointed concrete
pavement does not directly lead to loss of serviceability,
but pumping is such a major contributor to other pave-
ment distress that it should be considered a major de-
sign problem. Pumping was defined at the AASHO Road
Test (5) as "the ejection of water and subbase material
or embankment soil from beneath the pavement surfac-
ing." The result is a loss of slab support. Pumping
may occur at the pavement edge, joints, or eracks, In
general, more material is ejected during edge pumping
than during crack or joint pumping (5). The conditions
required for pumping are pumpable material underlying
the slab, free water under the slab, and high deflections.

DESIGN PARAMETERS FOR
MINIMIZING JCP DISTRESS

The design parameters for jointed concrete pavement
are well known; therefore, they will only receive a brief
review here. The purpose of this review is to discuss
the reasons for applying the various design parameters
to minimize the previously discussed problem areas and
to introduce the concept of the interactions of the various
design parameters.

Pavement Thickness

Pavement thickness is perhaps the most obvious design
parameter. Proponents of JRCP support the concept

that a pavement of adequate thickness can be designed so
that minimum distress will occur during the design life

of the pavement (3). Critical stresses in JPCP are a re-
sult of corner loading; critical stresses in JRCP are the
result of edge loading if there is good load transfer at the
joints. Pavements designed to withstand corner loading
must be thicker than pavements designed for edge loading.

Reinforcement and Load Transfer Devices

Internal pavement reinforcement, such as is used in
JRCP, is not used as a direct measure fo increase the
pavement strength, but rather is used as a measure to
ensure that pavement strength is maintained. The
method for maintaining pavement strength is to provide
sufficient reinforcement to ensure aggregate interlock
across cracks that form in the concrete. Proponents
of JRCP claim that the "slightly' greater cost of re-
inforcement is offset by the need for fewer joints, lower
maintenance cost, and higher serviceability during the
life of the pavement (6)., Load or shear transfer de-
vices at joints are usually in the form of dowel bars,

Subbase and Subgrade

Subbase design varies according to the desired objectives
for the design agency. Originally, subbases were placed
under concrete pavements to provide drainage and re-
duce pumping. In the 1940s Hveem recommended the
use of treated or chemically stabilized subbase mate-
rials to reduce damage to the subbase (2).

Joint Design

Joint design plays an important role in how a pavement
will perform. Four basic types of joints are currently
being used: construction, expansion, contraction, and
warping joints. Joints are necessary for the proper de-
sign of jointed concrete pavements because of volume
changes in the conerete that are due to shrinkage and
temperature changes. Early experiments with long sec-
tions of continuous plain concrete pavement proved that
joints are necessary. The two most important design
considerations are joint spacing and load transfer.

Drainage

The earlier discussion of distress showed that the pres-
ence of free water under a pavement is one of the most
important catalysts for pavement distress, Therefore,
providing proper drainage under the pavement should be
an important design parameter, especially in wet cli-
mates.

Interactions

Although a discussion of the individual design parameters
is useful for understanding the basic concepts of these
parameters, an understanding of the interaction of these
parameters is equally important, For example, the
thickness of the pavement should reflect the subbase de-
sign used. A pavement on a strong cement-treated sub-
base may conceivably be thinner than a pavement placed
directly on a weak subgrade if all other design factors
are equal, A summary of other important interactions
is given in Table 1. In this table, interactions are de-
scribed as being either primary or secondary. A pri-
mary interaction occurs when a change in one variable
causes a direct effect on another variable. A secondary
interaction is defined as a change in the variable that
causes an indirect effect on another variable. This
table was used as a guideline for a literature review of



the effectiveness of the various design factors. If the
design factor interactions are not recognized, results
of the literature survey could be misleading.

OBSERVATIONS OF DISTRESS MODES
WITH RESPECT TO DESIGN
STRATEGIES

This section summarizes the findings of laboratory
studies and field observations about the relative merits
of three design strategies used for jointed concrete
pavements:

1. Plain concrete pavements without dowel bars for
load transfer at joints,

2. Plain concrete pavements with dowel bars, and

3. Jointed reinforced concrete pavements with dowel
bars.

The pavement distresses studied were faulting, trans-
verse cracking, and pumping.

