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� Concrete pavements opened to traffic
at early ages were examined
experimentally.
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The risk of cracking in a concrete pavement that is opened to traffic at early ages is related to the maximum
tensile stress rI , that develops in the pavement and its relationship to the measured, age dependent, flex-
ural strength of a beam, f r . The stress that develops in the pavement is due to several factors including traf-
fic loading and restrained volume change caused by thermal or hygral variations. The stress that develops is
also dependent on the time-dependent mechanical properties, pavement thickness, and subgrade stiffness.
There is a strong incentive to open many pavements to traffic as early as possible to allow construction traf-
fic or traffic from the traveling public to use the pavement. However, if the pavement is opened to traffic too
early, cracking may occur that may compromise the service life of the pavement. The purpose of this paper
is two-fold: (1) to examine the current opening strength requirements for concrete pavements (typically a
flexural strength from beams, f r) and (2) to propose a criterion based on the time-dependent changes of
rI=f r which accounts for pavement thickness and subgrade stiffness without adding unnecessary risk for
premature cracking. An accelerated pavement testing (APT) facility was used to test concrete pavements
that are opened to traffic at an early age to provide data that can be compared with an analytical model
to determine the effective rI=f r based on the relevant features of the concrete pavement, the subgrade,
and the traffic load. It is anticipated that this type of opening criteria can help the decision makers in
two ways: (1) it can open pavement sections earlier thereby reducing construction time and (2) it may help
to minimize the use of materials with overly accelerated strength gain that are suspected to be more sus-
ceptible to develop damage at early ages than materials that gain strength more slowly.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

At early ages concrete pavements are exposed to loading com-
ing from: (1) wheel loads from construction or user traffic, (2)
autogenous and thermal volume changes coming from the
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hydraulic reaction, and (3) shrinkage and thermal volume changes
(e.g., curling or warping) caused by environmental variations in
humidity and temperature. If the stresses caused by these loads
are sufficiently high (as compared to the time-dependent strength
of concrete) they can impact the potential for cracking. A general
rule of thumb is that if the maximum tensile stress remains below
50% of the tensile strength f t ; the concrete can be consider to
behave as linear elastically [1–3] with only limited
micro-cracking. However if the maximum tensile stress exceeds
50% of the tensile strength micro-cracking can occur that can lead
to nonlinear stress–strain behavior and fatigue susceptibility
which may result in this damage developing over time reducing
the service life of the concrete pavement [4,5].

Over the last several decades the rate of strength development
of concrete paving mixtures has increased [6]. This can occur due
to an increase in cement content, reduced water to cement ratios
(w/c), and the cement being ground more finely [7–10]. Higher
alkali contents and changes in the relative proportions of the cal-
cium silicate which have increased the proportion of tri-calcium
silicate (as compared to the proportion of di-calcium silicate) are
also frequently suggested to be responsible for the increase of
the rate of the strength development. At the same time many
DOT’s and contractors have worked to develop mixtures that attain
higher early strength to reduce the time it takes to open concrete
pavements to traffic, thus reducing the need for separate haul
and working platforms or the impact of construction delays on
the traveling public. As such, it is not uncommon to see concrete
mixtures that gain more than 50–80% of their strength within
the first several hours to a day after placement [11]. For example,
a paving mixture that is typical of those in the state of Indiana
may develop 60% of its 90 day strength by an age of 18 h and
90% of its 90 day strength after 7 days [12].

However, the use of concrete with a higher early-age strength
can result in higher pavement costs (due to the use of higher
cement contents), reduced strength gain at later ages, increased
potential for aggregate fracture thus reducing aggregate interlock
which helps to transfer stress across the joint [13]. High
early-age strength concrete also reduces the potential of using
mixtures/pavements with lower carbon footprint, e.g. mixtures
with less cement or mixtures when a large volume of cement is
replaced with supplementary materials [14,15]. Further, pave-
ments that have higher early strengths might be less prone to crack
as designed at saw-cuts and longitudinal joints [16]. This may lead
to random cracking [17–19] or joints that do not crack [20] and
hold moisture resulting in potential durability issues affecting
the life span of the material [21].

Pavement design theory is largely based on flexural stress. As a
result, it is common for agencies to use flexural strength, f r ; as an
opening-to-traffic criterion. It needs to be remembered that the
flexural strength, f r , is not interchangeable with the tensile
strength, f t ; as the geometry of the sample influences the strength
due to micro-cracking and pre-critical crack growth at the bottom
fiber. For quasi-brittle materials, like concrete, a brittleness num-
ber can be used which accounts for characteristic structural
dimension and the characteristic material size [22–24].
Hillerborg showed that the ratio f r=f t of unreinforced concrete
depends on the ratio between the beam depth ðHÞ and the critical
crack depth ðlcÞ; ranging from 2 > f r=f t > 1 for H=lc ! 0 and
H=lc > 5 respectively [23]. For a typical bending test specimen
(typical ASTM standard 6 � 6 in. [152 � 152 mm] cross sectional
testing geometry) f r=f t ranges from 1.0 to 1.2 [25].

