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INTRODUCTION
Most early-age cracking—cracking that is manifested during the first 10 years of a pavement life—
occurs because at some point during the very early life of the pavement, during hydration and
strength gain of the concrete, local stresses exceed the tensile or flexural strength, causing local
damage in the form of microcracking. During this very early life, in effect, there is a race between
concrete strength development and build-up of stresses from various sources of restraints and early
loads.
Examples of such restraint and loads include temperature curling plus moisture warping resulting
in separation between the concrete slab and the base and associated unsupported concrete weight
(which can be exacerbated by early application of construction traffic), dowel bars and tie bars
restricting vertical and horizontal movements, friction between base and concrete restricting
horizontal movement, mechanical interlock or bonding between the top of the base and the bottom
of the concrete slab restricting vertical movement, volume change in concrete due to rising bleed
water being restricted by dowel bars and tie bars, shrinkage-related restraints, etc. Although this
type of microcracking begins within the concrete during the very early age of strength gain and
often when the concrete is transitioning from a plastic state to a hardened state, it may not manifest
itself until later in the life of the pavement. This delay happens because the concrete may not have
fully cracked during the early life, but may have deteriorated to a sufficient extent to where
application of additional repeated thermal-, moisture-, and load-related stresses increase the
deterioration resulting in the observed cracking. With sufficient cumulation of traffic and
environmental loadings, damage increases, microcracks connect, grow, and eventually propagate
into a crack that is visible at the surface of the concrete pavement.
By contrast, most late-age cracking occurs even when the stresses in the concrete are less than the
strength. Local stresses from each load application cause microcracking within the hardened
concrete resulting in local damage. Thousands and millions of such load repetitions, result in
continuous increase in damage, which varies from one location in the slab to another. With
additional load and environmental stresses, damage exceeds a critical value resulting in local
cracking, which over time propagates into a visible crack.
Cracking propagating from and around dowel bars and tie bars generally fall under the former
category and are typically restraint cracks that may be exacerbated or manifested following
repeated or even early age traffic and environmental loading. These cracks typically manifest
themselves in the form of short longitudinal cracks originating from the transverse or longitudinal
joint (Figure 1 and Figure 2). In some cases, these cracks continue to fully form into a longitudinal
crack, transverse crack, corner break (Figure 3), or delamination (Figure 4).
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Figure 1. Cracking propagating from both tie bars and dowel bars on I-70 in Colorado.

Figure 2. Cracking propagating from tie bars on US 2 in Wisconsin.
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Figure 3. Fully-formed longitudinal crack and corner break that initiated as a dowel bar crack on
I-70 in Colorado.

Figure 4. Delamination cracking on US 2 in Wisconsin.
MECHANISMS AND CLASSIFICATION OF CRACKING
Several researchers have classified concrete cracks based on their understanding of the mechanism
of cracking. Figure 5 and Table 1 show the type of cracks classified into two categories: before
hardening and after hardening (TRB 2006). Some of these cracks are grouped according to the
cause of cracking, such as drying shrinkage cracking, plastic cracking, and settlement cracks
(Safiuddin et al. 2018). Cracks in the plastic stage are divided into three main categories;
construction movement, plastic cracks, and frost damage.
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Figure 5. Common causes of cracking in concrete (TRB 2006).
Table 1. Classification of cracks ( TRB 2006).
Type of cracking
Plastic settlement

Plastic shrinkage
Thermal
expansion and
contraction
Drying shrinkage

Form of Crack
Over and aligned
with reinforcement,
subsidence under
reinforcing bars
Diagonal or random
Transverse

Transverse, pattern
or map cracking

Freezing and
Thawing

Parallel to the
surface of concrete

Corrosion of
Reinforcement
Alkali–aggregate
Reaction

Over reinforcement

Sulfate attack

Pattern and
longitudinal cracks
parallel to the least
restrained side
Pattern

Primary Cause
Poor mixture design leading
to excessive bleeding,
excessive vibrations

Time of Appearance
10 min to 3 h

Excessive early evaporation
Excessive heat generation,
excessive temperature
gradients
Excessive mixture water,
inefficient joints, large joint
spacings
Lack of proper air-void
system, non durable coarse
aggregate
Inadequate cover, ingress of
sufficient chloride
Reactive aggregate plus
alkali hydroxides plus
moisture

30 min to 6 h
1 day to 2–3 weeks

Internal or external sulfates
promoting the formation of
ettringite
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Weeks to months

After one or more
winters
More than 2 years
Typically more than 5
years, but weeks with
a highly reactive
material
1 to 5 years

DOWEL AND TIE BAR PROPAGATED CRACKING
Fine hairline to moderately wide cracks may sometimes develop over tie bars and dowel bars. In
most cases, these cracks are a surface crack with 1.0 to 1.5 inch depth from the surface. However,
these cracks may also propagate up to the surface from the dowel bars (Kumar and Mathur 2009).
These cracks may not reduce the load transfer capacity of dowel bar, but over time traffic and
environmental loads may lead to cracking of slab surface over the dowel bars. The evaluation of
risk of cracking due to these factors requires assessment of complex interactions of various factors
that are difficult to predict or quantify. For example, the stresses involved in the development of
the cracking, as well as the portland cement concrete (PCC) strength development, are highly
sensitive to the temperature and moisture conditions during concrete placement and during the
early ages of concrete. For accurate modeling of restraint stress and PCC strength development at
early ages, the ability to accurately model heat flow through the pavement structure for the precise
exposure conditions is needed (Tyson and Tayabji 2008).
Various mechanisms of dowel and tie bar propagated early age cracking have been identified in
the literature and are summarized below.
Early Age Dowel and Tie Bar Cracking due to Restraint
Cracking initiates when the level of stress in concrete pavement slab exceeds the strength of the
concrete as schematically shown in Figure 6 (Lim and Tayabji 2005). Therefore, the potential of
early age cracking can be determined by investigating both the state of stress and strength
development in the concrete during early age. The level of restraint stress at any time is dependent
upon many factors and their interactions. These factors may be categorized into weather condition,
construction practice, structural constraints, and properties of concrete. There are also other factors
or construction conditions that may affect the degrees of restraint stress. For example, time of
paving during the day may greatly affect the rate and magnitude of temperature drop in the concrete
slab. High curling stress can occur when concrete is placed during the early part of the day in warm
days. Therefore, any possible conditions or factors should be carefully examined for their impacts
on the level of stress developments in the concrete slab.

Figure 6. Developments of concrete strength, restrained stress, and early age cracking (Lim and
Tayabji 2005).
5

