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ABSTRACT

FIELD INVESTIGATION OF TRANSVERSE CRACKING IN JOINTED
CONCRETE PAVEMENTS (JCP’s)

By

Michael Anthony Frabizzio

Environmental and/or traffic related stresses can lead to the development of
transverse cracking in jointed concrete pavements (JCP’s). Deterioration of transverse
cracks over time can result in loss of serviceability and loss of structural capacity in such
pavements. An understanding of the factors affecting transverse cracking in JCP’s and
the ability to assess when and how to repair pavements with this distress are therefore two
issues of importance to transportation agencies. Addressing these issues, the primary
objectives of this research were to study the effects of various factors on transverse
cracking in JCP’s and to demonstrate methods for evaluating these cracked pavements.
Field data collected from in-service JCP’s located throughout southern Michigan was
used to accomplish these objectives. Joint spacing, concrete coarse aggregate type, and
shoulder type were found to have significant effects on transverse crack development
and/or performance. Three analysis procedures that are based on the use of falling weight
deflectometer (FWD) data - backcalculation of pavement support and stiffness
parameters, determination of crack performance parameters, and assessment of void
potential near cracks — were demonstrated using data from this study. These procedures
allow for evaluation of cracked JCP’s. Results from these FWD analyses were used to

develop threshold limits necessary for performing evaluations with these procedures.
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- CHAPTER1 -

Introduction

PROBLEM STATEMENT

Transverse cracks in jointed concrete pavements (JCP’s) are discontinuities in the
pavement oriented perpendicular to the direction of traffic. These cracks are typically the
result of environmental and/or traffic related stresses. Deterioration of such cracks over
time can lead to loss of serviceability and loss of structural capacity of the pavement. It is
therefore of interest to identify and understand the factors that influence transverse
cracking. An additional issue of importance to transportation agencies is the need to

assess when and how to repair pavements with this distress.

OBJECTIVES OF RESEARCH

One objective of the research in this study was to use field data to identify the
significant factors that affect the occurrence and performance of transverse cracks in
JCP’s. There have been several other studies performed to determine factors affecting
transverse cracking, but they have often been laboratory-based and have often neglected
the significance of concrete coarse aggregate type. Thus, a comprehensive field
investigation was performed with one objective being to study the effects of various
factors, including aggregate type, on transverse cracking. Based upon these results,
design recommendations could be given to transportation agencies (particularly the
sponsoring agency for this study - the Michigan Department of Transportation (MDOT))

to improve the performance of these pavements with regard to transverse cracking.



Another aim of this investigation was to demonstrate how field data can be used
to determine values for selected crack performance parameters. These parameters
provide a means for characterizing the integrity of cracks. An agency could compare
parametric values with threshold values to evaluate the condition of cracks. Such
evaluations could be used to help in deciding when and how to rehabilitate pavements
with transverse cracks. It was also the intent of this study to establish thresholds for the
performance parameters based on data from this research.

An additional objective of this study was to obtain and analyze field data to
demonstrate the use of a voids analysis procedure for evaluating cracked JCP’s. This
procedure is an evaluation technique that allows for an assessment of the likelihood of
loss of support near cracks and joints. By identifying the presence of voids at cracks and
joints, this procedure allows appropriate rehabilitation actions to be taken to restore
support to a cracked JCP. In addition to describing the methodology for performing this
analysis, it was also an aim of this research to use the results from the voids analyses
performed herein to check the validity of existing threshold values for determining void

potential.

SCOPE OF RESEARCH

To accomplish the research objectives, forty-nine (49) test sites from in-service
highway pavements demonstrating transverse cracking were chosen. Inventory data for
these test sites was collected and compiled using MDOT construction records. Field

performance data was collected for the sites approximately each season over a fourteen



month period. The research objectives were accomplished by utilizing both the inventory
and field data.

Various analyses were performed to satisfy the objectives of this research.
Methods for determining crack performance parameters were demonstrated and threshold
values were established for these parameters. The effect of temperature on the
performance parameters was examined using field data from this study. A
backcalculation procedure for determining pavement support and stiffness parameters,
which are used to determine the crack performance parameters alluded to above, was also
demonstrated. A voids analysis procedure was performed and appropriate thresholds
were determined for evaluating void potential using this procedure. Several factors
affecting transverse crack occurrence and performance were identified through analyses
of the field data. Included among these analyses was a relatively new procedure, |
Volumetric Surface Texture (VST) testing, which was used to investigate the effect of
concrete aggregate type on crack performance potential. Results and discussion

pertaining to all analyses are contained in Chapters V and VI of this thesis.

