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Model of Slab Cracking for Portland
Cement Concrete Pavements

M. PosLeTE, P. Cgza, J. DaviD, R. EsriNnosa, A. GARCIA, AND

J. GONZALEZ

A predictive model of slab cracking has been developed by con-
sidering the actual behavior of Chile’s portland cement concrete
(PCC) pavements. The approach used is mechanistic-empirical
and is based on a structural modeling of the jointed pavement
using a finite elements program. The model incorporates realistic
boundary conditions of upward concave slabs under yearly cyclic
moisture warping and daily cyclic temperature curling, obtained
from measurements in the climatic zone of central Chile. Fatigue
consumption in the slabs was evaluated for the actual traffic loads
passing during each group of hours in each season to determine
the different levels of upward concavities. The accumulated fa-
tigue consumption of all pavements was calculated and plotted
against the percentage of cracked slabs observed in the field. The
resulting model is a unique S-shaped curve that is useful for
indicating the effect of many design variables on cracking.

The National Highway Administration of Chile has been en-
gaged in implementing a pavement management system to
efficiently administer the financial resources annually allo-
cated to rehabilitation. In order to prepare and evaluate its
maintenance and rehabilitation programs, Chile is attempting
to use the Highway Design and Maintenance Standards Model
(HDM) (1) developed by the World Bank, which includes
distress models obtained from research in several countries
and covers diverse environments, traffic conditions, and types
of asphalt roads. Until recently, no specific applications of
distress modeling were developed for rigid pavements.

A previous effort in the development of distress equations
for rigid pavements is the COPES empirical approach, de-
veloped in the United States at the University of Illinois (2).
The results of that approach evidently represent the charac-
teristic environmental and design conditions of U.S. contrib-
uting data. In the Chilean case the results of extensive re-
search (3—6) are showing that the actual behavior of in-service
pavements seems to differ in some important ways; therefore,
the development of appropriate distress models for the Chi-
lean climate has been undertaken. The approach is mechan-
istic-empirical and is based on a structural modeling of the
pavement using a finite element program especially developed
to incorporate realistic boundary conditions as observed in
the field (7).

This research was conducted by the University of Chile.
Precise measurements were carried out periodically on 21 test
sections established along the primary highway network (8).
These pavements have joints spaced between 3.5 and 5.0 m

Facultad de Ciencias Fisicas y Matematicas, Insituto de Investiga-
ciones y Ensayes de Materiales, Universidad de Chile, Plaza Ercilla
883, Casillia 1420, Santiago, Chile.

apart, with no dowels. The 0.20- to 0.26-m-thick slabs are
supported on granular and cement-treated bases that were
mostly reconstructed on old portland cement concrete (PCC)
and asphalt concrete (AC) pavements. Shoulders consist of
compacted granular material topped with an asphalt surface
treatment. Considered as a whole, over 75 percent of the 21
test section pavements are performing satisfactorily after 6 to
12 years of heavy in-service traffic. However, some sections
are developing premature cracking, as shown in Figure 1. No
significant roughness has yet been measured.

OBSERVED BEHAVIOR OF CHILEAN PCC
PAVEMENTS

Several years of precise measurements of slab internal tem-
peratures and vertical displacements, as well as joint open-
ings, at the 21 test sections have clearly shown the existence
of an upward concavity in all slabs, with the edges and corners
tending to remain unsupported most of the time (5). The
causes for this condition are related to the combined action
of climatic features affecting the pavement since construction.

Daily temperature variations induce upward curling typi-
cally during the cooling period between 6:00 p.m. and 10:00
a.m., depending on the season, cloudiness, and site latitude.
As a result of semiempirical modeling of internal tempera-
tures, calibrated with actual field measurements, the accu-
mulated hours at various intervals of thermal gradient lead
to the conclusion that the pavement remains cooler at the top
surface than at the bottom roughly two-thirds of the time (9).