As described in the American Concrete Pavement Association (ACPA) document JP010P
“Stabilized and Drainable Base for Rigid Pavement—A Design and Construction Guide” for early
age restraint crack to occur, two sets of factors need to be present simultaneously on a given
project: (1) driving forces that induce movements in the early age concrete, and (2) factors that
aggravate the impact of these movements on the tensile or flexural stresses developed in the
pavement (ACPA 2005). The former set are referred to as trigger factors, or simply triggers.
Triggers are the forcing functions that cause deformations in the PCC slabs. The latter set of factors
is termed as variant factors, or variants. Triggers leading to early-age restraint cracking include:
 Large Ambient Temperature Drops: A drop in ambient temperature of 25°F or greater,
shortly after initial set of the concrete, is sufficient to elevate the risk of early restraint
cracking significantly. This is particularly true when the temperature falls to a level where
the strength gain of the PCC is affected significantly. For example, a temperature drop from
70 to 45°F causes a greater risk of early restraint cracking than a drop from 100 to 75°F. A
large ambient temperature drop imposes a negative thermal gradient though the slab (top
cooler than bottom). If the slab is sufficiently hardened, this can lead to tensile stresses at
the top of the slab.
 Hot-Weather Paving: When ambient temperatures are in excess of 90°F, the risk of early
restraint cracking is significantly elevated. Hot-weather concreting practices must be
followed when paving under these conditions. Further, if the concrete is being placed on a
dark-colored base, such as an asphalt-treated base, care needs to be taken to cool the surface
of the base prior to PCC placement. If hot-weather paving precautions are ignored,
excessive drying shrinkage can lead to warping and axial deformations. The effect of
warping is similar to that of a negative thermal gradient. Axial deformations lead to stress
build-up at locations of restraint—slab/base interface, tie bars, etc. Restraint cracking can
be of any orientation depending on the variants present.
 High Surface Evaporation Rate: Surface evaporation rates exceeding 0.1 lb/ft2 elevate the
risk of early-age restraint cracking in PCC slabs. High evaporation rates can occur due to
a critical combination of high ambient and concrete temperatures, high wind speeds, and
low ambient relative humidity values. High surface evaporation rates generally result in
plastic shrinkage cracking. However, they can also lead to early-age restraint cracking,
particularly due to their ability to cause differential volumetric shrinkage through the slab
(slab warping).
Although not included in JP010P, to this list of triggers must be added solar radiation, which during
midday heats up the top of the concrete. This heat combined with the heat of hydration causes the
top 4 inches or so of the slab to be much hotter than the bottom of the slab, which dissipates heat
into the colder base course. The concrete in the upper part of the slab sets (becomes a solid) at a
much higher temperature than the concrete in the lower portion of the slab. During the first night,
the top of the slab cools while the bottom remains at about the same temperature resulting in a
negative built-in temperature gradient through the slab and an upward curling of the slab. If this
gradient is high enough, it will lead to top-down initiated cracking near the restraints (such as
dowel bars and tie bars), in both the transverse and longitudinal directions. This can develop within
a day or two or it can develop in combination with traffic loadings over the design period.
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Variants influencing early-age restraint cracking include both base properties as well as PCC layer
related factors. The most important variants and their disposition leading to early-age restraint
cracking include:
 Design Variants
o Excess base thickness (for stabilized bases that bond to the PCC).
o PCC panels with large aspect ratios.
o Excessive restraint within the slab.
o Dowel bar and tie bar spacing.
 Materials Variants
o High PCC/base interface friction or absence of bond breaker.
o Excess base strength/stiffness.
o High PCC cement factor.
o Shrinkage susceptible PCC mixture.
o High water content.
o Dowel bar and tie bar size and stiffness.
 Construction Variants
o Surface condition of base prior to paving.
o Shrinkage cracking in base.
o Late sawing or inadequate sawcut depth.
o Absence of bond-breaker.
o Inadequate PCC curing.
o Poor vibration or consolidation.
Table 2 from JP010P presents an overview of the relationship between two key trigger conditions,
the variants that combine with them to cause early-age cracking, and the modes of cracking
resulting from this combination. This table helps illustrate the “cause and effect” relationship that
exists between triggers and variants.
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Table 2. Effect of triggers and variants on pavement responses and early-age cracking
(ACPA 2005).
Trigger Factor
Large temperature
drop-induced
thermal shock
caused by an
approaching cold
front or a significant
rain/snow event.

Hot weather paving
conditions caused by
high ambient
temperatures, high
solar radiation, low
relative humidity,
and high wind
speeds.

Effect on Pavement Response &
Potential Distress Modes
 Imposes a negative thermal
gradient though the slab (top
cooler than bottom).
 If the slab is sufficiently
hardened, this can lead to
tensile stresses at the top of the
slab and a potential for topdown cracking.
 Causes excessive drying
shrinkage through the slab
leading to warping and axial
deformations.
 The effect of drying shrinkage
is similar to that of a negative
thermal gradient. Axial
deformations cause stress
build-up at locations of
restraint (e.g., slab/base
interface, tie bars). Cracking
can be of any orientation
depending on variants present.


















Aggravating Variants and Interactions
Late sawing or inadequate sawcut depth.
Long PCC slab panels or high slab aspect ratios.
Very thick or stiff base.
Improper timing of PCC placement with respect to the
timing of thermal shock (e.g., placing it when the heat of
hydration is maximum at the time of steepest temp. drop).
Excessive restraint at the slab/base interface.
Inadequate planning or execution of cold weather paving
plans.
Hot concrete temperatures (> 85°F [29°C]).
Inadequate or late curing.
Late sawing or inadequate sawcut depth.
Excessive restraint at the slab/base interface.
High cement factor concrete without supplementary
admixtures.
Shrinkage susceptible PCC mixture.
Certain types of chemical admixtures (e.g., high-range
water reducers).
Placing PCC in a way that the maximum heat from
hydration occurs during the hottest part of the day.
Placing PCC on a hot base layer.
Inadequate planning/execution of hot weather paving
plans.

Figure 7 from JP010P summarizes the various triggers and their threshold values, and quantifies
the risk of early restraint cracking as combination of these factors. Based on this figure, the risk of
early restraint cracking for any given project can be qualitatively assessed.
Note that the presence of one trigger factor is adequate to cause cracking. However, the greater the
number the triggers that are unfavorably aligned, the higher the risk of early restraint cracking.
Also, as the number of trigger factors increases, fewer variants need to be unfavorably aligned for
the risk of early restraint cracking to increase. Figure 7 suggests that with two or more triggers and
three or more variants, the risk of early age restraint cracking is “definite.”
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DESIGN, MATERIAL, & CONSTRUCTION VARIANTS
DESIGN VARIANTS
Excessive PCC panel sizes (> 20 ft)
Thick stabilized bases (> 6 in)
High PCC panel aspect ratios (> 1.25)
Excessive restraint slabs (large tie bars)

TRIGGERS
Large Temperature Swings

+

Hot Ambient Paving
Conditions
High Surface Evaporation

MATERIALS VARIANTS
High strength stablized bases (> 1000 psi 7-day strength)
High PCC slab/base friction (lack of adequate bond breaker)
Shrinkage susceptible PCC mixture
(gap-graded, fine sands, high mortar volume and total water, etc.)
High cement factor concrete (> 500 lb/yd3)
CONSTRUCTION VARIANTS
Inadequate PCC curing
Late or shallow initial saw cuts