CONTENTS OF THESIS

This thesis contains background information on transverse cracking in JCP’s, a
discussion of the analyses performed and the results obtained from the data collected in
this study, and a summary of the conclusions and recommendations derived from this
research. A more detailed breakdown of the contents of individual chapters follows.
Chapter II includes: background regarding how transverse cracks are formed in JCP’s; a

summary of the factors that have been found to influence the occurrence and performance




of these cracks in past studies; an explanation of the load transfer mechanisms for
transverse cracks; and, a description of the performance parameters associated with crack
performance. Chapter III provides a synopsis of some of the common methods used in
rehabilitating/resurfacing JCP’s with transverse cracks. A description of the test sites
used for the research in this thesis is given in Chapter IV. This chapter also includes
descriptions of the inventory and field data collected for the test site pavements. The
various FWD analysis procedures performed using field data in this study — namely,
backcalculation of pavement support and stiffness parameters, determination of crack
performance parameters, and assessment of void potential near cracks - as well as the
results obtained from performing these procedures are discussed in Chapter V. A
discussion of the analyses performed and results obtained in this study pertaining to the
investigation of factors affecting transverse cracking in JCP’s is provided in Chapter VI.
A summary of the conclusions and recommendations arising from the analyses performed
in this study as well as a listing of future research needs related to the study of transverse

cracking in JCP’s are contained in Chapter VII, which concludes this thesis.



- CHAPTERII -

Literature Review I - Overview of Transverse Cracking in JCP’s

FORMATION OF TRANSVERSE CRACKS IN JCP’s
Jointed Concrete Pavements

Jointed concrete pavements utilize joints, or engineered cracks, to serve a variety
of purposes. JCP’s can be further categorized as either jointed plain concrete pavements
(JPCP’s) or jointed reinforced concrete pavements (JRCP’s) to distinguish between those
JCP’s with temperature reinforcing steel and those without such reinforcement. The three
basic types of joints utilized in these pavements are contraction, expansion, and
construction joints. Contraction joints are the most common joint type encountered in
JCP’s. These joints are used to control the location of cracking in the pavement, which
results from tensile stresses induced by temperature, moisture, and friction [1]. Partial-
depth saw cuts cause a weakened plane which cracks through the full slab depth upon
subjection to the noted tensile stresses. Expansion joints, which involve full-depth saw
cuts, are used in JCP’s to allow for thermal expansion of the pavement without buckling
of the slab [1]. Where construction must be stopped temporarily, such as at the end of a
day’s work, construction joints are formed in the pavement [2]. Load transfer devices,
most commonly metal dowel bars, are usually placed across all three of these types of
joints to maintain the structural integrity of the pavement. Joints are also usually sealed
to prevent water and incompressibles from entering the discontinuity. Despite the use of

joints, transverse cracking occasionally develops at locations in a slab between the joints



due to environmental and traffic induced stresses. Such midslab transverse cracks were

the focus of this research investigation.

Causes of Transverse Cracks in JCP’s

Transverse cracks can be induced in JCP’s through a variety of mechanisms:
fatigue cracking due to a combination of curling, warping, and traffic stresses; plastic and
drying shrinkage stresses; friction between the slab and supporting layer (base or
subgrade); and, settlement of the supporting layers (base and subgrade). A description of

each of these mechanisms follows.

Fatigue Cracking

Repeated applications of tensile stresses, primarily due to curling, warping, and
traffic loads, can lead to fatigue cracking in JCP’s. Huang explains the curling
mechanism by considering a jointed concrete pavement to be a rigid plate supported by a
liquid (or Winkler) foundation. The Winkler foundation models the subgrade as a set of
independent springs, where deflection at any point is proportional to the force at that
point and independent of all forces elsewhere. Downward curling occurs when the top of
the slab is warmer than the bottom. In this case the top of the slab is longer than the
bottom and the slab consequently curls downward. The springs on the edges are in
compression and push the slab upward, while the interior springs are in tension and pull
the slab downward. This is illustrated in Figure 1. This results in compression at the top
of the slab and tension in the bottom of the slab. The reverse situation, upward curling,

occurs when the top of the slab is cooler than the bottom. Here, the springs on the edges
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Figure 1 Depiction of Downward Slab Curling. (After Huang [3].)



pull the slab downward, while the interior springs push the slab upward, as shown in
Figure 2. This results in tension at the top of the slab and compression in the bottom
portion. Curling occurs primarily due to daily temperature variations. [3]