On the other hand, rainfall is highly concentrated in the
winter season, followed by long periods of little or no rain,
producing yearly variations of moisture differentials through
the slab thickness. In fact, the internal moisture has wider
variations near the surface, which is exposed to evaporation,
than at the protected bottom; therefore, the pavement slabs
tend to be permanently upward warped, reaching a maximum
at the end of autumn and a minimum during the rainy season
(10). This effect has been consistently verified with field mea-
surements, particularly through the corner displacements
measured at the moment of zero thermal gradient, as shown
in Figure 2 for different days in a 3-year period.

Another possible factor contributing to the upward con-
cavity of the pavement slabs is related to the irreversible
drying shrinkage of the concrete slab surface that occurs dur-
ing the first hours of concrete hardening (/7).

Considering the additive effects of the irreversible drying
shrinkage, the moisture differential, and the thermal gradients
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FIGURE 1 Evolution of slab cracking in test section pavements
(transverse and corner cracks).
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FIGURE 2 Annual cyclic variations of slab nonload deformations and rainfall for typical test

section pavement.

in the concrete, a predominant upward concavity in all pave-
ment slabs is therefore controlling the structural condition to
be considered in the stress analysis (see Figure 3a). The down-
ward concavity (see Figure 3b), traditionally considered crit-
ical (12), could only be produced during the first hours of
high solar radiation on a sunny summer day while the edges
are still free to rotate. However, compressions develop at the
transverse edges as soon as the mean temperature increases
and, therefore, some degree of longitudinal continuity is at-
tained, leading the whole pavement to behave as a rather
continuous strip supported along the longitudinal edges (see
Figure 3c). As a consequence, the condition of downward
concavity is not considered critical as far as the accumulation
of fatigue damage is concerned, although the concrete may
develop high stresses during short periods of time.

Under the traffic loadings acting on the upward concave
slabs, the fatigue of the concrete is manifested by transversal
cracking, usually beginning from the middle of the edges.
Sometimes, curved corner cracks also develop, as shown in
Figure 4. As verified through boreholes at the test section
slab, cracking always starts from the upper surface and pro-
gresses downward.

Slab-to-slab cracking was measured at each test section by
means of a visual survey conducted annually during the 5 years
of research. From the analysis of all data, three indexes that
were found to be useful for modeling purposes include (a)
the percentage of slabs with any type of crack, (b) the ac-
cumulated length of cracks (m/km) and (c) the average num-
ber of pieces per slab. These indexes were related to the
results of the structural analysis of the pavement slabs to
generate a model of slab cracking.

DEVELOPMENT OF SLAB CRACKING MODEL

For structural modeling, the pavement is considered to be a
system composed of a series of slabs of similar geometry and
material characteristics. Boundary conditions of each slab are
controlled by the reduced support on the base and by the
interaction with adjacent slabs through the joint efficiency,
or load transfer, in transversal and longitudinal edges (3).
Such a system is simultaneously stressed by the body forces
acting on the slabs with varying degrees of upward concavity
and by the repeated loads of traffic.
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FIGURE 3 Typical shapes of slabs deformed by temperature:
(a) upward concave slabs, (b) and (¢} downward concave slabs.

An approach for solving this complex, nonlinear, multi-
variable problem is the concept of fatigue consumption ac-
cumulated in the slab concrete from the first traffic passing
over the pavement until the moment of evaluation (12). At
that time, the accumulated fatigue consumption is compared
with some index of slab cracking actually observed in the field.

In order to calculate stresses under different levels of up-
ward concavity, traffic must not only be known in volume
and in axle load distribution but also discriminated by hour
and season. A statistical processing of the traffic data (6)
showed that average daily traffic (ADT) in the 21 sections
ranged between 4,000 and 12,000 veh/day, of which 26 percent
are heavy trucks and 9 percent buses, mainly passing between
6:00 a.m. and 8:00 p.m. The heavy vehicles were divided into
single, tandem, and tridem axles, with the load distribution
shown in Figure 5 based on weigh-in-motion data.