RISK OF EARLY AGE CRACKING
Possible

Factor 1 Trigger + 1 Variants

High

Factor 1 Trigger + 3 Variants

Definite

Factor 1 Trigger + 5 Variants
Factor 2 Triggers + 3 Variants

Figure 7. Quantification of risk of early restraint cracking in rigid pavements (ACPA 2005).
Note: To this list must be added additional triggers such as solar radiation.
Early Age Dowel and Tie Bar Cracking Due to Concrete Subsidence or Settlement
Another trigger not included in JP010P is the differential settlement of the concrete, particularly
in high slump mixtures. Immediately following consolidation and finishing of the concrete, bleed
water rises to the top as the higher density constituents such as aggregate and cement tends to
settle. Rigid inclusions such as tie bars and dowel bars can hinder this settlement above the bars
resulting in subsidence or settlement cracks. Voigt (2002) indicated that these partial-depth cracks
run parallel to and directly over embedded dowel or reinforcing bars (Figure 8). At the time of
initial set, the high-slump concrete over the embedded bars cause surface tears if the near-surface
concrete has dried (or “crusted”) in relation to greener interior concrete. The rigid bars prevent
uniform subsidence. If detected early enough, these cracks can be removed by reconsolidating the
concrete with a spud vibrator. Subsidence cracks do not generally occur with low-slump concrete.
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Figure 8. Subsidence cracking.
The basic mechanism of settlement cracking is that concrete has the tendency to settle after
placement and finishing while steel rebar is held steady. If this settlement is restrained by steel
rebar or any obstacles, cracks will form at the concrete surface (Figure 9) (CCAA 2005). The
magnitude of tensile stress generated by concrete settlement combined with the impact of plastic
shrinkage and autogenous shrinkage may be sufficient to initiate cracks (CCAA 2005). Settlement
cracks typically occur once the concrete has been placed up to the initial setting time of the
concrete and their time of appearance ranged from 10 minutes to 3 hours after placement (TRB
2006, Combrinck and Boshoff 2014). These cracks may become visible while concrete is still in
a plastic stage, thus remedial measures can be taken.
Settlement cracks are typically distinguished from other cracks by their unique pattern, which
follow the pattern of restraining elements (e.g., reinforcing, dowel bars, tie bars, or a large
aggregate). Cracks typically initiate at the surface and continue to propagate down to the
restraining elements over time, which could allow the penetration of deicing chemicals to cause
severe damage (e.g., spalling or cracking) and corrosion to reinforcing steel, dowel or tie bars.
These cracks are sometimes accompanied by a small void below the restraining elements. This
void could result in reduced load transfer efficiency by allowing differential slab deflections under
traffic loads.

Figure 9. Settlement cracking mechanism (CCAA 2005).
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The primary cause of plastic settlement cracks is poor mixture design that leads to excessive
bleeding and excessive vibrations and some restraint to the settlement (TRB 2006, Mehta and
Monteiro 2006). In the last several decades, many studies of settlement cracks clearly show that
there are many factors that can increase or decrease the risk of settlement cracks. A brief summary
of these risk factors for settlement cracks is listed below (Kyle 2001, Antommattei 2018, ACI
224R-01 2001, Dakhil et al. 1975):
 Low concrete cover increases the likelihood of settlement cracks occurrence. According to
the ACI 22R-01, settlement cracks in bridge decks can be mitigated by increasing the
concrete cover along with mixture proportioning that reduces bleeding and settlement.
Since the mechanism of settlement cracks is the same for both bridge and pavement, the
ACI’s recommendations should be applicable to pavements as well.
 Concrete consistency/slump that is significantly high increases the risk of settlement
cracks. ACI 22R-01 noted that a low-slump concrete is recommended to help prevent
settlement cracks.
 Reinforcement bar size and spacing have an impact on the occurrence of settlement cracks.
The larger the bar size and spacing between bars, the higher the risk for settlement cracks.
 When formwork is used, movement of the concrete formwork allows plastic concrete to
move after concrete placement, which may be sufficient to cause cracks.
 Insufficient consolidation of concrete showed an increase in settlement cracking.
 Poor design, material selections, and construction practices are all causes of settlement
cracks.
Dakhil et al. (1975) conducted a study to quantify the effect of cover depth, concrete slump, and
reinforcement bar size on the tendency to produce settlement cracks. Although the study
investigated the effect of these factors for bridge decks, the findings of this study should be
applicable for concrete pavements. They found that smaller cover depth, larger reinforcement size,
and higher slump result in settlement cracks, as shown in Figure 10. However, several studies
found no correlation between concrete slump and settlement cracking (Saadeghvaziri and Hadidi
2002, Antommattei 2018).
Dakhil et al. (1975) also calculated the tensile stress over reinforcement bars induced by restraints
to plastic settlement by using the photoelastic phenomenon. Photoelastic material (i.e., gelatin)
was used to mimic the behavior of fresh concrete settlement due to its weight and its restraint due
to obstacles like reinforcement or dowel bars. A photoelastic model was employed to compute the
tensile stress due to the uneven settlement of fresh concrete for various bar size, spacing, and cover
depths. They found that the effect of restraint on the settlement was noticeable at the surface of the
concrete samples. The tensile stress occurred above the reinforcement that ranged from 0.30 to
1.20 psi as the depth of cover decreased from 2.0 to ¾ inches.
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Figure 10. Cracking as a function of bar size, slump, and concrete cover (Dakhil et al. 1975).
Kyle (2001) cast concrete specimens with #5 reinforement bars and various cover depths, bar
spacing and two concrete mixture types to determine the influence that epoxy coated
reinforcement, cement type and bar spacing on the probability of subsidence cracking. No
significant difference in the probability of cracking of concrete between concrete cast with epoxy
coated reinforcing steel and bare reinforcing steel was observed. Concrete subsidence cracking
was however found to be dependent on the clear cover depth and cement type.
The amount of settlement of mortar occurring between the time of placement to setting was
determined (TRB 2006, Kayir and Weiss 2002). The results showed that the amount of settlement
was significantly impacted by the mixing and placement time, and a drop of 50% of settlement
was observed when mixture placed immediately as opposed to a mixture placed after 40 minutes.
Qi et al. (2005) quantify the settlement of fresh concrete using a non-contact laser system on the
surface area of the concrete. This system can measure the settlement over time from placement to
set. Concrete specimens with various cover depths and fiber reinforcement were tested to
understand the impact of these factors on differential settlement. They found that concrete cover
thickness had a significant impact on differential settlement and that samples with fiber reinforced
concrete exhibited less differential settlement and less plastic cracking over reinforcement bars.
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A more recent study evaluated the impact of slump and the inclusion of fibers on settlement
cracking (Brettmann et al. 2015). A laboratory test procedure was developed to examine the
concrete specimens prepared with additives (e.g., synthetic fiber or rheology modifier), different
slump values ranged from ½ to 9 inches, and various methods of finishing and curing. The study
concluded that the addition of fiber or rheology modifier to normal concrete decreases settlement
cracking, and settlement cracks increases as slump increases. Concrete specimens cured with hard
plastic and enclosed in plastic sheeting for 24 hours after placement eliminated the effect of plastic
shrinkage cracking compared to other curing techniques.
Combrink and Boshoff (2014) conducted laboratory tests to investigate the formation of plastic
settlement cracks, the influence of cover depth, and the spacing of the reinforcement bars on the
cracks’ behavior. They found that vertical cracks were observed to start from the surface of the
concrete and then propagate downward above the bar, as shown in Figure 11. Shear stress caused
the crack to initiate at an angle of about 42 degrees on both edges of the rebar. These shear cracks
formed from the bottom upward and were not visible from the surface. They concluded that vertical
and angle cracks resulted because of the difference in settlement between the solid particles and
reinforcement bar and that the vertical cracks appeared before angled cracks. Settlement cracks
increased as the cover depth and bar spacing decreased.