Complex equations for computing the stress in concrete pavements caused by
curling were developed by Westergaard [4]. Huang provides simplified equations for
computing the curling stress in a slab with finite dimensions [3]. Equations (1) and (2)
from Huang are used to compute the curling stress in the x- and y-directions, respectively

[3]:

Ea At
Oy = m(c, + VCy) 1)
Ea At
% = o) (c, +vc,) » @
where:
Ocx = curling stress in x- (longitudinal) direction for a finite
slab, kPa
Ocy = curling stress in y- (transverse) direction for a finite
slab, kPa
E = concrete modulus of elasticity, kPa
oy = coefficient of thermal expansion of concrete, mm/mm/°C
At = temperature differential between top and bottom of
concrete slab, °C
\Y Poisson’s ratio for concrete
Cx = correction factor for curling in a finite slab,
x- (longitudinal) direction
Cy = correction factor for curling in a finite slab, y- (transverse)
direction.
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Figure 2 Depiction of Upward Slab Curling. (After Huang [3].)



In these equations, Cy and C, are correction factors which account for the finite
dimensions of a slab [3]. These factors can be determined using a curve developed by
Bradbury, which relates C and C, to L,/¢ and L,/¢, respectively [5]. Ly and Ly are the
respective length and width of the slab, as shown in Figure 3. The radius of relative

stiffness, £, is defined by equation (3) in [3]:

b 0.26
b= | 3

12(1- v?)k

where:

14 = radius of relative stiffness, mm

E = concrete modulus of elasticity, kPa

h = concrete slab thickness, mm

v = Poisson’s ratio for concrete

k = modulus of subgrade reaction, kPa/mm.

Warping stresses can also be induced in JCP’s due to a moisture gradient.
According to Huang, when the top of the slab has a lower moisture content than that at
the bottom, the slab warps upward. This causes compressive stresses at the bottom of the
slab and tensile stresses at the top of the slab. Warping is a seasonal phenomenon and
therefore has relatively few stress cycles. It is difficult to determine the magnitude of
warping stresses due to their dependence on many factors, such as relative humidity at the
pavement surface, the free water in the concrete, and the moisture content of the support

layers. [3]
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Traffic loads are probably the most significant source of damage in causing
fatigue cracking. When analyzing the stresses due to traffic loads, three different load
conditions are usually considered: interior, edge, and corner. The edge load condition
midway between the transverse joints is considered to be the critical load position with
regard to fatigue cracking, as this is the location where maximum tensile stress typically
occurs [3]. This is because the load is located far away from the joints, and thus does not
benefit from the load transfer provided there by dowel bars [3]. It is also the critical load
position because the load is placed at a free edge, producing the maximum bending stress.
Figure 3 shows the placement of a circular edge load on a JCP. The arrow shows the
direction of traffic. Westergaard developed equation (4) to compute the stress due to a

circular loading at the critical edge load position [6]:

_ 3a+v)p |:ln( Eh® ) 4v 1-v 1.18(l+2v)a] @

G, = +184-—+ +
‘* a(3+v)h?| \100ka* 3 2 ¢

where:

Ce = stress for circular edge load condition, kPa
v = Poisson’s ratio for concrete

P = applied load, kN

h = concrete slab thickness, m

E concrete modulus of elasticity, kPa

k = modulus of subgrade reaction, kPa/m

a = radius of loaded area, m

14 = radius of relative stiffness, m.
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As noted previously, it is the repeated application of stresses that causes fatigue
cracking in concrete. Damage due to cycles of curling, warping, and traffic stresses
accumulates over time and eventually can cause fatigue cracking. The conventional
practice used in fatigue analysis for pavements is to use Miner’s linear cumulative fatigue
hypothesis [7]. In this hypothesis damage due to a given stress level is expressed in terms
of a damage ratio, which is the ratio of the predicted to allowable number of load
repetitions [7]. The damage ratios from all stress levels for each type of stress are
summed. If this sum is equal or greater than 1, fatigue cracking is assumed to occur [7].
According to Ioannides, Miner’s hypothesis provides only a rough approximation to
reality and is used principally due to its ease of application [8]. Ioannides points to the
dependence of fatigue strength on the sequence of loading, among other factors, in
disputing the validity of Miner’s hypothesis, and suggests that more sophisticated
methods of analysis, such as fracture mechanics, are needed to more accurately analyze
fatigue in pavements [8].