Faulting at Joints and Cracks

As mentioned earlier, faulting of JCP leads directly to
a loss of serviceability. Therefore, to compare the de-
sign concepts of interest, one needs a method to com-
pare the effects of faulting on serviceability. Sucha
method may be developed based on the results of an
amplitude ~-wavelength-serviceability study reported

by Walker and Hudson (8). Figure 1 shows how the
amplitude-wavelength data may be used to determine
present serviceability ratings (PSR) levels (8). This
figure was developed in a manner similar to that used
to develop the original present serviceability index (PSI)
at the AASHO Road Test (5). A surface dynamic pro-
filometer was used to measure the amplitudes and wave-
lengths of several pavements throughout Texas, These
measurements were then correlated with road users'
opinions of pavement serviceability. Use of the
amplitude-wavelength measurements provides a good
measure of PSI because only amplitude-wavelengths
that are highly correlated with PSR are included in the
relationship.

This information may be used to estimate PSR levels
of pavements given joint spacing and faulting data. If
faulting is assumed to equal amplitude and joint spacing
is assumed to equal wavelength, the results of faulting
studies may be plotted directly on Figure 1 to estimate
PSR levels, For example, assume that the amplitude~
wavelength measurements for a pavement with 9,14-m
(30-ft) slabs are shown by the dashed line in Figure 1.
The "hump" in the dashed line would represent the oc-
currence of faults at the joints, The penetration of the
2.0 to 2.5 PSR line by the faults indicates that this is the
critical wavelength for the pavement. The PSR of the
pavement then would be governed by faulting; therefore,
measurements of faulting and joint spacing are useful
for estimating PSR.

Assuming that PSR may be estimated in this manner
is somewhat inaccurate because the curves were de-
veloped for smooth variation in the road profile and
faults are abrupt variations in the profile. This be-
comes especially critical for the long wavelength or
joint spacings. For example, the curve shows that an
amplitude of 3.43 cm (1.35 in) and a wavelength of 24,38
m (80 ft) corresponds to a PSR of 4.0 to 4.5. A fault of
3.43 cm (1.35 in) obviously could not be tolerated on a
roadway every 24.38 m (80 {t). This problem is offset
by two factors. First, the curves are plotted for the 99
percent level of amplitude. Therefore, on the average,
the 3.429-cm (1.35-in) amplitude would only occur once

every 100 joints, which corresponds to once every 2438
m (8000 ft). Second, the high side of the fault usually
occurs on the approach side of the joint (2); therefore,
the traffic is dropping off the fault. This is less severe
than if the approach slab were lower than the leave slab
and the traffic was hitting a "bump."

Faulting criteria cited by Brokaw (3) for JPCP with
4.5 to 6,1-m (15 to 20-ft) slabs have been plotted on Fig-
ure 1. It appears that there is good agreement between
the faulting criteria and the wavelength-amplitude curve.
Unfortunately, similar eriteria do not exist for pavement
with longer slabs,

Two hypotheses may be developed from Figure 1,
First, tolerable faulting levels for a given PSR increase
with slab length, Second, minor increases in faulting of
a pavement with short slabs result in a significant drop
of PSR. This method of analysis allows comparison of
faulting in pavements with different slab lengths.

Observations of pavement performance with respect
to faulting tend to support these hypotheses. Ina 5-year
progress report of a New York rigid pavement study (4),
faulting of pavement sections with 6,1-m (20-ft) unre~
inforced and 18.564-m (60~ft, 10~in) reinforced slabs was
studied. Because of the limited amount of traffic during
the 5-year period, faulting had not developed to a signif-
icant degree. All sections except for one had less than
0.16~cm (%ig-in) average faulting; therefore, variation
between sections was too limited for forming statistically
significant conclusions. The following trends were ob-
served from averages of the observations:

1. Sections on granular bases had more faulting than
sections on stabilized bases had;

2. The 18.54-m (60-ft, 10-in) slabs had more fault-
ing than the 6.1-m (20-ft) slabs had; and

3. Higher roughnesses were measured on the sections
with short slabs.

Because of the limited amount of faulting, plotting re-
sults of this study on Figure 1 would not be significant.

De Young (9) reported the results of a joint spacing
study of plain concrete pavements in ITowa. Pavements
were constructed with joint spacings of 6, 15.2, and 24.4
m (20, 50, and 80 ft), After 8 years of traffic, trans-
verse cracking had reduced the sections to average slab
lengths of 5.8, 8.8, and 11.3 m (19, 29, and 37 ft) respec-
tively. Faulting on these sections at the 99 percent level
was approximately 0.64, 0.86, and 0.79 em (0.25, 0.34,
and 0.31 in) respectively. As shown on Figure 1, the
section with the longest joint spacing would be expected
to have the highest PSR. Roughness measurements with
the BPR roughometer verified that the sections with the
long joint spacings were the smoothest.