In the Midwestern region of the US, the Departments of
Transportation define the time for opening to traffic based on the
critical value of flexural strength. Specifically, f r for Michigan
(MDOT) and Indiana (INDOT) is 550 psi [3.8 MPa], while f r for
Illinois (IDOT) is 600 psi [4.1 MPa] [26]. However it should be
noted that the INDOT requirement of f r is equivalent to the
strength of a simply supported beam with third-point loading,
while MDOT and IDOT requirements of f r are equivalent to the
strength of a simply support beam with center point loading. For
the same concrete material, the f r obtained from third-point load-
ing is typically 15% lower than those from a center-point loading
due to the potential for a flaw associated to an extended area sub-
ject to damage between loading points [27,28]. This would imply
that the INDOT has a higher opening strength with an estimated
value of 630 psi [4.34 MPa] if center point loading was used.
Research is needed to better understand how design criteria, con-
struction operations, and mixture proportions are related to
long-term performance. This work examines the current DOT
requirements for opening a pavement to traffic or for use as a haul
road for construction traffic. Specifically, it is believed that changes
over the last several decades in the specifications of pavement
thickness, the reactivity of the new materials, and the construction
speed could enable these opening criteria to be reevaluated.
Reexamining opening requirements could result in an effort to
potentially homogenize this opening criterion and to place this
decision on more fundamental base.

The APT facility of the INDOT Research Division in West
Lafayette (Indiana) was used in this research [29,30]. This experi-
mental apparatus enables concrete pavements to be loaded with
simulated traffic conditions in an environmentally controlled
facility.

2. Research approach

2.1. Experimental methodology

Four concrete pavements sections were constructed using an
accelerated pavement testing facility using a single concrete mix-
ture with the intention of evaluating two variables: (1) loading
time (based on flexural tests and maturity), and (2) pavement
thickness. Table 1 summarizes the critical information for each of
the concrete pavements tested in this study:

The first two pavement lanes (1 and 2) had a thickness (h) of
10 in. [0.254 m], a length of 20 ft [6 m] and a width (w) of 10 ft
[3 m]. The other two other pavement lanes (3 and 4) had a thick-
ness of 5 in. [0.127 m], a length of 20 ft [6 m] and a width of 6.6
ft [2 m]. The concrete mixture was a typical commercially pro-
duced INDOT ready-mixed concrete paving mixture (i.e., it has
been used in several sections of the SR-26 in Lafayette, Indiana
[4]) with a water-to-cement ratio (w/c) of 0.42, 22% of the cement
was replaced by fly ash replacement of cement by mass, and a fine
and coarse aggregate content of 1412 lbs/yd3 [838 kg/m3] and
1750 lbs/yd3 [1038 kg/m3] respectively. The concrete was designed
to have an air content of 6.5%. Dowel bars were installed at the
joint of each pavement section at mid height in the middle of each
lane to provide a mechanical connection between slabs after the
saw-cut was placed. All the pavements were covered after casting
with a plastic film until saw-cut (at 8 h) to minimize moisture loss
similar to a curing compound.

To determine the time at which each concrete pavement was
opened to traffic, the temperature of the concrete pavement
was continuously monitored. A Nurse-Saul maturity approach
was used to estimate the time dependent flexural strength as
described in ASTM C1074 [31] as this is the procedure currently
used by INDOT. In addition to the concrete used in the construction
of the pavements, concrete beams were cast (6 � 6 � 21 in.
[152 � 152 � 533 mm]) and their flexural strength were tested fol-
lowing AASHTO T 97-10 (third point load) at the time the opening
maturity was reached to determine the strength [25].



Table 1
Summary of the tests performed according to the loading time and pavement
thickness.

Lane
number

Time to open to traffic (based on f r) Pavement thickness
(h)

1 18 h (550 psi [3.8 MPa]) 10 in. [0.254 m]
2 13 h (350 psi [2.4 MPa]) 10 in. [0.254 m]
3 13 h (350 psi [2.4 MPa]) 5 in. [0.127 m]
4 8 h (275 psi [1.9 MPa]) 5 in. [0.127 m]

88 F.C. Antico et al. / Construction and Building Materials 96 (2015) 86–95
All the lanes were cast in the INDOT APT facility which consists
of a 2000 ft2 [186 m2] environmentally controlled building. Inside
the building there is a test pit, a loading carriage, and equipment to
control the loading and data acquisition. The test pit covers an area
of 20 ft � 20 ft [6.1 m � 6.1 m] and is 6 ft [1.83 m] deep [29,30].
The cross section of the pit consists (from top to bottom) of 3 in.
[76 mm] or 8 in. [203 mm] of #8 aggregate (for h = 10 and 5 in.
pavements respectively) on top of 6 in. [152 mm] of #53 limestone
aggregate (INDOT specifications) [32,33]. The base of the pit is
composed of a layer of cement treated soil that is 14 in.
[356 mm] thick that is on top of a layer of soil that is 41 in.
[1.04 m] thick to simulate typical pavement cross section
conditions.