In any event, Miner’s hypothesis is currently the most widely accepted method for
analyzing fatigue in concrete pavements. To calculate the damage ratios due to the
various stresses on a pavement, the allowable number of load applications for the
particular stress level must be determined. This can be done by using an S-N curve,
which is a curve relating the stress ratio (S) to the allowable _number of load applications
(N). The stress ratio is the ratio of the applied stress to the modulus of rupture of the
concrete. N is measured in terms of ESAL’s (80 kN equivalent single axle loads).
ESAL’s are described in more detail in [1]. For JCP’s the stresses due to curling and

traffic can be computed using equations (1), (2), and (4) for each stress level. No readily
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available equation for computing warping stresses exists. Stress ratios can be computed
for the various stress levels of curling and traffic and the allowable number of load
applications can then be computed for the respective stress levels. Damage ratios can
then be determined for the various stress levels of curling and traffic by noting the
respective number of stress applications. [3]

When calculating the damage due to traffic, it must be remembered that the stress
is being computed for the critical edge load condition. Therefore, the number of load
repetitions due to traffic must be reduced since only a small portion of the total traffic
will be applied at the edge location. It should also be considered that curling (and
warping) stresses can be either additi\vle or subtractive from the traffic stresses depending
on the orientation of the curling and warping. The sum of the damage ratios must be kept
under 1 to prevent fatigue cracking. Warping stresses should also be considered in the
analysis. It should be noted that, in practice, curling and warping stresses are often

neglected in pavement design for a variety of reasons, as discussed by Huang. [3]

Plastic and Drying Shrinkage

Plastic and drying shrinkage of concrete involve changes in volume of fresh and
hardened concrete, respectively, and can lead to transverse cracking in JCP’s. According
to Mindess and Young, plastic shrinkage is usually associated with surface cracking due
to evaporation of water from the pavement surface and/or suction of water from the
concrete by the base or subgrade. Such loss of water from the fresh concrete induces
negative capillary pressures within the paste, causing it to contract. Contraction of the

paste leads to rearrangement of the water particles within the concrete, and surface
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cracking occurs. These negative capillary pressures and the associated surface cracking
typically result when the rate of surface evaporation exceeds the rate of bleed water rise in
the concrete. [9]

Drying shrinkage involves volume changes in concrete due to loss of moisture in
hardened concrete. These volume changes are resisted by friction between the slab and
the support layer (base or subgrade), which results in tensile stresses in the concrete that
cause transverse cracking. Joints are placed to control the location of this cracking. The
mechanism of drying shrinkage is not well understood, but it is known that it involves a
combination of reversible and irreversible shrinkage. Irreversible shrinkage is believed to
result from changes in the bonding and arrangement of particles within the concrete
microstructure during hydration. Reversible shrinkage is attributed to changes in
capillary stress, disjoining pressure, and surface free energy within the cement paste, as

the relative humidity exposed to the concrete changes. [9]

Interface Friction between Slab and Support Layer

Variations in temperature and moisture conditions cause volume changes in a
concrete slab. Increases in temperature and/or moisture lead to expansion and thus
movement of the slab. Similarly, the slab will tend to contract if the temperature and/or
moisture are decreased. As the slab attempts to expand or contract, frictional stresses
between the slab and the support layer (base or subgrade) resist the movement. These
frictional stresses induce tensile stresses in the concrete, which can lead to transverse
cracking. Joints help to control the location of this cracking as well. JRCP’s utilize steel

reinforcement to hold cracked concrete together under temperature variations. [3]
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Settlement of Base and/or Subgrade -
Transverse cracking can also occur if the base and/or subgrade material settles or
consolidates significantly beneath the concrete slab. This settlement or consolidation

causes a loss of support under the slab and cracking can develop upon traffic loading.

(10]

Factors Affecting the Occurrence of Transverse Cracks in JCP’s
Past studies have found that a variety of factors contribute to the formation of
transverse cracks in JCP’s. A review of these findings, sectioned by the type of cracking

induced, follows.

Fatigue Cracking

The literature reveals that many factors affect the formation of fatigue cracks in
JCP’s. Those factors which influence curling, warping, and traffic stresses inherently
affect fatigue cracking. Bradbury’s curve, described earlier, indicates that a larger joint
spacing (L) corresponds to a higher value for C (up to Ly = 8.5¢; increasing L, beyond
this value causes a slight decrease in C, and eventually a plateauing of C, when Ly
reaches a value of 12.0¢) [5]. It can be seen from equation (1) that a higher C, value
causes a higher curling stress. Increasing the joint spacing also causes a larger warping
stress [10]. Equations (1) and (2) also indicate that an increase in the temperature
differential between the top and the bottom of the slab increases the curling stress.
Similarly, an increase in the moisture gradient throughout the slab can be expected to

increase the warping stress. Thus, large variations in daily temperatures and seasonal
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moisture contents increase the magnitude of curling and warping stresses. These larger
curling and warping stresses increase the probability of fatigue cracking.