Even though these data do not allow definite conclu-
sions to be drawn, they do indicate that there is a trend
for pavements with long slabs to be smoother than pave-
ments with short slabs. Regardless of the slab length
used, faulting needs to be controlled. :

In this paper, load transfer is defined as the leave
slab deflection divided by the sum of the approach and
leave slab deflections and converted to a percentage,
Load transfer by aggregate interlock requires that joints
remain very "tight' to maintain contact on the bearing
faces. Observations at a Michigan test road (10) veri-
fied that, when joints without dowel bars separale, load
transfer drops off significantly. For example, average
load transfer across 10 joints changed from 46.2 to 36.1
percent when the joint width changed from 0,11 to 0,16
cm (0.045 to 0.064 in) due to temperature changes. A
California faulting study (2) found similar results,

Studies of joint openings at the Michigan test road (10)
showed that contraction joints opened as much as 0.51 ¢cm



(0.20 in) at -17,78°C (0°F) for 6.1-m (20-ft) joint spac-
ings, Furthermore, all contraction joints were found
to sustain permanent openings that gradually increased
after 10 to 15 years of service. This means that there
is a high probability, especially in colder climates, of
loss of load transfer across joints with only aggregate
interlock., Average load transfer across nine doweled
joints on the Michigan test road was 48.8 percent; aver-
age joint width was 0.16 em (0.063 in).

Load transfer across several joint designs was
studied by the Portland Concrete Association (PCA) (11)
by using repeated load tests on slabs. Results from
these tests are given in Table 2. Note that both the
15.24-cm (6-in) and 20,32-cm (8~in) slabs with dowel
bars and 0.635-cm (0.25~in) joint width performed better
than the joints without load transfer devices.

It is apparent that dowel bars provide good load trans-
fer at joints and that joints with only aggregate interlock
tend to lose their load transfer capability. Several pave-
ment studies confirm this statement,

At the AASHO Road Test (5), all joints had dowelbars.
As a result, "faulting at joints was notably absent
throughout the project." Observations in Georgia (7) of
plain concrete pavements without dowel bars at joints
found that "all projects on the Interstate Highway Sys-
tem in Georgia with plain concrete pavements exhibited
faulting." Findings at a test pavement in Kentucky (12)
were that '"sections having load transfer dowels in all
joints have shown less faulting of the joints." Similar
results were reported at the Michigan test road (10):
"Plain concrete pavements with dowels at contraction
joints performed better than plain concrete pavements
without dowels at contraction joints." Sufficient varia-
tion in pavement designs and environmental and traffic
conditions exists among these pavement studies to allow
the general conclusion that dowel bars are an effective
means for limiting faulting.

Subbase design also affects faulting of jointed con-
crete pavements, Two alternate approaches to subbase
design are currently being practiced: (a) use of stabi-
lized subbase to reduce differential deflection or (b) use
of free-draining subbases to remove free water,

Findings of the Georgia faulting study (7) with respect
to subbase design were that "plain concrete pavements
(without dowels at joints) on a cement stabilized subbase
tend to have less faulting than those constructed on a bi-
tuminous stabilized or soil-cement subbase for the same
traffic parameter," At the New York pavement experi-
ment (4), more faulting was observed on granular sub-
bases on stabilized subbases.

Based on these findings, faulting appears to decrease
as subbase stiffness increases. This trend cannot be so
firmly established as the conclusions about the effective-
ness of load transfer devices can be because of a lack of
data.

Part of the problem in comparing results of several
road tests is that the design of the experiments generally
is aimed at obtaining results for a specified set of de~
sign parameters over a fixed range of values. The in-
teractions of design parameters often prevent the spe-
cific results determined during one pavement study from
being compared to the results of other pavement studies.
For example, no faulting was observed at the AASHO
Road Test (5) where the rigid pavements were built
either directly on the subgrade or on granular subbases.
In contrast, the Georgia faulting study showed that fault-
ing does occur on pavements with cement-stabilized sub-
bases. The conclusion that granular subbases are more
effective than stabilized subbases for limiting faulting
would be incorrect because dowel bars were used in the
AASHO pavements but not in the Georgia pavements.