To calculate tensile stresses, the finite element method was
used with the slabs being modeled as a system of thick, in-
teracting plates capable of admitting nonlinear distribution of
internal temperature through the slab thickness. The slab sup-
port was modeled by a set of continuous springs of subgrade
reaction modulus Kw, which are not capable of taking tension.
Therefore, iterations are needed until the partial support con-
dition is satisfied. To consider the interaction between slabs,
special joint elements were developed to restrict edge dis-
placements and rotations. At longitudinal edges the condition
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of free border is realistic, both at the exterior edge with the
granular shoulder and at the interior edge, where a significant
level of deflection is needed to mobilize the effect of adjacent
slabs through the keyed longitudinal joint. The program
PAVIDIEM, developed for a personal computer, was checkcd
with cases of known direct stress solutions, such as those
provided by the Westergaard and Spangler equations (13),
and indirectly against such widely used programs as SAP—4
and others using solid elements (/4). Most important, the
calculated displacements were compared with actual field
measurements.

In a previous analysis the most critical position of the three
types of loaded axles was investigated on a typical pavement
with upward concave slabs. In all cases the maximum tensile
stress is at the upper slab surface and toward the central
portion of the slab when the loaded axle is crossing the trans-
verse joints, particularly when the outer wheels are at the
corner. Tensile stresses are also high at the middle zone of
the edges, as shown by the isograms in Figure 6. For cvalu-
ation purposes, the wheels are positioned at some distance
from the edge, where most traffic actually passes.

These results are in good agreement with the actual pattern
of slab cracking (see Figure 4), which typically starts at the
edges and progresses down and inward until the complete
breakage of the slab. This empirical observation demonstrates
that those high stress points are indeed critical in accumulating
fatigue consumption.

The full range of conditions encountered in the actual pave-
ments includes different slab geometry and material proper-
ties; varying degrees of partial support, joint efficiency, and
internal temperature and moisture differentials; and the three
types of axles and load magnitudes. Considering the great
number of cases needed to cover all these conditions, which
are excessively time-consuming in a conventional finite ele-
ment analysis, about 1,800 specific cases were selected to
develop a mathematical model of practical use. The resulting
dimensionless equation, shown in Figure 7, has an estimated
error of less than 10 percent for the finite element solution.
In the equation, joint efficiency (J) is the simple ratio of the
leave and approach corner deflections when the load is in the
approach side (2), and ATeq is a negative equivalent tem-
perature differential that includes all components of upward
concavity, as discussed previously.
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FIGURE 4 Typical pattern of slab cracking developed in in-service

PCC pavements.
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FIGURE 5 Traffic composition and axle load composition.
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FIGURE 6 Tensile stresses (MPa) at upper surface of upward
concave slab produced by a 110-kN single-axle load.

Kw was derived from the center point deflections under
truck wheel loads actually measured in each test section pave-
ment. All deflections measured at the central point of slabs
keep practically constant, with reduced magnitude at every
season, indicating that the base support remains essentially
stable throughout the year. The numerical Kw values are
about 10 times greater than were expected from repetitive
plate load tests.

The fatigue consumption was calculated on the basis of an
applicable concrete fatigue curve. To that purpose cyclic flex-
ural tests were performed on a prismatic specimen molded
with concrete of the same characteristics as those used in the
Chilean pavements (/5), which verified the general trend of
results gathered by Darter (16) and shown in Figure 8. The
University of Chile research also emphasized the importance
of selecting realistic values of the modulus of rupture (MR)
of concrete when calculating S,,,, = 0,../MR, especially re-
garding the possible existence of initial cracks in the tensile
stressed surface.

The influence of repetitive alternating stresses producing
tension on top and bottom surfaces needs to be further re-
searched. For modeling purposes the average trend represent-
ing 50 percent probability of failure was selected to correspond
with similar probability of slab cracking in the field.

Determining the accumulated fatigue consumption of each
climatic parameter that modifies the slab boundary conditions
is an extremely complex task. To approach a reasonable so-
lution, a full-year period was discriminated into three seasons;
each with separated cloudy, sunny, and partial cloudy weather
conditions. At the same time, the daily cyclic temperature
variations were divided into three hour groups to account for
the conditions of negative, nearly zero, and positive gradients
(°C/mm), as presented in Table 1.