Support conditions are among the many factors that affect stresses due to traffic
loads in JCP’s. Darter et al. showed that increasing the k-value leads to a decrease in the
amount of transverse cracking [10]. When no temperature gradient is present in a slab, it
was found that increasing the subgrade or base stiffness will decrease the tensile stresses
in the slab due to traffic loads [10]. However, when a temperature differential does exist,
a stiffer subgrade or base can lead to increased combined curling and traffic load stresses
[10]. Higher traffic stresses lead to a greater chance of fatigue cracking. Smith et al.
found that use of a permeable base layer in combination with a separator layer and a
longitudinal edge drain collector system leads to fewer transverse cracks than designs
with a dense-graded base layer [11]. This last finding points to the need for providing
good drainage to the pavement in addition to reducing stresses in order to avoid cracking.

Increased slab thickness was found to decrease the amount of fatigue cracks by
reducing tensile stresses due to traffic, according to a study by Smith et al. Less fatigue
cracks were also shown to be associated with higher concrete strengths. This study also
showed that widened slabs (4.0 to 4.3 m in width) with traffic stripes painted at 3.7 m
lead to fewer transverse cracks. Widened slabs move traffic away from the edge location
of the pavement, thus avoiding the critical edge load condition and reducing the potential
for fatigue cracking. Poor load transfer at joints can also contribute to transverse cracking
in JCP’s by increasing the tensile stresses in the slab due to traffic loads. Non-working

joints can result from malfunctioning, misaligned, or corroded dowel bars. [11]
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Other studies have shown that shoulder designs affect the occurrence of fatigue
cracks. Compared to other shoulder types (e.g., asphalt shoulders), tied concrete
shoulders lead to lower fatigue stresses and thus fewer fatigue cracks [10]. These
shoulders effectively transform an edge loading at the mainline pavement - shoulder joint
into an interior load. The slab and shoulder are tied together, effectively becoming one
composite support system for the load. The bending stress and thus tensile stress in the
concrete is reduced as the load is no longer concentrated at a free edge. The relationship
between sympathy joints in concrete shoulders and transverse cracks in the mainline
pavement was noted by Darter [12]. Sympathy joints, which are shoulder joints that have
joint spacing shorter than that for the mainline pavement, were found to cause transverse
cracking in the mainline pavement adjacent to the shoulder joints [12]. Such cracks are
the result of differential responses within the slab and the shoulder to thermal expansion
and contraction. Since the slab and shoulder are tied together and each responds
differently to thermal variations due to the difference in joint locations, cracking results

as tensile stresses are induced.

Plastic and Drying Shrinkage Cracking

Several factors are known to contribute to plastic and drying shrinkage cracking.
Mindess and Young explain that high wind velocity, low relative humidity, high air
temperature, and high concrete temperature are the conditions most likely to cause plastic
shrinkage cracking. These conditions lead to a high rate of surface evaporation in the
concrete. Drying shrinkage is a more complex phenomenon and is thus influenced by

more factors. A high water-to-cement ratio leads to greater porosity in the cement paste
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and thus more potential for drying shfinkage. Higher curing temperatures help to reduce
the amount of drying shrinkage, especially irreversible shrinkage. Cement composition
also affects drying shrinkage. It is believed that sulfoaluminates in the paste contribute to
drying shrinkage. The use of admixtures can also affect the amount of drying shrinkage
of the paste. A combination of high aggregate content, moderate cement content, and low
moisture content lessen the potential for drying shrinkage. Stiffer aggregates reduce the
amount of drying shrinkage as well by providing restraint to volume changes in the paste.
Thicker slabs decrease the amount of shrinkage as the path of diffusion for moisture loss
is lengthened. Drying shrinkage also decreases with increasing relative humidity. The
likelihood of cracking due to drying shrinkage is enhanced by higher amounts of friction

between the slab and support layer. [9]

Cracking Due to Slab - Support Layer Interface Friction

As was discussed earlier, longitudinal slab movements (contraction and
expansion) result from changes in temperature and moisture within the slab. Cracking
can occur due to the friction developed between the slab and support layer during these
movements. Greater amounts of temperature and moisture change lead to more
movement of the slab and thus greater potential for cracking. Also, a higher amount of
friction between slab and support layer will increase the likelihood of cracking. This type
of cracking will further be more likely as the ratio of slab length (joint spacing) to slab

thickness increases. (2]
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Cracking Due to Base and/or Subgrade Settlement

Instability of the support layers to the slab can lead to settlement or consolidation
of these layers and eventual transverse cracking in the area where such an event occurs.
In one report, Darter attributed transverse cracking to settlement caused by the use of a
rounded stone base in combination with a sand subbase without a separation layer [12].
The combination of a stone base and sand subbase led to instability of the support
structure to the slab under traffic loading. Poor drainage capabilities and improper

compaction of dense-graded base layers may also lead to consolidation of support layers.