Transverse Cracking

One of the most important factors determining theamount
of transverse cracking is the spacing of contraction
joints, The Michigan test road results showed that a
joint spacing of approximately 3.1 m (10 ft) was neces-
sary to completely prevent transverse slab cracking (10).
Joint spacings of 4.5 to 6.1 m (15 to 20 ft) are more
commonly used to minimize transverse slab cracking.
Figure 2 shows the development of transverse cracking
with respect to time as a function of joint spacing in
JPCP (9). Transverse cracking developed in JRCP
would be similar because the reinforcing steel does not
prohibit the formulation of transverse cracks, This was
verified at the Michigan test road (10) where the amount
of transverse cracking was not significantly different for
reinforced and unreinforced test sections whose design
was the same in other respects,

A significant factor at the Michigan road test is that
the pavements with reinforcement were generally in much
better condition than the nonreinforced pavements (10).
This occurred because the reinforcement held the cracks
close enough that the aggregate interlock was maintained
across the crack for load transfer, This is not really a
fair comparison of the performance of reinforced versus
nonreinforced pavements because of the interaction be-
tween reinforcement and joint spacing. Plain concrete
pavements are generally designed to have shorter slabs
than reinforced pavements.

Because of the shorter slab lengths of plain concrete
pavements, much less transverse cracking occurs than
with reinforced concrete pavements. In the New York
pavement study (4), twice as many transverse cracks
formed in the 18.54-m (60-ft, 10-in) reinforced slabs as
in the 6.1-m (20-ft) unreinforced slabs. This appears
to be an advantage of shorter unreinforced slabs, How-
ever, when one considers that the criteria for joint spac-
ings of unreinforced slabs were developed from crack
spacing data, one is not surprised that only limited
transverse cracking occurs on these sections,

Because slab lengths for reinforced and nonreinforced
pavements are considerably different, to compare the
number of cracks per slab or per length of pavement for
these two design concepts is inappropriate. The most
logical comparison that can be made is comparing the
number of faulting opportunities per length of pavement
and the likelihood of faulting. To make this comparison,
one considers joints and transverse cracks to be faulting
opportunities. A comparison of this type has been made
by using the New York data (4). Figure 3a shows a 36.6-
m (120-ft) pavement with 6.1-m (20~ft) slab lengths; Fig-
ure 3b shows a 36.6-m (120-ft) pavement with 18.3-m
(60-~ft) joint spacings. The pavement with 6.1-m (20-ft)
slab lengths has five internal joints and two transverse
cracks, or a total of seven faulting opportunities. The
pavement with 18.3-m (60-ft) slabs has one joint and four
transverse cracks, or a total of five faulting opportuni-
ties, The ratio of faulting opportunities for the two slab
lengths would decrease as pavement length increases,
but, for the conditions reported at the New York test
road (4), the number of faulting opportunities for the
pavement with long slabs will be equal to the number of
joints in the pavement with short slabs, as would be ex-
pected if the joints in the JPCP are considered to be pre-
formed cracks.

If the concept of faulting opportunity is used, JRCP
appears to have an advantage over JPCP if transverse
cracks and joints have the same probability of faulting.
Unfortunately, there are no data available on the proba-
bility of faulting by joints and cracks. Laboratory
studies of load transfer of various joints have been per-
formed (11) that can be used to postulate the relative



Table 1. Interactions of pavement design variables.

Design Interaction®
Design Factor
Factor Code Primary Secondary
Pavement thickness 1 2,3,4,5,6,17,8,9
Steel load transfer 2 1,5,6,7,8 4
Steel reinforcement 3 1,5,6 4
Subbase thickness 4 1,2,3,5,6,8 7,9
Type of subbase material 5 1,2,3,4,6,8,9 1
Subgrade stabilization 6 1,2,3,4,5,7,8
Joint spacing 7 1,2,3,5,6 4,9
Joint load transfer 8 1,2,3,5,6,9 4
Drainage 9 1,2,3,5,6,8 4,17

2Numbers refer to design factor codes,

Figure 1. Amplitude-wavelength relationships for two PSR levels.
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Table 2. Summary of PCA joint study.

Joint Slab Cement-Stabilized
Depth Subbase Depth Cycles®

Type Ties {em) (cm) (x 10%
Aggregate interlock None 16.24 0 0.10

Two 0.635 cm® 15.24 0 1.33
Dowel Two 1.906 cm 15.24 ] 2.00
Aggregate interlock None 15.24 7.62 0.42
Dowel Two 1.905 cm 15.24 7.62 2.37
Aggregate interlock None 20.32 0 0.24
Dowel Two 1.905 cm 20.32 0 0.90
Aggregate interlock None 15.24 15.24 0.24

Two 0.635 cm® 15.24 15.24 3.98
Dowel One 2.54 cm 15.24 15.24 1.58

Note: 1 cm = 0,394 cm.