By applying the stress equation to each level of axle loading
in each of the previously defined conditions, the number of
allowable repetitions (N) can be found using the selected
fatigue curve. Letting n represent the number of actual load
repetitions, known from traffic data in each environmental
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TABLE 1 DAILY CYCLIC TEMPERATURE VARIATIONS

- HOUR GROUP
WEATHER | SEASON
9 PM - 9 AM |9-11 AM/ 5-9 PM| 11 AM - 5 PM

Sunny S - 0.055 0 + 0.075

W - 0.030 0 + 0.050
Cloudy S - 0.042 0 + 0.055

1 - 0.015 0 + 0.025
Parti;i S - 0.030 0 + 0.040

W - 0.005 0 + 0.010

S: Summer (Jan = Apr) W: Winter (May - Aug) S: Spring (Sept - Dec)

condition, the fatigue consumption was evaluated as n/N. Ac-
cording to Miner, the accumulated fatigue consumption (D)
is the aggregation of all individual n/N values, as shown in
Figure 9.

Using the accumulated fatigue consumption as a variable
that integrates all controlling factors described here, the var-
ious curves of slab cracking as a function of age (see Figure
1) have been unified into a single trend, as shown in Figure
10. The proposed curve is the result of a pavement evaluation
for a 50 percent probability of slab cracking within a homo-
geneous section, where the modulus of rupture and other
factors are assumed constant. Therefore, it is not surprising
to have fatigue consumption values greater than 1 when the
slab cracking has affected more than half of the slabs in a
pavement section.

COMPARISON OF SLAB CRACKING INDEXES

From an analysis of the visual surveying data, the alternative
indexes of total crack length per kilometer and average num-
ber of fragments per slab are found to be related to the per-
centage of cracked slab, as shown in Figure 11. These indexes
are complementary to the model and serve to better define
the extent of a maintenance or rehabilitation plan.

COMMENTS

The model of cracking explains well the type of cracking
occurring in Chile, as shown in Figure 4. The present model

P S W

of slab cracking has been developed for the structural con-
dition of a predominant upward concavity producing partial
support localized under the central part of the slab. This con-
dition, being characteristic of Chile’s PCC pavements, is be-
lieved to be much more widespread than currently acknowl-
edged, as in Florida (17), California (I8), Spain, and other
locations. This approach is substantially different than the
traditional theory used by the Portland Cement Association,
Darter, and others. The proposed methodology, which is based
on the analytical modeling of an empirical behavior, permits
the explicit consideration of an ample variety of climatic pa-
rameters, conditions of slab support, and joint load transfer.
It is well suited for successive future adjustments from ad-
ditional field data gathered at more advanced states of dis-
tress.

The model is also thought to be good for the design of a
pavement structure, varying the different parameters of slab
geometry, load transfer, and slab support, at any climatic
location. The method is capable of introducing a desired final
state of cracking, depending on the level of functional distress
that can be considered allowable.

The results presented deal with the fatigue consumption
associated with structural distress or cracking in rather new
pavements, which does not necessarily result in a ser-
viceability loss because there is a time lapse between the
appearance of a crack and the subsequent deterioration being
noticeable by road users. For instance, if the pavement is
reaching a state of 90 percent cracked slabs, four or five
fragments can be expected as average in a section, meaning
that some specific slabs may be presenting a much higher
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FIGURE 11 Empirical relationships between
slab cracking indexes.

degree of fragmentation, which would be clearly noticeable
by the road user. Beyond the limit of 90 to 95 percent cracked
slabs, the distress process is represented by the indexes of
fragmentation or crack length, or both. Such evolution needs
further observation, which is not yet available.

CONCLUSIONS

Upward warping and curling evidenced by precise field mea-
surements in the climatic conditions of central Chile are found
to be the controlling boundary conditions to introduce into
mechanistic analysis. On the basis of fatigue consumption, a
pavement evaluation method considering the actual behavior
of Chile’s PCC pavements has been developed. The resulting
model is a unique S-shaped curve, integrating the evolution
of all pavements under consideration. The cracking model is
useful for the design level in showing the effects of many
important variables on slab cracking.
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