LOAD TRANSFER ACROSS TRANSVERSE CRACKS IN JCP’s
Importance of Load Transfer across Transverse Cracks in JCP’s

Load transfer across transverse cracks is critical to the maintenance of adequately
performing JCP’s. Both sides of a crack share in supporting the load, as part of the load
is transferred from one side of the crack to the other, reducing the deflections and
consequent damage to the pavement [13]. Raja and Snyder explain how low severity
cracks can become medium to high severity fatigue cracks through a loss of load transfer
[14]. They explain that hairline transverse cracks often develop in the early life of JCP’s
due to shrinkage stresses and frictional stresses induced by thermal movements of the slab
[14]. Opening of the cracks over time leads to intrusion of water and incompressibles
into the cracks and loss of load transfer, which causes increased slab deflections [14].

These conditions can lead to pumping, faulting, and spalling at the crack [14].
Pumping involves the expulsion of water from beneath the pavement due to slab

deflections [2]. Support material can become suspended in the lost water, which results
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in a loss of support under the slab [2]. This loss of support causes increased stresses due
to traffic and thus can lead to fatigue cracking [14]. Corner breaks, which are broken
sections of pavement at a slab corner, can also result from increased stresses at the crack
due to this loss of support [2]. Faulting is a differential vertical displacement of two sides
of adjacent slab fragments [2]. It is caused by a high velocity transfer of water and
suspended solids from beneath the leave side to beneath the approach side of a crack as a
wheel load crosses the discontinuity [2]. This leads to a buildup of the suspended
material under the approach side of the crack [2]. Here, “approach side” refers to the side
before a crack as a load approaches the crack, and “leave side” refers to the side after the
crack. Crack spalling is the deterioration of a crack usually caused by excessive
compressive stresses developed between the concrete and entrapped incompressibles
within the crack [2]. Transverse cracks (fatigue cracks, shrinkage cracks, etc.)
demonstrating spalling and/or faulting lose serviceability as these distresses cause
increased roughness and user discomfort [15]. Loss of load transfer across transverse
cracks also increases the internal tensile stresses within the pavement and can lead to
more fatigue cracking and loss of structural integrity in the pavement [16]. The next
section describes the two common mechanisms of load transfer across transverse cracks:

aggregate interlock and to a lesser extent reinforcement dowel action (in JRCP’s).

Shear Transfer Mechanisms
Aggregate Interlock
Aggregate interlock is the primary mode of load transfer across transverse cracks

in JCP’s. For the purposes of this study, aggregate interlock will be considered to be the
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only mechanism contributing to load transfer across such cracks. This shear transfer
mechanism is effective in providing load transfer as long as the crack faces are kept close
to one another [17]. This finding was clearly affirmed by Benkelman in 1933 when he
declared, “. . . when roughened edges of two slabs are held firmly together, the aggregate
interlock may be expected to function perfectly and permanently as a load-transfer
medium” [18]. When a crack develops in a JCP, the two crack faces are usually rough
and irregular [17]. Such roughness is due to aggregate protrusions from the crack face
and irregular texture of the cement matrix. When one side of the crack is subjected to an
approaching wheel load, a differential vertical displacement of the two slab fragments
occurs, and results in the protrusions of one crack face coming into contact with the
matrix of the other crack face [14]. A combination of bearing and friction between the
aggregate particles of the two crack faces inhibits further differential movement between
the slab fragments [17]. Aggregate interlock is the name given to this mechanism that
allows a portion of the wheel load to be transferred from one side of a crack to the other
through shear, as it involves an interlocking of aggregate particles across a crack plane

[14]. There are several models that have been developed to describe this mechanism.

Theoretical Models

Laible et al. proposed one model which divides the crack face roughness into
“local” and “global” components. Local roughness causes interlocking of the fine
aggregates through a crushing or bearing action. Global roughness involves the
interlocking of coarse aggregate particles through a sliding and overriding action. Local

roughness is presumed to dominate the aggregate interlock mechanism at small crack
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widths (less than 0.25 mm), whereas global roughness controls the mechanism for wider
cracks. [19]

A second model depicts aggregate interlock as a phenomenon caused by frictional
sliding of two rigid surfaces. Jimenez et al. represent these rigid surfaces by a sawtooth
shape [20]. Fardis and Buyukozturk use a series of parabolic segments to depict the
surfaces [21].