2Number of load eytles required for load transfer to drop from initial value to 44 percent. Load transfer

decreases with numbaer of applications.
"No, 2 size,

Figure 3. Faulting opportunities for (a) JPCP and (b} JRCP.
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Table 3. Probability of faulting for joints and cracks.
Number of
Type A Type of Load Probability Joints or Cracks/ Expected
Pavement Fault Transfer of Faulting Kilometer Faulting
JRCP/D Joint 45 0.25 55 22
Crack 44 0.30 109 53
Total 5
JPCP/D Joint 45 0.25 164 66
Crack 36 0.70 55 62
Total 128
JPCP Joint 36 0.70 164 185
Crack 36 0.70 55 _62
Total 247

Note: 1 joint/km = 1.609 joints/mile.



probabilities of faulting because faulting is largely de-
pendent on load transfer. Use of the PCA data (11) to
determine the relative probability of faulting for joints
and cracks requires the following assumptions:

1. The laboratory study of joints may be extended,
in a relative fashion, to field conditions;

2. The aggregate interlock joint with no tie (11) is
representative of cracks in unreinforced pavements and
joints that do not have load transfer devices;

3. The dowel joint tested represents a dowel joint
in a pavement; and

4, The aggregate interlock joint with tie bars is
representative of cracks in reinforced pavement,

An additional factor that should be considered is the
fact that the PCA tests were run at joint widths of zero
for the aggregate interlock joints with and without re-
inforcement and 0.635 cm (0.25 in) for the doweled
joints. Therefore, the performance of the aggregate
interlock joints would probably decrease and the per-
formance of the dowel joints would probably increase.
The results of the PCA joint study (11), given in Table
2, indicate that in all cases the unreinforced aggregate
interlock joint did not perform as well as the other
joints did. Comparison of reinforced aggregate inter-
lock joints and dowel joints is confounded by the change
in type of subbase and dowel design,

As an illustration of the concept of considering both
the number of faulting opportunities and the probability
of faulting, the following example problem was con-
ceived. Graphical relationships and numerical data
used in this example were contrived based on limited
field data.

Based on some data from the Michigan test road (10),
Figure 4 was drawn to show the relationship between
load transfer and the probability of faulting. By using
this relationship and the number of faulting opportunities
occurring for each type of fault or joint, one can calcu-
late the expected faulting on a section of JCP as

k
E(D) =3 P(D); - n; 1)
i=1

where

E(f) = expected number of faults,
k = number of types of joints and cracks occurring
in the pavement,
P(f), = probability of the ith type of crack or joint
faulting, and
n, = the number of ith type of cracks or joints.

Equation 1 may be applied to compare expected fault-
ing for the sections in the New York study; three pave-
ment designs are evaluated in the New York study: (a)
JPCP with 6,1-m (20-ft) slabs, (b) JPCP/D with 6.1-m
(20-it) slabs, and (¢) JPCP/D with 18.3-m (60~ft) slabs,
The joints and cracks per length of pavement can be
calculated from the data shown in Figure 3; these cal-
culations are given in Table 3.

The probability of faulting for each type of joint or
crack was obtained by assuming load transfer values
and by using Figure 4, These calculations show that,
for the assumed conditions, the jointed reinforced con-
crete pavement would have considerably less faulting
than either of the plain concrete pavements would have
and that the plain concrete pavement with doweled joints
would have less faulting than the one without dowel bars
would have.

Pumping of Rigid Pavements

Concrete pavements were originally placed directly on
the subgrade. As axle loads increased (which caused
higher pavement deflections), the subgrade material
under the pavement began to mix with free water and
formed mud. Deflection of the pavement then forced
the mud out from under the pavement, or mud pumping,
which was a serious problem. To stop the problem,
granular subbases were placed under the pavements.
These worked well for many years, and it was thought
that the granular subbase was not a pumpable material.
Then, at the AASHO Road Test, heavy axle loads on the
thinner test sections resulted in pumping of the granular
subbases (5).

Cement- and asphalt-stabilized subbases have been
used for many years as a means of reducing deflections.
In general, pumping is not a problem when stabilized
subbases are used, but at a New York experimental pave-
ment (4) pumping has occurred on pavement sections with
stabilized subbases; however, the water pumped was free
of subbase materials.