The concrete pavements were typically loaded with a dual-tire
truck wheel that maintains a constant force of 9000 lbs. [40 kN]
(however this was varied to assess the linearity of response as dis-
cussed later), equivalent to the maximum weight allowed per sin-
gle axle weight in the state of Indiana (18,000 lbs [80 kN]) [34]. The
carriage travels at a constant speed of 5 mph [8 km/h] and only a
single direction of travel was used. The strains were measured
using embedment strain gages (Texas Measurement
PML-120-2L). The strain gages were installed 1 in. [25 mm] below
the top surface of the pavement, and 1 in. [25 mm] from the bot-
tom of the pavement to monitor deformations of the pavement
close to the traffic surface and subgrade simultaneously. The loca-
tion of the strain gages was determined after casting was com-
pleted for use in calculations as shown in Fig. 1a. The
longitudinal strain gages direction (in relation to the movement
of the APT carriage) were located at approximately 1 ft [0.3 m]
and 3.3 ft [1 m] from the saw cut while transverse strain gages
were located 2.8 ft [0.85 m] and next to the saw cut. This configu-
ration enables the deformation of the slab to be monitored in both
directions parallel to the pavement surface, both, near and far from
the saw cut. The strain gages were connected to a data acquisition
system (System 6000 manufactured by Vishay Measurements
Group) to collect the strain data, e, as a function of time and the
wheel position as shown in Fig. 1c. Additionally, thermocouples
were placed in the load path at varying depth to measure the tem-
perature (and determine the maturity) in the concrete. A layout of
the pavements instrumentation is shown in Fig. 1a. Core samples
were extracted in every test from the wheel path at the end of
the test. Visual and optical microscopic inspection to detect cracks
and ultrasonic pulse velocity measurements were performed. No
visible damage was detected in any of the cores extracted.

The strain at the strain gage at the bottom of the pavement, e,
reaches its peak when the wheel is on top of the strain gage, and
can be divided into two components: instantaneous ðetÞ and per-
manent ðepÞ strain. et is associated with the traffic loading and it
is defined as the peak strain measured when the wheel load passes
on top of the strain gages aligned in x and y directions (see
Fig. 1b and c). ep is the permanent strain that remains after the traf-
fic load is removed as described in literature [35–37]. The time of
initial set was 5.1 h and final set was 6.4 h as measured in accor-
dance with ASTM C403 [35].

2.2. Analytical solution of rI at the bottom of an elastic pavement as
result of traffic loads

The analytical expression for rI (stress at the bottom of the
pavement) adopted in this work, was first presented by
Westergaard [38,39] and subsequently validated through the years
and is still used to this day [39–42]. The estimation of rI considers
the static equilibrium between a (semi-infinite) homogeneous, iso-
tropic, and elastic concrete pavement (slab) and an elastic founda-
tion (subgrade), assuming that there is no friction between the slab
and the subgrade; this assumption will be later evaluated with
FEM. Therefore, the reaction forces of the subgrade against the
pavement are assumed to be normal to the surface of the subgrade
and proportional to the deflection of the slab [43]. The traffic load
is modeled as a distributed load on a circular area equivalent to the
footprint of a dual wheel at the center of an infinite slab [38].

The analytical expression for rI proposed by Westergaard can
be used considering the changes of the elastic modulus of concrete
over time assuming that no history dependent behavior of concrete
is induced by the traffic load moving on top. This assumption does
not affect the accuracy of rI due to the fact that the extension of
time that the wheel rest on a single point on top of the pavement
moving at 5 mph is significantly smaller than the time needed to
produce residual stresses associated with the aging-viscoelastic
behavior of concrete at early ages under sustained loads [44–46].
Thermal and shrinkage deformations are not considered in the
classical formulation by Westergaard. Therefore, the updated form
of rI at the bottom of the pavement (right at the interface with the
subgrade) when the wheel is on top is described by Eq. (1).

rIðtÞ ¼ 3ð1þmÞP
2ph2 loge

lðtÞ
b þ 0:6159

� �
b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:6a2 þ h2

p
� 0:675h for 4 6 h 6 16 in:

8<
: ð1Þ

where, t is defined as the age of concrete, m is Poisson’s ratio for con-
crete and P is the total load of the wheel distributed on a circular
surface area of radius a (obtained empirically from P and the wheel
pressure (�100 psi [0.7 MPa]) [47] and equal to 5.6 in. [0.14 m] in
accordance with previous tests [48]) applied on top of a pavement
of thickness h. Additionally, l (t) is defined as:

lðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðtÞh3

12ð1� m2Þk
4

s
ð2Þ

where EðtÞ is the elastic modulus of the pavement changing over
time, t, and k is defined as the modulus of subgrade.