Figure 11. Illustration of settlement cracks caused by a reinforcement steel bar (Combrink and
Boshoff 2014).
There are several methods to prevent settlement cracks, which include reduction of bleeding,
reduction of tendency for settlement by providing adequate impediments to settlement, and
revibration of concrete (Mehta and Monteiro 2006). Bleeding results from the lack of ability to
maintain all mixing water in a dispersed state as the solid particles settle (Mehta and Monteiro
2006). Bleeding is a form of segregation since solid particles have a tendency to settle down due
to gravity. It is important to reduce the tendency for bleeding in a concrete mixture to avoid
settlement cracking and plastic shrinkage cracking. The bleeding rate of concrete can be reduced
13

by using various methods including low water-to-cementitious (w/cm) ratio, use of fine cement
particles, silica fume, air-entraining admixtures, and superplasticizers ( Soroka and Ravina 1998,
Khajehdehi 2018). The use of fine cement particles is intended to improve the hydration process
and minimize the settlement of the paste while silica fume, air-entraining admixtures, and
superplasticizers tend to reduce water-to-cementitious ratio along with other mixture
improvements.
Since reinforcement bars are inherent in the design of structures, tensile stresses that occur over
reinforcement bars cannot completely be eliminated. Several studies identified practical solutions
to mitigate the risk of settlement cracks related to concrete mixtures and construction
(Saadeghvaziri and Hadidi 2002, TRB 2006, Safiuddin et al. 2018, Antommattei 2018). These
solutions include:
 Develop good quality concrete mixtures with lower bleeding characteristics, lower slump,
and more consistent mixture. The addition of fibers to concrete has shown promising
results in reducing settlement cracks.
 Avoid a longer setting time, for example by using retarding admixtures, when concrete is
exposed to low temperature environment.
 Pre-wet the subgrade prior to placing concrete to prevent excessive water loss through
foundation support of the concrete.
 Properly compact, vibrate, and cure the concrete.
 Stabilize formwork (if used) to avoid cracks that may appear if formwork starts moving
during placement.
Settlement cracks have a significant impact on the durability of concrete since it has the potential
to accelerate the rate of corrosion due to the penetration of chemical agents and then, spalling or
other deteriorations of concrete can occur. Over time, these cracks will continue to propagate due
to volume changes caused by shrinkage (Combrinck and Boshoff 2014, Safiuddin et al. 2018).
Revibration and refinishing of concrete can be used to eliminate these cracks while concrete in a
plastic stage. However, this method could be time-consuming and labor-intensive when used for
large areas (Combrink and Boshoff 2014). If cracks observed after the concrete has hardened, these
cracks may be filled with proper materials.
Early Age Dowel and Tie Bar Cracking due to Plastic Shrinkage
Plastic shrinkage cracking results from several factors including evaporation, autogenous
shrinkage, and plastic settlement (Qi et al. 2005). Plastic shrinkage cracks appear on the surface
soon after concrete placement when the concrete surface dries because the rate of evaporation
exceeds the rate of bleeding. Plastic cracks typically appear as hair cracks and then propagates in
size as restraints (such as arising from dowel bars and tie bars) increase over time (Balakumaran
et al. 2018). These cracks can be mitigated or eliminated by reducing the loss of evaporation from
the surface and using proper concrete mixtures and curing techniques. Table 1 provides the
primary cause and time of appearance for the most common concrete cracks (TRB 2006).
Concrete undergoes volumetric changes due to environmental loads, and it will exhibit no cracks
if it is free to move. Shrinkage in hardened concrete is caused by the loss of moisture from concrete
surfaces. The development of concrete strength (cracking resistance) versus residual stress
generated from restraints is shown in Figure 12a. Cracks will initiate if the strength of concrete is
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lower than the residual stress. The residual stress is a function of free shrinkage, creep, and
relaxation effects and cannot be computed by multiplying free shrinkage by the elastic modulus
since stress relaxation occurs. Stress relaxation is defined as a reduction in stress under constant
deformation, and creep is defined as a time-dependent deformation due to constant loads. When a
specimen is restrained and cannot deform, residual stress induced by restraining drying shrinkage
will decrease due to creep or stress relaxation, as illustrated in Figure 12b (ACI 224R-01 2001).
The creep relaxation reduces with age so that cracks will tend to become greater with increased
time (ACI 224R-01 2001). The correlation between free shrinkage, restraints, and reduction in
stress can be explained in five steps (Figure 12b):
1. Initial specimen length: the specimen length is decreased as it loses moisture.
2. Shrinkage effect: if the specimen is unrestrained, there will be a decrease in length (∆L+)
due to drying shrinkage; thus cracks will not occur.
3. Restraint effect: It is assumed that the change in specimen length is fixed and a force is
applied to prevent shrinkage movements.
4. Creep effect: if the specimen is assumed to increase freely in length due to creep effect and
the length of specimen would increase by (∆L-).
5. Stress relaxation: It is assumed that the change in specimen length is fixed and an opposite
force/stress is applied.
6. Final stress state: the final stress is reduced by the effect of street relaxation. The reduction
of the magnitude of the final (net) stress ranges from 30% to 70% due to the effect of creep.
In general, concrete experiences shrinkage over its lifetime, and creep typically occurs at the same
time, especially during concrete placement (Kovler 1999). Tensile stress due to shrinkage is
developed, and these stress induce additional creep that counters the effect of shrinkage (Jeong
and Zollinger 2005). Tensile stress due to shrinkage can be calculated by multiplying three terms:
free shrinkage, effective modulus of elasticity, and degree of restraint, which is used to evaluate
the tendency of concrete to either crack (e.g., tensile stress exceeds tensile strength) or to shrink
without potential cracking (Nadelman et al. 2017). The creep effect is included as a part of the
effective modulus of elasticity.
The cracking mechanism due to drying shrinkage is illustrated in Figure 13. The figure shows that
if concrete pavement is free to shrink, concrete exhibits no cracks. The friction between pavement
and subbase is always present and its magnitude largely depends on subbase types (e.g., unbound
or stabilized). Dowel bars and tie bars also act as restraints to shrinkage. In addition to drying
shrinkage, tensile stress driven by thermal movements should be considered. These movements
can be caused by changes in temperature due to air temperature, heat of hydration, sunshine,
cooling rate, and solar radiation. The most early-age cracking of concrete can occur before the
concrete hardens and immediately after hardening due to many factors. These factors include
shrinkage in fresh and hardened concrete, thermal movement, poor design and construction
practices (Krauss et al. 2017).
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Figure 12. (a) Stress development and (b) conceptual description of relaxation (TRB 2006).

Figure 13. Shrinkage and cracking (Kosmatka and Panarese 2011).
Early Age Dowel and Tie Bar Cracking Due to Misalignment
The development of initial cracking (cracks form when the concrete is hardening) will not be
affected by the presence or misalignment of dowel bars (Kumar and Mathur 2009). However, after
the transverse joints are formed, dowels that are significantly out of alignment can result in lock
up of portions of transverse joints, which then become a factor of restraint. These restraints may
create a non-uniform transverse joint face increasing the risk of cracking due to locked joints.
Rao and Premkumar (2020) conducted magnetic imaging tomography (MIT) scanning on 121
Specific Pavement Studies-2 and 3 General Pavement Studies-3 Long-Term Pavement
Performance (LTPP) test sections. Dowel alignment parameters such as joint score, and equivalent
dowel diameter were calculated as part of the analysis. Statistical analysis was performed to
determine any relationship between the joint score and cracking and between the joint score and
spalling. The analysis did not indicate any definitive relationship between the joint score and
cracking or the joint score and spalling within the analysis range for most States, although some
effect was observed for three States. They concluded that this lack of relationship does not mean
severely misaligned dowels have no effect on pavement performance, particularly localized
distresses. While dowel misalignment may be a contributing factor, its effects were found to be
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secondary, as there are many other factors that affect pavement performance. However, they
acknowledged that restraints caused by severe misalignments may contribute to additional dowelconcrete bearing stresses. These additional stresses may result in higher risk of cracking and
spalling.
Delamination Cracks Over Dowel Bars and Tie Bars Due To Chloride Penetration
The main cause of corrosion of dowel bars and tie bars in concrete is deicing chemical agents such
as sodium, calcium, and magnesium chlorides (Harrington et al. 2018). Chloride ions will penetrate
the protective oxide film easier than other ions, leaving the dowel bars and tie bars vulnerable to
corrosion. The penetration rate of chloride ions into concrete depends on many factors including
the permeability of the concrete and the amount of applied chlorides on concrete surface. If steel
reinforcement in the concrete has no corrosion coating or has defective coatings, in the presence
of moisture and oxygen, eventually the concentration of chlorides on the reinforcing steel will
cause corrosion, which can result in delamination/spalling (Figure 14).