Walraven proposed a model of aggregate interlock that considers concrete to be a
two-phase material consisting of aggregate and a cement matrix. Concrete is modeled as
a distribution of rigid spheres of a range of sizes embedded to varying depths within a
deformable rigid-plastic matrix. Shear forces are considered to be resisted through a
combination of sliding and crushing of the aggregates (rigid spheres) into and over the
plastic cement matrix. Initially, a sliding of the opposite crack faces occurs, where the
aggregates on one side slide against the cement matrix on the other side. High contact
stresses develop as the contact area is reduced and crushing of the aggregates into the
matrix occurs. Eventually, equilibrium of the forces is reached and further plastic
deformation ceases. This model does not consider contact between aggregates from
opposing sides of the crack surface. [22]

Millard and Johnson performed a laboratory investigation to test the validity of
the above models. Test results did not support the local and global roughness model or
the frictional sliding model. However, the two-phase aggregate interlock model did seem

to provide consistent agreement with their test results. [23]
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Reinforcement Dowel Action

JRCP’s usually contain longitudinal reinforcing steel that is designed to prevent
widening of transverse cracks by absorbing tensile stresses in the concrete caused by
temperature and/or moisture variations. Assuming that this reinforcement does provide
such restraint to crack widening, it is reasonable to believe that it also aids the aggregate
interlock mechanism by keeping the crack faces in close contact. In this way,
reinforcement in JRCP’s could affect load transfer. Reinforcement can also restrain crack
widening caused by overriding of aggregate particles during aggregate interlock [24].
Here, frictional forces induced by the reinforcement contribute to the aggregate interlock
resistance [24]. This is another example of how reinforcement could affect load transfer.
However, in each of these cases, the mechanism of load transfer would still be aggregate
interlock.

Some investigators believe that reinforcement in JRCP’s can provide a
mechanism for load transfer by itself through dowel action. Theoretical models for the
mechanism of this dowel action are discussed in the following section. It should be noted
that this study neglects the effect of steel reinforcement in JRCP’s on load transfer and
the possible contribution of this reinforcement as a load transfer mechanism for several
reasons. First, it is often found that the reinforcement in JRCP’s has dropped to the
bottom or risen to the top of the slab for a variety of reasons. Where such movement has
occurred, the reinforcement will have a minimal effect in restraining crack widening.
Due to the seemingly frequent occurrence of this misplaced reinforcement, it was
believed to be prudent to neglect its effect on load transfer in this study. It was also

believed that it was not appropriate to consider this reinforcement to be a source of load
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transfer, as it is designed merely to provide resistance against tensile stresses due to
temperature and/or moisture changes. The steel is not necessarily and most likely not
able to provide a significant contribution to load transfer through dowel action.
Assuming that the reinforcement does provide some amount of load transfer, it would be
difficult to differentiate and assess the relative affects of each mechanism (aggregate
interlock and dowel action) on load transfer in a field study such as the one described
here. A final reason why reinforcing steel in JRCP’s was not considered to affect or
contribute to load transfer in this study is that in many cases it is found that the
reinforcement has actually been sheared off during formation of the crack, thus rendering

it useless for either purpose.

Theoretical Models

Three mechanisms - direct shear, kinking, and flexure of the bars - have been
proposed to explain the shear transfer of load through dowel action in cracked reinforced
concrete [25]. Direct shear and kinking of the bars would be the principal mechanisms of
dowel action if the concrete supporting the reinforcement was considered to be rigid [23].
However, it is known that substantial deformation of the concrete occurs, and thus flexure
of the bars is the primary mechanism of dowel action [26].

Millard modeled this flexure mechanism by considering the reinforcing bar as a
beam on an elastic foundation [27]. Millard and Johnson note, however, that only the
initial shear stiffness can be determined using this model. High stress concentrations in
the concrete supporting the reinforcement produce non-linear behavior and negate the use

of this model at higher stress levels. Such non-linear behavior is attributed to crushing or
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splitting of the concrete supporting the bars and/or plastic yielding of the bars. Equations
to predict the non-linear shear stiffness were developed and presented in [23]. Test
results indicate that these equations provide a good approximation of the shear stiffness

due to the dowel action mechanism. [23]

Quantification of Load Transfer

Load transfer across discontinuities in JCP’s is commonly quantified by a term
called load transfer efficiency (LTE). Expressed as a percentage, LTE gives an indication
of the effectiveness of a crack in transferring load. Computation of load transfer
efficiency based on deflections near the crack under an applied load is a very useful
method of determining the LTE. The load transfer efficiency computed using this
’approach is termed the deflection load transfer efficiency (LTEs) [28].