2.3. Experimental results of rI at the bottom of an elastic pavement as
result of traffic loads obtained from the tests at the APT

The experimental values of rI in the APT were determined from
the strain measurements (after transferring the strain of the bot-
tom fiber of the pavement). The pavement is considered as linearly
elastic, which is a good assumption if the stress remains below 50%
of the strength, and eI is equal in all directions, in accordance with
the values of et in the longitudinal and transverse direction
recorded at the tests. An approach proposed by Burmister is used
to determine the stress (rz) in the direction perpendicular to the
top surface, underneath the wheel load and at the bottom of the
pavement based on E(t), k, P and a [48,49]. The values of rz proved
to be an order of magnitude less than rI for all the pavement con-
figurations (with h P 5 in.) and loading conditions presented in
this work. The experimental value of rI is described by Eq. (3).



Fig. 1. (a) A schematic illustration showing the location of the thermocouples, linear variable differential transformers (LVDTs) displacement transducers and pairs of strain
gages (at the top and the bottom of the pavement) oriented longitudinal and transverse direction. (b) and (c) Strain development at the bottom of the pavement, of thickness h
and width w, when the traffic load from a wheel (P, assumed to be distributed on a circular area of radius ‘‘a’’) is moving on top and off a strain gage. The stress profile in the
longitudinal direction rxðzÞ, due to traffic loading beneath the wheel, is depicted as well as rI at the bottom of the pavement.
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rIðtÞ ¼
1

1� m
ðEðtÞeI þ mrzðP;h; a; EðtÞ; kÞÞ

� 1
1� m

EðtÞeI; where EðtÞeI >> mrz ð3Þ

According to the values of rz obtained from Burmister, vrz in
the second term of Eq. (3) can be neglected introducing only a 3%
error in the value of rI . This assumption will be validated later in
Section 3.2 using finite element calculations. The frictionless con-
dition between the pavement and the subgrade enables the
determination of eI by extrapolating the readings of et at the
top (compression) and the bottom (tension) of the pavement
assuming a linear distribution of strain underneath the wheel.
The shift of the neutral plane with respect to the centroid of
the cross section of the pavements (s) is also determined by
examining the experimental strain values. Values of s > 0
(i.e., towards to the top surface of the pavement) could be an
indication of damage and inelasticity of the pavement under ten-
sion as suggested previously [50]. In general, it was found that
0 < s < 0.5 in. for thick and thin pavements (h = 10 and 5 in.
[0.254 and 0.127 m], respectively), except for the thin pavement
opened at the earliest age of 8 h (275 psi [1.9 MPa]) where
s � 1.2 in. [0.03 m] indicating that micro-cracking could occur at
the bottom of this pavement. The shift of the neutral plane could
be an indication that the effective cross section of the pavement
has been reduced due to micro-cracking on the bottom of the
pavement and the remaining part can be still considered as linear
elastic [50].
2.4. Finite element model (FEM) of the APT pavement

Three dimensional FEM models have been used to determine
the stress and strain distribution that develops in the pavement
in the APT underneath the wheel load to address the following
points: (1) to evaluate if the assumption of frictionless conditions
between the slab and the subgrade is an acceptable condition to
model stress development due to traffic loading, (2) if the magni-
tude of rz is sufficiently small such that it can be ignored in
Eq. (3), (3) to evaluate the axisymmetric condition used by
Westergaard for the wheel footprint which was assumed to be cir-
cular, (3) to analyze the assumption in the model (Eq. (1)) which
considers an infinite slab while the actual slab tested in the APT
has a finite width and, (4) to study whether the wheel in the center
of the slab provides the worst case scenario of rI . Fig. 2 shows the
details of the FEM model. The wheel is modeled as a uniformly dis-
tributed pressure in an area equivalent to the footprint of a wheel.
Due to symmetry of the problem, only one half of the slab and one
wheel are considered. In all the simulations, the subgrade is mod-
eled as an elastic foundation.