Figure 14. Delamination/spalling of deformed tie bar due to applications of chlorides from
deicing salt (Harrington et al. 2018).
Tie Bar Cracking Due to Over-Reinforcing of Tied Longitudinal Joints
The inclusion of too many or too large tie bars can reinforced the joint and offset the effects of
joint sawing to create a weakened plane for joint formation (Harrington et al. 2018). In such cases,
a crack often forms 18 to 24 inches from the joint, just beyond the ends of the tie bars (Figure 15).
This type of design sometimes results from the use of a standard one-size-fits-all tie bar design,
without regard for panel thickness, friction, or bond between the slab and base, or the distance the
nearest free edge. This type of cracking can usually be avoided by performing a proper tie bar
design (one that considers the primary factors that should influence tie bar design at any given
longitudinal joint).
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Figure 15. Longitudinal cracking along the ends of tie bars on a 7-inch concrete containing tie
bars that were clustered together resulting in reinforcing the joint (Harrington et al. 2018).
Tie Bar Cracking Due to Tying New Lanes To Existing Lanes With Activated Transverse Joints
Longitudinal cracking has been associated with construction of tied concrete shoulders or
additional tied concrete lanes arising from longitudinal temperature-related expansion in the
existing concrete pavement lanes. This cracking potentially happens when the new lanes or
shoulders are constructed during cooler weather and well after the construction of the existing
lanes.
When concrete pavement is constructed during the summer months, it can experience both drying
shrinkage and thermal contraction. In many cases, only some of the pavement transverse joints
will have activated a short time after placement, creating what are sometimes called “dominant
transverse joints” at regular intervals. These dominant joints open much wider than they would
have if all the joints were active joints. During warm weather, thermal expansion drives all the
tranverse joints in the hardened concrete towards a fully closed condition. Dominant mainline
pavement joints cannot close all the way because the adjacent transverse joints in the newer tied
concrete lanes or tied shoulder close completely, thereby restraining the dominant joints from
closing completely and causing very large shear stresses to build along the tied longitudinal joint
interface (Figure 16).
If the newer concrete (lane or shoulder) is of similar strength to that of the older concrete lane, a
shear fracture initiates at the transverse joint of the older concrete, often directly over the dowel
bar. Dowel bars reduce the effective thickness at that location, creating a plane of weakness as
seen in Figure 17. This type of cracking may be mitigated by:
 Paving adjacent lanes when all existing lane joints are uniformly activated and of similar
narrow width (e.g., paving in warmer weather).
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Plunge-cutting new pavement transverse joints to provide a width that is similar to that of
the existing pavement joints (to eliminate restraint of existing pavement joint closure in
warmer weather).
Using no more tie bars than analyses indicate is necessary and providing as much distance
between the joint and the first tie bar on either side as possible. The use of isolation or
bond-breaking material along the joint between the tie bars may also be effective in
reducing stress concentrations along the joint.

Figure 16. Longitudinal cracking in a pavement lane with activated joints when joint movement
is restrained by tying on a new adjacent lane (Harrington et al. 2018). Figure depicts existing 12foot lanes (middle of figure) with the addition of new 12-foot outside shoulder (bottom of figure)
and new 4-foot inside shoulder (top of figure).
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Figure 17. Longitudinal shear restraint crack of dowel initiating over dowels at two locations on
opposite sides of the joint (Harrington et al. 2018).
LITERATURE CASE STUDIES OF DOWEL AND TIE BAR PROPAGATED
CRACKING
Wisconsin
Premature distresses of doweled JPCP were observed at I-90/94 in Juneau and Sauk Counties in
Wisconsin, approximately 5-years after pavement opened to traffic (Rasmussen et al. 2007). The
primary distresses include corner cracks, delamination/horizontal cracks, and mid-panel cracks.
The JPCP was built in 1992 by two different paving contractors who used dowel inserters for some
portions of the roadway and dowel baskets for other portions of the roadway. The JPCP structure
consists of a 12-inch PCC over a 4-inch cement-stabilized open-graded base course over an
existing 4- to 9-inch dense-graded aggregate subbase. Joints were doweled using 1.5-inch diameter
dowel bars and skewed with random joint spacing that varied from 12 to 20 feet. The passing lane
consists of 12-foot wide concrete slabs and the traffic lane consists of 14-foot wide slabs (with 12foot lanes) along with an asphalt concrete shoulder.
Field investigations were conducted on a 15-mile long section to identify the causes of these
distresses. These investigations include visual surveys, coring, deflection and profile data, and
other test results. A 3-dimensional (3D) finite element (FE) analysis was also performed to assess
the impact of several factors that correlate with the observed distresses.
A field visit was conducted in 2006 during the replacement of the distressed pavement to inspect
the damaged slabs. Figures 18 and 19 show the removed damaged slabs with horizontal
delamination at the dowel bar level and the condition of dowel bars. The key findings of the field
visit include:
 Horizontal delamination was observed at the dowel bar level on both damaged and
undamaged slabs. The majority of delamination occurred on the acute angle of the slab
and extended up to 5 feet from the slab corner before appearing as a surface crack.
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The condition of dowel bars on the damaged slab showing ineffectiveness of epoxy coating
that may have contributed to corrosion of the dowel bars. This could be a factor that
initiated the delamination cracks which were then worsened by the impact of repeated
heavy traffic loads.
Corner cracks were widely observed to occur on the acute angle. Skewed joints are no
longer used in Wisconsin since they have an increased potential to exhibit corner cracking.
In some locations, delamination had occurred prior to the development of corner cracks,
which may eventually manifest in the form of corner cracks.
The majority of distresses occurred in the outer lane. Heavy traffic loads in the outer lane
may have exacerbated the microcracks that generated at the weakened plane at the dowel
bar level and further propagate to the surface as corner cracks or spalls.
The source of weakened plane may be attributed to many factors including curling and
warping and other restraint variables such as dowel bars and weight of the concrete slab.
Laboratory testing of concrete cores didn’t show poor consolidation below mid-depth of
the slab.

The effect of curling and warping restrainted due to dowel bars were also assessed by Rasmussen
et al. since they have a significant impact on the occurrence of delamination, corner cracks, and
mid-panel cracks. Stresses caused by environmental loads due to temperature and/or moisture
changes can detrimentally impact the occurrence of delamination cracks from the restrained
movement of slab edges and corners as shown in Figure 20. The upward curling or warping and
the weight of the slab along with various restraint factors such as dowel bars result in high
concentration stresses around dowel bars and high tensile stresses at the top of the slabs. The higher
the upward curling, the higher the stresses around the dowel bars and at the top of the slab. The
combination of heavy traffic along with curling/warping effects can accelerate the propagation of
horizontal crack that initiated at the weakened plane in the slab.

Figure 18. Corner crack showing delamination at dowel depth level and the difference conditions
of dowel bars (Rasmussen et al. 2007).
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Figure 19. Dowel bar conditions showing ineffectiveness of epoxy coating and abrasion
(Rasmussen et al. 2007).