California has recently started building cement-
stabilized subbases that extend 0.3 m (1 ft) beyond the
pavement edge (2). This is being done in part to elimi-
nate or reduce edge pumping. TFaulting of California
pavements has been attributed to erosion of the subbase
under the leave side (2); therefore, the possibility of
pumping exists. When a stabilized subbase is used, it
should be of high quality to resist erosion caused by
rapid movement of free water under the pavement.

ECONOMIC CONSIDERATIONS FOR
PAVEMENT DESIGN

The previous sections demonstrated that pavements with

stabilized subbases, reinforced slabs, and load transfer

devices at joints generally perform better than plain con-
crete pavements., However, the decision to use JRCP

or JPCP is based on economic trade-offs, To make this
decision, the designer must determine whether the bene-
fits of using a more expensive pavement design are worth
the extra expense. By using the concepts presented, we

developed an approach for economic trade-off analysis

of different designs.

For the three designs considered in the previous ex~
ample, the expected wavelengths between faults would be
(1/E(f)] x 1609 m, or 6.6, 12.6, and 21.5 m (21.5, 41.3,
and 70.4 ft) for designs a, b, and c respectively. If the
data in Figure 1 are used, the corresponding 99 percen-
tile fault levels would be 0.51, 1.45, and 3.94 cm (0.20,
0.57, and 1.55 in) for a PSR level of 2.0 to 2.5. The aver-
age faulting for these designs may now be estimated from
Figure 5. This figure was extrapolated, by use of en-
gineering judgment, from the limited amount of data
available on the standard deviation of faulting. The aver-
age faulting for designs a, b, and c is 0.25, 0.38, and
5.8 cm (0.1, 0.15, and 0.23 in) respectively.

These allowable average faults may be converted to
allowable traffic by using Figure 6. The curve for pave-
ments without dowel bars is based on data collected for
Georgia pavements (7). The curve for plain concrete
pavements with dowel bars was drawn by using the same
shape and slope as were used in the Georgia data, but
the curve passed through a point estimated from Michi-
gan test road (10) data. The JRCP curve was estimated
based on a conservative evaluation of the PCA joint study
(2).
~ The allowable number of truck-semitrailer combina-
tions for the designs is estimated at 11 000 for the plain
conerete pavement without dowel bars, 45 000 for the
plain conc¢rete pavement with dowel bars, and 190 000



for JRCP, The ratio of allowable traffic for the designs
may be used to estimate the cost efficiency of each de-
sign. For these designs the ratios are

1. JPCP/D:JPCP = 4.1,
2. JRCP/D:JPCP = 117.3, and
3. JRCP/D:JPCP/D = 4.17.

Figure 5. Determining average faulting from 99 percentile faulting.
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Figure 6. Faulting versus traffic for different load transfer at joints
and cracks.
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Interpretation of these results indicates that $4.10 could
be spent for a plain concrete pavement with dowel bars
for every $1.00 spent for plain concrete pavements with-
out dowel bars without changing the cost of the pavement
per vehicle served. This analysis is based on initial
pavement cost only. If maintenance cost and salvage
value were considered, the above ratios would probably
be increased. This example was developed from the best
available data, which are limited. New data are needed
to verify or revise the figures in the paper before this
technique can be used for practical pavement economic
analysis.

SUMMARY

Research is needed for determining the interaction of de-
sign variables and pavement problem areas. Because of

the problem of interactions, drawing definite conclusions

from a comparison of the pavement studies and road tests
is difficult, but several trends have been noted.

1. Dowel bars appear to be an effective means of
limiting faulting.

2. Cracks and joints in JRCP tend to occur with the
same frequency as do joints in JPCP; therefore, there
are fewer faulting opportunities in JRCP.

3. There is a lower probability of faulting at a crack
in JRCP than at a crack or unreinforced joint in JPCP.

4, Pavements with long slabs tend to be smoother
than pavements with short slabs.

5. Faulting appears to decrease as subbase stiffness
increases.

6. High-quality subbases are needed to resist erosion
caused by pressurized free water under the pavement
slab,

As the cost of pavement materials increases, it is be-
coming increasingly important for designers to use the
most accurate methods available for designing pavements
and to make cost comparisons of alternate pavement de-
signs, Design methods used should be based on the best
available theories and empirical data.

Analysis of pavement economics should consider not
only the cost of the pavement, but also the benefits pro-
vided by the pavement. The pavement with the lowest
initial cost is not always the most economical pavement,
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