To address points 1, 2, and 3 the wheel load is placed in the cen-
ter of the slab considering friction and frictionless conditions
between the subgrade and the pavement to study how these con-
ditions affect the response of et . In particular for point 3, circular
and rectangular footprints are considered to evaluate differences
on tensile stress and strain (Fig. 2 shows the rectangular footprint
as an example). For point 4, the wheel load is also considered near
the corner of a slab. The models are solved in ABAQUS [51] and



Fig. 2. (a) A schematic illustration showing saw cut location, footprint shape and location (red) in the FE model. Symmetry conditions are used to represent half of the slab. (b)
A close up of the location of load and saw-cut to show the finite element mesh using linear tetrahedral elements with four nodes. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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considered concrete pavement as linear elastic (assuming EðtÞ)
assuming that no history dependent behavior of concrete is
induced by the traffic load moving on top and k = 400 lb/in3

[1.1 � 108 N/m3] (in accordance to the APT setup).
3. Results and discussion

3.1. et measurements and mechanical linear response of thick
pavements

Fig. 3a and b provide an example of the type of data obtained in
the APT for thick (h = 10 in [0.254 m]) and thin pavements (h = 5 in.
[0.127 m]), respectively, showing the strain (measured using the
lower strain gage in the wheel path, in the direction of traffic) as
a function of the wheel position along the longitudinal direction
of the concrete pavement. The strains reported in these figures
were recorded after 1 and 45,000 wheel passes (one pass is equiv-
alent to the movement of the wheel from one end to the other end
of the slab) on both cases.

It can be observed that for both pavements (Fig. 3a and b) the
magnitude of et varies throughout the test (after 45,000 wheel
passes). Fig. 4 shows the evolution of et vs. age for all the 5 in.
[0.127 m] and 10 in. [0.254 m] thick pavements. Fig. 4 clearly
shows that the thin pavements opened (5 in. [0.127 m]) at very
early ages (275 [1.9 MPa] and 350 psi [2.4 MPa]) exhibit high
deformation due to traffic loading condition during the first hours
after the time to open to traffic. These higher strains caused by traf-
fic loads after opening to traffic are due to two effects: (1) low elas-
tic modulus (associated with the low degree of hydration) during
the first hours after setting (represented in the FEM using different
values of EðtÞ to determine stress and strain caused by traffic loads
at different ages) and (2) possibly some micro-cracking for the
pavement opened to traffic early (h = 5 in. [0.127 m] @
f r = 275 psi [1.9 MPa]) in accordance with the values of s (see
Section 2.3). The significant reduction of et in Fig. 4a and b with
age is primarily associated with the rapid development of E(t) dur-
ing the first 24 h (75% of the value of E(t) at 7 days).

To determine if significant damage occurred in the pavements
of h = 10 in. [0.254 m] tested in this study, one of the thick pave-
ments was loaded after the APT test was finished (45,000 passes)
with a series of incrementally increased and decreased loads in a
reduced number of cycles (5000 passes) trying to detect non pro-
portional response between the magnitude of P and et which might
indicate presence of damage as shown in Fig. 3c. These results
show that thick pavements, opened to traffic at an age of 13 and
18 h had a proportional response throughout the entire test (i.e.,
under loads of 9000 lb [40 kN] for 7 days) and that no residual
strain is observed due to damage after loading, confirming that
no significant damage is developed in these pavements.
3.2. Finite element simulations to study the strain development on
pavements tested at APT

Fig. 4 also shows a comparison between et measured using the
strain gages in the APT pavement in the longitudinal direction,
located 1 in. [0.0254 m] from the bottom the pavement, and those
obtained with the FEM model at the same location. The frictionless
hypothesis in Westergaard’s theory was tested and the results are
shown in Fig. 4 for both pavements (with and without friction). To
mimic the interaction between the pavement and the subgrade, a
coulomb friction model with different levels of friction ranging
from frictionless to perfect bonding is employed. The response of
et observed for different levels of friction condition (except for per-
fect bonding) is similar to the frictionless case and the latter con-
dition has a good match with experimental data. This indicates
that the assumption of no friction appears to have a minor effect
on the stress and strain development due to traffic loading. Also,
the lack of tangential interaction between the subgrade and the
pavement is in accordance with the value of s estimated from
experimental data (s � 0) on those pavements where damage is
not expected. The extreme case of perfect bonding (no relative dis-
placement between the bottom of the pavement and the subgrade)
shows a reduction of strain and stress, up to 36% and 27%, respec-
tively, as shown in Figs. 4 and 5 for both pavements.

It was previously stated that Westergaard solution uses axisym-
metric conditions, i.e. the wheel footprint was assumed to be circu-
lar with uniform pressure. The real net area of the footprint used in
the FEM is rectangular (7.8 in. [0.2 m] long and 6.4 in. [0.16 m]
wide) for an inflation pressure (100 psi [0.7 MPa]) and assuming
uniformly distributed pressure. These assumptions were



Fig. 3. Measured et at 1 in. from the bottom as a function of to wheel position. (a) Lane 2 (opening at 350 psi [2.4 MPa] for a 10 in. [0.254 m] thick pavement) and (b) Lane 3
(opening at 350 psi [2.4 MPa] for a 5 in. [0.127 m] thick pavement). (c) et vs. number of passes for one of the thick (10 in. [0.254 m]) pavements.