Figure 20. Corner cracking mechanism due to dowel bearing stresses (Rasmussen et al. 2007).
A 3D FE analysis was conducted to assess the impact of joint spacing and the presence of dowel
bars on the magnitude of the stresses generated due to restraints. The 3D FE results indicated that
the longitudinal edge mid-panel stresses at the top of the slab increased by 25% compared to slab
without dowel bars due to negative temperature gradients of 1 °F/inch. Longer joint spacing also
exhibited up to 10% higher longitudinal edge mid-panel stresses when the joint spacing increased
from 18 to 20 ft.
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Sensitivity analysis using the 3D FE models showed that stress concentrations along the plane of
weakness occur near slab edges and especially at slab corners. The stress decreases in magnitude
with greater distance from the discontinuity (such as a dowel bar). Rasmussen et al. state that
higher than normal deflections resulted from a combination of curling, acute angles (from the joint
skew), and an unstable base, which led to a weakness at the slab corners. These, in turn, led to high
stress concentrations at the dowels themselves, resulting from a combination of traffic and
environmental loading. These loads caused a “prying” effect of one slab upon another (Figure 20),
which manifested itself in the form of delamination and eventual corner breaks.
Several recommendations were developed to reduce the occurrence of delamination, corner cracks,
and mid-panel cracks based on the field visits and results of the numerical analysis as summarized
below:
 Smaller diameter dowel bars with alternate dowel bar spacing configurations was
recommended to reduce the stresses concentration at the dowel-concrete interface, thus
reducing occurrences of delamination crack. The authors acknowledged that several
agencies use large diameter dowels (i.e., 1.5 inches) and they may not experience
delamination cracking.
 Longer transverse joint spacing of 18 feet or above was not recommended since it
increases longitudinal edge mid-panel stresses at the top of the slab. Joints may open wider
than normal, which may reduce load transfer efficiency, and increased occurrences of
corner breaks.
 It was noticed that the stability of open graded base was reduced due to the use of a uniform
gradation resulting in non-uniform and unstable support for the concrete slab. Use of more
stable based course with denser gradation was recommended by the authors.
 Temperature during concrete placement and particularly the time when the concrete starts
to solidify is critical as it has a direct impact on the amount of built-in curling and curling
and warping effects. Caution should be taken when paving in hot temperatures to keep the
concrete temperature from getting too high and by identifying proper curing methods and
timing of curing compound application.
South Korea
Longitudinal cracking at transverse joints caused by dowel bars in jointed concrete pavements in
Korea was investigated by Seo and Kim (2012). Field observation and numerical analyses were
conducted to ascertain the causes of the longitudinal crack. They observed that longitudinal cracks
developed before the pavement was open to traffic. Longitudinal cracks occurred at transverse
joints at one side or both sides of the slab as shown in Figure 21. Several longitudinal cracks were
observed at the joint and the distances between adjacent cracks were consistent. Some longitudinal
cracks at the joint were combined with severe spalling. In general, longitudinal cracks were
observed near the central area of the slab at the transverse joint.
Concrete cores were taken at the longitudinal crack and MIT scanning was performed to better
understand the development of such cracking. A longitudinal crack was exhibited over the dowel
bar and the dowel bar was observed to be above the mid-depth as shown in Figure 22. A few cores
showed horizontal delamination at the dowel bar depth. Concrete cores indicated that the
longitudinal cracks did not propagated through aggregates particles, which implied that the cracks
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occurred during the early-age of concrete. The primary factor that caused the occurrence of the
longitudinal cracks was attributed to environmental load resulting from temperature and moisture
variations across the pavement depth.

Figure 21. Longitudinal cracks at joint.

Figure 22. Core taken from longitudinal crack location.
Finite element models were used to evaluate transverse stresses along the joint when dowel bars
were vertically translated and the slabs curled up under environmental loading. An analysis was
performed on a concrete slab having two of the dowel bars located near the slab surface while the
remaining of the other dowel bars were located at the mid-depth of the slab. Figure 23 shows the
effect of vertical translation of the dowel bar on the transverse stress distribution. The results
indicated that dowel bars located above the mid-depth of slab tend to increase the surface
transverse stresses. Sensitivity analysis of various factors also were conducted to determine the
effects on the possibility of the longitudinal cracks. These factors include concrete elastic modulus,
concrete thermal expansion coefficient, foundation stiffness, vertical temperature gradient, bond
characteristic between concrete and dowel bar, and depth of the vertical translation of dowel bar.
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Figure 23. Effect of vertically translated dowel location on surface transverse stress distribution.
The key findings of the field forensic investigation and finite element models are summarized
below:
 The results of the field investigation showed that primary causes of longitudinal cracks at
joints were found to be related to the vertical translation of dowel bar and the curling of
the JCP slab due to environmental loading.
 If a dowel bar is translated above the mid-depth of the slab, transverse stresses at the joint
around that dowel location increase, and the stress increment becomes larger when the
vertically translated dowel bar location is closer towards the slab center. Accordingly, there
is a higher risk of longitudinal cracking when a dowel bar is vertically translated near the
slab center.
 When a dowel bar is vertically translated, transverse stresses and the possibility of
longitudinal cracking at the transverse joint become larger as the concrete elastic modulus,
concrete thermal expansion coefficient, foundation stiffness, vertical temperature gradient,
and amount of the vertical translation of dowel bar increases.
 To mitigate longitudinal cracking at the joint, dowel bars should be installed at the middepth of the slab and care must be taken when installing dowel bars to prevent vertical
translation and provide adequate cover.
Colorado
A mechanistic-empirical tie bar design approach for concrete pavements was developed based on
finite element modeling. Mallela et al. (2009) conducted a comprehensive literature review on the
current method of design tie bar along with its limitations. The current method of tie bar design is
based on the concepts of subgrade drag theory (SDT). The theory determines the quantity of steel
required to drag a concrete slab over an underlying layer without yielding or pulling out the steel
bars. The dragging force is calculated based on the slab thickness, its unit weight, the friction
between the slab and the underlying layer, and the distance to the closest free edge of the pavement.
Based on this concept, the American Association of State Highway and Transportation Officials
(AASHTO) 1993 Guide for Design of Pavement Structures provides charts for estimating tie bar
sizes and spacings. However, this method fails to take into account the effects of temperature drop,
drying shrinkage, and loading conditions on tie bar design when determining the required steel
content. The study addresses the following aspects of tie bar and concrete pavement design:
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To maintain the structural benefit of concrete shoulders for given site conditions, what is
the required spacing of deformed tie bars, and what is their optimum diameter and
embedment length for various longitudinal joints?
How many traffic lanes and shoulders can be tied together over a wide range of climates
and base courses to avoid significant risk of longitudinal cracking? This is perhaps the most
frequently asked question concerning tie bars.