Fig. 4. et at the strain gage location (1 in. from the bottom) vs. age up to 7 d for two different pavement thicknesses: (a) 10 in. [0.254 m], and (b) 5 in. [0.127 m]. The
experimental data and the finite element simulations of this study show good agreement.
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successfully shown to accurately represent similar wheel configu-
rations in the APT [48,52]. The comparison of et for the two shapes
of footprints is shown in Fig. 4. Considering frictionless and perfect
bonding conditions and for h = 5 and 10 in [0.127 and 0.254 m], the
difference in the tensile strain and stress at the bottom of the pave-
ment due to the shape of the wheel footprint (circular or rectangu-
lar) is less than 6%.

The stress (Fig. 5) and strain (Fig. 4) development obtained with
the FEM model (that consider a finite slab with the same dimen-
sion employed in the APT tests for the thin and thick pavements
opened at 350 psi [2.4 MPa] or higher) shows a difference of less
than 10% with respect to the analytical solution (which considers
an infinite slab). This indicates that the solution proposed by
Westergaard provides a good approximation of rI even for finite
slabs like the ones tested at the APT. On the other hand, the dis-
placements at the boundaries (which are considered to be confined
in the FEM and in the APT experiment) are not the same in the ana-
lytical equation, and that the values can be significant. Regarding
the latter, the work done by Westergaard shows that the deflection
of the infinite slab at a distance w=2 from the center of the wheel
(see Fig. 2b) is more than 60% of the maximum displacement below
the wheel. In an extreme case where load transfer through the
saw-cut is negligible (i.e., the case without dowel bars) the analyt-
ical solution of rI is up to 15% lower than the FEM results obtained
using perfect load transfer to mimic the mechanical contribution of
the dowel bars underneath the saw-cut. Moreover, according to the
values of rz obtained from FEM, the term mrz in Eq. (3) can be
ignored with only a 1% error in the value of rI . The error between
the approximation of Burmister and the FEM of this work repre-
sents less than 2% of the value of rI .

Finally, 3D simulations are performed also to determine the val-
ues of rI around the loading point when the wheel is near a corner
of the slab in contact to an adjacent slab, in confined configuration
as the APT test. Under these conditions, it is determined that the
maximum rI occurs in the case with the load in the center of the
slab.

The main finding of these investigation is that each of the
assumptions described in this section has a relatively minor impact
on the prediction of rI considering an infinite slab in the analytical
solution. While the analytical solution tends to under predict the
deflection of a finite slab at a distance from the wheel equal to
w=2 as observed experimentally and numerically, Eqs. (1) and (3)
are equivalent and they can still be used conservatively to predict
rI for real pavements.
3.3. Effect of EðtÞ; k and h on rI=f r

Fig. 5 shows the variation of rI predicted by Eq. (1) for pave-
ments with thicknesses between 4 < h < 16 in.
[0:10 < h < 0:4 m] (shown as lines) for a value of Eðt ¼ 8 hÞ (very
early age) and Eðt ¼ 7 dÞ (later age) and for two extreme values

of subgrade reaction modulus (k = 50 lb=in:3 [1.4 � 107 N/m3] and

400 lb=in:3 [1.1 � 108 N/m3]). It should be noted that the majority
of INDOT pavements are equal to or greater than 10 in. thick. Fig. 6
shows the evolution of rI vs. age for the pavements tested at the
APT. The increase of E(t) from 8 h to 7 d resulted in an increase
in rI of 20% for pavements with h 610 in. [0.254 m], and less than
15% for pavements with h P10 in. [0.254 m] as shown in Fig. 5. As
expected, rI does not change significantly for the concrete
mixtures tested due to changes of E(t) after 18 h as shown in the

analytical results (k ¼ 50 lb=in:3 [1.4 � 107 N/m3], dashed, and

k ¼ 400 lb=in:3 [1.1 � 108 N/m3], dashed-dotted, lines) depicted in
Figs. 6a and 5b for the particular cases of the pavements of the
APT with h = 5 and 10 in. [0.127 and 0.254 m] tested for 7 d. On
the other hand, an increase of k from 50 lb=in:3 [1.4 � 107 N/m3]

to 400 lb=in:3 [1.1 � 108 N/m3] could cause a reduction of rI of
approximately 30% for h 610 in. [0.254 m] and 20% for pavements
with h P10 in. [0.254 m] as shown in Figs. 5 and 6 for pavements
of h = 5 and 10 in [0.127 and 0.254 m]. The selected range of k is
based on values of subgrade reaction modulus that can be expected
as described in previous works [38,42,53]. Finally, a closer look at
Fig. 5 reveals that rI=f r < 0:5 for pavements with h P10 in.
[0.254 m], for all opening time after the saw-cut (approximately
8 h after casting) and for all the values of k. This implies that, for
states like Indiana, with the majority of pavements thicknesses
h P10 in. [0.254 m], the stress level in the pavements is small
and should not result in an increased risk of damage if time to
opening to traffic is reduced.

To support the analytical results presented previously, Figs. 5
and 6 also show the experimental values of rI estimated for 5
and 10 in. [0.127 and 0.254 m] (shown as discrete points) consider-

ing a value of k of 400 lb=in:3 [1.1 � 108 N/m3] [53,54]. The exper-
imental values of rI estimated in this section considered a
prescribed traffic load of 9000 lbs [40 kN] (on a dual wheel). The
mean value of rI over the first 7 d is shown for both 5 and 10 in.
[0.127 and 0.254 m] thick pavements opened at different ages
and the error bars show two standard deviations for each set of
the experimental data. The experimental results show good agree-
ment with the analytical models for the rI in both 10 in. pave-
ments (i.e., the pavements opened at when the concrete had
reached strengths of f r = 550 or 350 psi [3.8 or 2.4 MPa]). The
experimental values obtained for the 10 in. [0.254 m] thick and
10 ft. [3 m] wide pavements with a moving load of 9000 lb.
[40 kN] on top, corresponding to the situation of a lane with a truck
on top, indicates that the stress to strength ratio, rI=f r , were
approximately 0.20 and 0.19 for the time to open to traffic at
f r = 350 and 550 psi [2.4 and 3.8 MPa], respectively. This indicates
stress levels that are well below 50% of the strength which is a gen-
eral rule of thumb used to assume elastic behavior [1–3]. On the
other hand, the experimental values of the stress to strength ratio
in the 5 in. pavements were rI=f r � 1:0 at 8 h (f r = 275 psi
[1.9 MPa]) and that rI=f r � 0:8 at an age of approximately 12 h
(f r = 350 psi [2.4 MPa]). This means that the stress levels for a
5 in. [0.127 m] pavement opened before 12 h will reach more than
50% of the strength which is a general rule of thumb used to
assume elastic behavior [1–3].

Another important finding of this work is that the rapid increase
of rI during the first hours after a very early opening is mainly
driven by the rapid development of E(t) for high performance con-
cretes (shown in Fig. 6b). Changes of EðtÞ are especially important
for thin pavements (i.e. h 610 in. [0.254 m]). For this reason, thin
pavements opened at earlier ages would benefit from the low val-
ues of E(t) and high values of k could to mitigate risk of cracking

(27% reduction of rI if an increment of k from 50 lb=in:3

[1.4 � 107 N/m3] to 400 lb=in:3 [1.1 � 108 N/m3] is achieved).
3.4. Comments on the permanent strain, ep

Recordings of the permanent strain that remains after the traffic
load is removed, ep, in all the pavements tested at the APT show
low thermal or shrinkage strain at the bottom and similarly low
expansion at the top strain gages during the first hours after setting
in a controlled environment of 73.4�F [23 �C]. The comparison of
the pavements with h = 5 and 10 in. [0.127 and 0.254 m], opened
to traffic at the same age (12 h @ f r = 350 psi [2.4 MPa]) shows that
the evolution of ep during the first 48 h is similar. This also shows
that ep could be related mainly to the hydration process. After
approximately 48 h, both pavements showed the same type of



Fig. 5. (a) rI at the bottom of the pavement for two extreme cases of subgrade reaction modulus, k = 50 lb/in3 [1.4 � 107 N/m3] and 400 lb/in3 [1.1 � 108 N/m3]. For each k, rI

is determined for E(t) at 8 h (solid lines) and for E(t) at 7 d (dashed lines). Experimental and numerical values of rI are shown in symbols for h = 5 and 10 in [0.127 and
0.254 m]. Horizontal dashed lines indicate fr at different ages. (b) Zoom of (a) for the actual range of INDOT pavements.

Fig. 6. Evolution of rI , at the bottom of the pavement, vs. age up to 7 d for two different pavement thicknesses: (a) 10 in. [0.254 m], and (b) 5 in. [0.127 m] rI estimated using
the analytical and the experimental approximation on both cases. The main source of error in the calculation of rI using Eq. (3) comes from the uncertainty of the position of
the strain gages. The 5 in. [0.127 m] pavements are the most sensitive to this uncertainty. Horizontal dashed lines indicate fr at different ages.
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response approaching a steady state value of ep 6 5� 10�6strain
that lasted until the tests were finished. FEM considering strain
gradients to simulate the temperatures and moisture gradients at
the top and the bottom of the pavements were analyzed.
Assuming a surface temperature of 100�F [38 �C] and 80�F [27 �C]
on the bottom surface, it is estimated that rI would increase 9%
compared to the case where no temperature gradients are consid-
ered according to Eq. (1) (see Fig. 7).
4. Proposal for a time of early opening to traffic (EOT) criterion