Researchers collected two types of in-service pavement information related to tie bars. The first
type involved gathering anecdotal evidence to (1) identify typical longitudinal joint performance
issues that might be predominately attributable to improper tie bar design or construction and (2)
determine if tying greater-than-recommended pavement widths increases the likelihood of
longitudinal cracking. In addition, field testing was performed on the long-term pavement
performance (LTPP) Specific Pavement Studies 2 (SPS-2) national and supplemental experimental
sections in some States. These states include Arizona, Missouri, and Colorado. The information
gathered revealed that typical joint failures include excessive joint openings, longitudinal joint
faulting, and slab slippage. The data supported the notion that well designed and constructed tied
joints maintain tight joint openings and high load transfer efficiencies over the life of the pavement.
Both design and construction causes for the failure of tied joints were discovered during the data
collection process.
The field investigations were not conclusive with regard to the role of tying too many lanes
together on pavement distress. Longitudinal cracking was observed on pavements with varying
tied widths starting from as low as 24 feet, establishing it as a form of distress that needs to be
addressed in design. Figure 24 shows an example of a low severity crack above a tie bar, typical
of all joints in the this section in Colorado site. Also shown is Test Joint B with a 1.25-inch joint
opening and detached sealant. The cause of the crack above a tie bar was not investigated. The
pavement section consisted of a 9.5-inch jointed plain concrete pavement (JPCP), a 7- to 10-inch
asphalt treated base , and a 10-inch silty sand subbase. The pavement lane width was 12 feet, and
the slab length was 15 feet. MIT scanning was performed to determine the tie bar alignment. Tests
showed that the mean depth to the tie bars was 3.1 inches in the control joints, shallower than the
mid-thickness depth of 4.75 inches. The LTE and joint movement data as a function of temperature
from this site were evaluated.
The impact of multiple tied lanes and shoulder on slab stresses was evaluated by using ISLAB2005
finite element model. The model was used to compute tensile stress in the slab that might lead to
longitudinal cracking when more than two lanes are tied together due to the applied total equivalent
free strains. Cases with different tie bar configurations and base types were selected for evaluation.
Figure 25 and Figure 26 illustrate the tensile stresses that develop in a concrete slab constructed
on a cement-treated base due to an applied total equivalent axial free strain of 800 microstrain
applied perpendicular to the direction of traffic. The results indicated that the concrete tensile
stresses did not increase significantly when three or more lanes were tied as shown in Figure 27.
However, a significant increase in stresses was observed when the number of tied lanes increased
from two to three. In comparing the selected base types, the tensile stresses in the slabs were lowest
on unbound bases and highest on lean concrete bases. As the base modulus and friction between
the slab and base increased, the tensile stresses in the concrete slabs also increased.
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Figure 24. Control Joint A (left) with low-severity crack above a tie bar and Test Joint B (right)
open 1.25 in, showing the detached sealant at the Colorado testing site.

Figure 25. Tensile concrete stresses; two tied concrete pavement lanes on 6-inch cement-treated
base, 800 microstrain equivalent axial free strain in the direction perpendicular to traffic.

Figure 26. Tensile concrete stresses; three tied concrete pavement lanes on 6-inch cement treated
base, 800 microstrain equivalent axial free strain in the direction perpendicular to traffic.
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Figure 27. Tensile stress in the concrete slab built over a cement-treated base vs. the number of
tied lanes/shoulders.
North Dakota and Oklahoma
Tyson et al. (2008) presented issues and solutions related to two types of early-age cracking in
JPCP: (1) those related to base restraint and curling/warping stresses, and (2) those caused by edge
restraint. They stated that various factors can affect the risk of early-age cracking, including paved
width, joint spacing, slab thickness, interface friction, modulus of subgrade reaction, temperature
and moisture conditions during construction, and concrete modulus of elasticity, as well as
strength. The potential for this type of cracking diminishes once the sawcuts are made to relieve
the restraint stresses. However, if several adverse factors are at work in concrete, it may not be
possible to saw early enough to prevent cracking. Figure 28 shows the pattern of edge-restraint
cracking. Tyson et al. stated that this type of cracking can occur if the tied concrete shoulders are
paved at a significantly lower temperature than the temperature at the time of mainline paving.
Therefore, the temperature difference at the time of paving shoulders and mainline should be
minimized to mitigate the edge-restrain cracking.
A project in North Dakota and another in Oklahoma developed cracking during construction. In
both cases, the cracking was attributed to restrained movement. The North Dakota I-94 case study
demonstrated the risk of base-restraint cracking. The PCC experienced early-age cracking during
the reconstruction of a section of I-94 in 2015. The cracking was predominantly longitudinal
(Figure 29), but transverse cracking and corner breaks also occurred. The pavement is a 9-inch
JPCP constructed on a 4-inch cement-treated permeable base and a 4-inch aggregate subbase. The
project was 10 miles, but the cracking occurred only on one day’s paving in two areas totaling less
than 0.5 miles. The cause of cracking was not conclusively determined; however, both the weather
conditions at the time of paving and penetration of fresh concrete into the highly permeable,
cement-stabilized base were identified as significant factors. Tyson et al. concluded that the
cracking experienced on I-94 is characteristic of the base-restraint cracking. Given the limited
extent of the cracking problem, it is very likely that the weather conditions during paving played
a significant role.
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Figure 28. Characteristic pattern of edge-restraint cracking.
The North Dakota project demonstrated the potential risk of base-restrain cracking due to the use
of a highly permeable stabilized base. The penetration of fresh concrete into the base not only has
the effect of bonding the PCC surface to the base to restrain the movement of the PCC surface, the
incidence also effectively increases the slab thickness, leaving the possibility of the saw-cut depth
being inadequate. Tyson et al. recommended using either an asphalt layer or geotextile as a
separator layer to prevent bonding between concrete slab and cement treated permeable base.

Figure 29. Early-age longitudinal cracking on I-94 inNorth Dakota.
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The cracking that occurred on I-35 in Oklahoma in 2005 is an example of edge-restraint cracking.
The pavement was constructed as an overlay over the existing asphalt concrete pavement. The
overlay is 10.5-inch thick, and the transverse joints were sawed at 15-foot spacing. The mainline
pavement consisting of two 12-foot lanes tied at the center was placed first. Later, 10-foot outside
and 4-foot inside tied concrete shoulders were added. The cracking initiated at the transverse joints
and propagated diagonally inward at approximately 30 degree angle, as shown in Figure 30.
The Oklahoma DOT investigations into the cause of cracking identified the edge-restraint as the
most probable cause of the cracking. The analysis results showed that a temperature difference of
20 to 30 °F between the temperatures at the time of paving of the mainline and tied concrete
shoulders would have been sufficient to initiate cracking in the mainline, if the shoulders were
placed at the lower temperature. As a result, Oklahoma DOT placed the following restrictions on
the paving temperatures:
 Tied concrete shoulders may be placed at equal or greater ambient air temperature than that
at the time of mainline paving.
 The ambient air temperature at the time of tied concrete shoulder placement may be no less
than 20 °F below that at the time of mainline paving.
Tyson et al. concluded that best way to avoid early-age cracking is to avoid high-risk designs and
paving conditions, and following the recommended construction practices. The high-risk
conditions include the following:
 High friction base.
 Excessive joint spacing.
 High ambient temperature.
 Low ambient temperature.
Proper curing was also stated to be extremely important to prevent excessive warping and plastic
shrinkage cracking, especially in hot, dry areas. The awareness of the risks is important to avoid
early-age cracking, even if the risk is low. If the high-risk conditions cannot be avoided, identify
the risks involved and monitor the critical items, which may include ambient temperature, concrete
temperature, and concrete strength. Tyson et al. stated that the risk of early-age, restraint cracking
can be assessed using HIPERPAVE.
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Figure 30. Longitudinal cracking on I-35 in Oklahoma.
Bolivia
Darter and Rufino (2007) conducted a forensic study of Tarija-Potosi Highway in Bolivia to
determine the cases of premature cracking along with solution for areas that have been cracked.
The construction of the concrete pavement of the highway started in September 2005. The
pavement structure is 7.5 inch JPCP, 6.0 inch aggregate base course, asphalt surface treatment
shoulder, 13.0 feet transverse joint spacing with 1.0-inch diameter dowel bars spaced at 12 inches,
and 12.0 feet width traffic lane with tie bars across the longitudinal center joint. Longitudinal
cracking was observed in some slabs shortly after the initial placement of the concrete and
continued to increase over time. Transverse cracking also developed after opening to traffic and
increased over time. Longitudinal cracking occurred approximately in the middle of each lane in
each direction as shown in Figure 31. Premature longitudinal cracks were mostly top‐down as
shown in Figure 32 and do not cross the longitudinal joint. It was noted that the longitudinal cracks
occurred above the dowel bars. The longitudinal joints were observed to have formed properly.
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Figure 31. Cracking pattern when both lanes where placed together.

Figure 32. Typical cracking mode: top‐down.
Darter and Rufino determine the cause of premature longitudinal cracking by performing three key
tests: coefficient of thermal expansion of the concrete, temperature control during setting time and
corner-to-center deflection analysis. The results of the field forensic investigation and analysis
performed on causation of the cracking are summarized as follows:
 Cracking was observed in the center of the traffic lanes regardless of whether were placed
together or separately. When two lanes were placed together the longitudinal joint was
sawed at least 1/3 of the thickness as soon as possible to avoid spalling of the joint. The
depth was verified by coring.
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Coring showed that these longitudinal cracks initiated at the top of the slab and propagated
downward through the slab.
Measurement of upward curling of the slabs throughout the project indicated a very large
curling (e.g., 0.2 to 0.6 inches).
Shrinkage (from drying) of the concrete was not measured but could have been a factor in
the upward warping of the slabs. An ultimate shrinkage of strain of 683 microstrain was
estimated based on mix properties.
The major possible causes of the upward curling were identified as follows:
o High built‐in negative temperature gradient.
o High drying shrinkage of the top 1-2 inches of the slab.
o High hourly temperature gradients particularly during the night when the top of the
slab is cool and the bottom is warm (the high elevation creates a very high negative
temperature gradient through the night).

SPS-2
Senn K. (2018) conducted a field survey to evaluate the performance of the SPS-2 of the LTPP
test sections in Arizona, Colorado, Washington, Iowa, Kansas, and North Dakota. During the site
visit, recommendations of pavement preservation treatments were provided for some sections.
Cracks over dowel bars were observed in Kansas and North Dakota. It was noted that several
sections in Kansas exhibited small longitudinal cracks along transverse joints. These cracks were
mostly observed on the 8-inch thick 900-psi flexural strength sections and aligned over the dowel
bars. Also, longitudinal cracks over dowel bars were observed on many test sections in North
Dakota that occurred shortly after construction as shown in Figure 33. Senn state that “map
cracking was commonly present on the 900 psi test sections…” suggesting that the higher flexural
strength of the concrete may have had a role in the observed cracking. However, Senn also states
that detailed investigations into the reasons for the noted observations have not yet been completed.

Figure 33. Crack over dowel bars in SPS-2 in North Dakota.
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NUMERICAL ANALYSIS AND LABORATORY STUDIES
Li et al. (2012)
Li et al. (2012) developed a nonlinear 3D finite element analysis (FEA) and laboratory study to
investigate the interaction between dowel bars embedded in JPCP and surrounding concrete under
traffic impact loads in China. One of the benefits of using a 3D solid element over a 2D element
is that it can accurately capture deformation gradients in concrete slab under multiple traffic loads.
In the 3D-FEA, three single axle loads with dual tires, 20kip (10t), 40kip (20t), and 60kip (30t),
were applied on a virtual concrete slab to determine the stresses distribution at the dowel-concrete
interface. The FEA results indicated that the maximum principal stresses are mainly distributed
near the upper half-circle contact surface of dowel bars along with vertical and shear stresses
distribution, as shown in Figure 34.
The 3D model was compared and validated with measured data. Sensitivity analysis of various
parameters (e.g., dowel bar diameter, dowel spacing, slab thickness, concrete grades, and base
types) was conducted using the validated 3D model to evaluate their effect on the stress distribution
between dowel-concrete interface. The results of the sensitivity analysis showed that the increase
in dowel bar diameter, slab thickness, high-grade concrete, and subgrade support capacity has the
potential to reduce the stresses at the dowel-concrete interface. Representative dowel-concrete
samples were prepared for laboratory testing, and in-house loading equipment was developed to
simulate the effect of traffic loads, as shown in Figure 35. Strain gages were placed on the concrete
samples to measure the strain responses and to compare them with those obtained from the 3D
model. The strain results obtained from both the 3D model and laboratory were comparable. Li et
al. concluded that the high stresses at the dowel-concrete interface have the potential to cause crack
microcracks that could be propagated to the surface.

Figure 34. The maximum principal, vertical, and shear stresses distribution around the dowel bar.
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Figure 35. Laboratory dowel bars specimen and loading equipment.
Shoukry et al. (2004)
Shoukry et al. (2004) also developed a 3D FEA and laboratory study to evaluate the stress
concentration at the dowel-concrete interface that has the potential to cause microcracks in
concrete. The 3D FEM was developed for doweled JPCP over a base and subgrade. The magnitude
of stresses at the dowel-concrete interface, under an applied standard axle load at the transverse
joint, was calculated using the 3D FEA. High compressive stresses on top of dowel-concrete
interface were observed along with high tensile stresses concentration on both sides of the dowelconcrete interface. The magnitude of the compressive stresses was observed to be lower than the
compressive strength of the concrete, which will not cause the initiation of concrete to crack.
Laboratory testing was conducted to compare and validate the 3D FEA results. Figure 36 illustrates
the experimental setup. The concrete sample was instrumented with strain gages in the vicinity of
dowel bars to measure strain. The strains obtained from the 3D model were compared with those
obtained from the strain gages. Shoukry et al. noted that microcracks at the dowel-concrete
interface were initiated if the maximum principal stress at the edges of the dowel-concrete interface
reaches the value of concrete modulus of rupture. Based on this study, an alternative method was
developed by Shoukry et al. to design a dowel bar that reduces the stress concentration in concrete.

Figure 36. Laboratory experimental setup.
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Zuzulova et al. (2020)
Zuzulova et al. (2020) conducted laboratory tests in the Czech and Slovak Republics for doweled
JPCP to determine tensile stresses and potential to microcracks at the dowel-concrete interface.
Static and cyclic loads were applied on concrete samples with the embedded dowel, as shown in
Figure 37. Strain gages were mounted on the transverse joint face of the samples. The locations of
the strain gages (SG1, SG2, and SG3) are shown in Figure 38. Concrete samples were also
prepared with different embedded dowel sizes and configurations; (1) embedded at the middle of
the sample, (2) at vertical translation (downwards 0.8-inches ), and (3) at vertical tilt (toward the
applied force 0.8 inches) to investigate the impact of different dowel positions on tensile stresses
and the risk of concrete cracking in the vicinity of the dowel. Strain measurements were recorded
during the test and were converted to stresses through Hooke’s law.
Zuzulova et al. indicated that the tensile stresses of a concrete sample with a vertical tilt dowel
increased up to 100% compared to a sample having dowel embedded in the middle. A concrete
sample with a vertical translation of dowel had no effect on tensile stress increase. Figure 39 shows
the tensile stress distribution at the face of concrete samples with different dowel sizes obtained
from the strain gages under the applied load of 2.25 kips, which is the maximum force that traffic
loading may be applied to a dowel. They found that the beam with a dowel bar diameter of 0.8
inches was damaged at a force of 2.3 kips while the beam with a dowel bar diameter of 1.5 inches
was damaged (horizontal crack as shown in Figure 38) when the applied force reached 11.25 kips.
As the dowel bar diameter increased, tensile stresses in the vicinity of the dowel bar decreasd.

Figure 37. Laboratory experimental setup.

Figure 38. Normal stresses obtained from strain gauges; (left) beam under loading, (right)
horizontal crack through the concrete beam around dowel.
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Figure 39. Normal stresses obtained from stain gages during laboratory test (applied force 2.25
kips); top left dowel diameter 0.8 inches, top right dowel diameter 1.0 inches, bottom left dowel
diameter 1.2 inches, bottom right dowel diameter 1.5 inches.
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