Fig. 7 shows the theoretical prediction of rI as a function of k, h
and E(t) for the legal load of 18,000 lb [80,000 N] per axle for a
complete slab. The selected range of h is defined according the
actual range of thick pavement used by INDOT (10–16 in.
[0.254–0.406 m] and is extended below the minimum h down to
6 in. [0.15 m]. These curves can be employed to estimate the time
for EOT based on k, h, f r and E(t). In this chart, the curves represent
the values of rI for a low value of k (50 lb/in3 [1.4 � 107 N/m3]) and
a high value of k (400 lb/in3 [1.1 � 108 N/m3]), for an early
Eðt ¼ 8hÞ of 1740 ksi [12 GPa] (depicted in short and long dashed
lines), and a mature Eðt ¼ 18hÞ of 3771 ksi [26 GPa] (INDOT speci-
fication of f r = 550 psi [3.8 MPa], depicted in solid and
dashed-dotted lines). The proposed criterion suggests that it may
be feasible to tie the strength requirement to pavement thickness
and subgrade properties. In order to keep rI=f r equal or less than
50% it is recommended that: (1) for traffic loading on pavements
less than 8 in. thick, the opening criteria should be maintained at
550 psi [3.8 MPa], (2) for pavements with a thickness between 8
and 10 in. [0.203 and 0.254 m] the opening criteria could be
450 psi [3.1 MPa] and (3) for pavements thicker than 10 in.
[0.254 m] the opening strength could be 350 psi [2.4 MPa]. It
should be noted that curling and warping stresses due to external
environmental changes in moisture and temperature have not
been induced during testing. As such, these recommendations are
based on the testing and simulation done in this study without
considering curling and warping stresses.



Fig. 7. Proposed criterion for the determination of time of EOT based on the
theoretical estimation of rI as a function of k, h and E(t). The proposed f r for
different h is defined in order to keep rI=f r equal or less than 50%.
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5. Conclusions

This work examined the criteria that could be used to deter-
mine when a concrete pavement can be opened to traffic consider-
ing the legal load of 18,000 lb [80 kN] per axle for a complete slab.
The importance of pavement thickness (h), subgrade reaction mod-
ulus (k), time-dependent elastic modulus (E(t)), and time depen-
dent flexural strength (fr) of the concrete pavement are discussed
in relation to the ratio between the maximum tensile stress devel-
oped beneath the wheel and the flexural strength of the concrete
pavement ðrI=f rÞ. The theoretical prediction of rI is compared with
experimental results obtained from full scale concrete pavement
sections tested at the APT.

The experimental results indicate that, when the typical INDOT
opening to traffic criterion is used for the 10 in. [0.254 m] concrete
pavement (the vast majority of pavements in the INDOT network
are greater than 10 in. [0.254 m]) in the APT (f r ¼ 550 psi
[3.8 MPa]), that the stresses that develop in the pavement are less
than 20% of fr. For a 10 in. [0.254 m] thick pavement opened to traf-
fic when the flexural strength was 350 psi [2.4 MPa], the stress to
strength ratio reached 30% of the flexural strength. For the thinner
concrete pavements (5 in. [0.127 m] thick) opened to traffic at flex-
ural strength values of 275 psi [1.9 MPa], 350 psi [2.4 MPa] and
550 psi [3.8 MPa] resulted in stress to strength ratios of 100%,
86%, and 50% respectively. While a single flexural strength may
be the simplest traffic opening criterion, the results of this study
indicate that allowing thicker pavements to be opened at a lower
strength may not add substantial risk of cracking due to traffic
loading. It should be noted that curling and warping stresses due
to external environmental changes in moisture and temperature
have not been induced during testing. As such, these recommenda-
tions are based on the testing and simulation done in this study
without considering curling and warping stresses.

The numerical simulations were performed for pavements with
thicknesses between 8 and 16 in. [0.203 and 0.406 m] and different
subgrade stiffness between 50 and 400 lb/in3 [1.4 � 107 and
1.1 � 108 N/m3]. It was determined that traffic loading resulted in
stress that were less than 20% of the flexural strength
(rI=f r < 0:2) for any pavement over h P 10 in [0.254 m]. It was
also observed that the increase of E(t) is directly related to the
stress development caused by traffic loading. This implies that stif-
fer concrete pavement will develop a higher stresses at the bottom,
underneath the wheel. The subgrade stiffness also influences the
stress that develops in the concrete pavement with a greater
impact on thinner pavements. A detailed analysis of the footprint
of the wheel revealed that its shape has a minor impact on the esti-
mated stress and strain at the bottom of pavement, underneath the
wheel. On the other hand, considering a perfect bonding condition
underestimate the strain development while the frictionless condi-
tion yields a good agreement with experimental measurements of
strain due to traffic loading.

This work, however, suggests that it may be feasible to tie the
strength requirement to pavement thickness and subgrade proper-
ties. However, this analysis assumes minimal additional stress due
to moisture or thermal gradients that should be considered in the
stress development if high strain gradients are expected. It was
estimated that a 100�F [38 �C] temperature swings would result
in thermal gradients that could cause an increase of the estimated
rI up to 9% of according to the proposed analytical solution.
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