Use of LTE; assumes that the amount of load transfer across a crack is directly
proportional to the relative deflections of the unloaded to loaded sides of the crack [18].
LTE; was used in this study to characterize the ability of cracks and joints to transfer load.

Deflection load transfer efficiency was computed in this study by using equation (5) [28]:

)
LTE, = 6—” x 100% (5)
L
where:
LTE; = deflection load transfer efficiency, %
Sy = deflection on the unloaded side of a crack or joint, um

N
(o
|

deflection on the loaded side of a crack or joint, um.
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This definition of load transfer efficiency was adopted for this study for two reasons.
First, it is relatively simple in concept and thus easily interpreted. Secondly, and more
importantly, it was used because LTE; can be easily computed using field data from a
falling weight deflectometer (FWD), which was used in this study. An FWD is a device
that applies an impulse load, using a 300 mm diameter circular load plate, to a pavement
and measures the resulting pavement deflections through a series of sensors. Deflection
data for computing LTE; is thus readily available when this device is used. Use of the
FWD in collecting deflection data to be used for data analysis purposes in this study is
discussed in more detail in Chapter IV.

Figures 4 and 5 illustrate the meaning of LTE; by considering the two extreme
cases - 0% and 100% deflection load transfer efficiency, respectively. In these figures, a
load P is shown to be applied on one side of a crack or joint. The resulting deflections are
depicted in the figures as well. It is seen in Figure 4 that when there is no load transferred
(0% LTEs), the unloaded side of the slab has no deflection and thus does not share in the
carrying of the load. As noted earlier in this section, this is the worst-case scenario, as all
the load must be carried by one side and increased deflections result. This can eventually
lead to other distresses in the area of the crack or joint. The best-case scenario is depicted
in Figure 5, where the LTE; is 100%. Here, it can be seen that the deflections on each
side of the crack or joint due to the applied load P are equal. Thus, the load is being
equally shared by both sides of the discontinuity, and the minimum amount of damage is
inflicted on the pavement.

The ability of a crack to maintain its load transfer efficiency over time is

sometimes referred to as load transfer endurance. Several measures of this endurance

27



sf}ﬂ;

/l\

r& Crack/Joint

ou=0
Figure 4 Depiction of 0% Deflection Load Transfer Efficiency. (After Buch
129])
P
— Ne
o p——— Sy
IK<— Crack/Joint
8L =dy

Figure § Depiction of 100% Deflection Load Transfer Efficiency. (After Buch
129])

28



have been formulated by investigators. Colley and Humphrey defined the Endurance
Index as one such indicator of load transfer endurance [30]. No such indicators of load
transfer endurance were computed in this study, although some of the factors which have
been found in previous studies to affect load transfer endurance will be discussed in the
next section. Computation of an endurance index requires load transfer data throughout
the life of the pavement, and is thus more suited for laboratory studies or long-term
pavement field testing.

Besides LTEs;, other pavement performance parameters were used in this study to
characterize the ability of a crack or joint to transfer load. The transferred load efficiency
(TLE) was one such parameter [28]. TLE quantifies load transfer efficiency in terms of
load rather than in terms of deflection [28]. The total load transferred from the loaded to
the unloaded side of a crack or joint along its entire length is given by a parameter termed
Pr [28]. This parameter was also considered in this study. AGG, which characterizes the
shear stiffness due to aggregate interlock of a crack or joint per unit length of the
discontinuity, was another parameter determined in this study [28]. All three of these
parameters were derived from LTE; values. The procedures and equations used to
determine these parameters are discussed in Chapter V. Another parameter, 1, describes
the loss of shear stress across a crack or joint under loading [29]. It is defined by

equation (6) in [29]:

. (5. -auh)x AGG ©
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where:

T = loss of shear stress across a crack or joint, kPa
oL deflection on the loaded side of a crack or joint, mm

du = deflection on the unloaded side of a crack or joint, mm

AGG = aggregate interlock shear stiffness per unit length of a
discontinuity, kPa

h = concrete slab thickness, mm.

T was not considered in this study, as interpretation of its meaning is somewhat more

difficult than that for the other parameters.

Factors Affecting the Efficiency and Endurance of Load Transfer across Transverse
Cracks in JCP’s

Many factors have been found in previous studies to affect the efficiency and
endurance of load transfer across transverse cracks in JCP’s. A summary of the findings
from these studies is given in this section. These factors are categorized as: crack
characteristics, aggregate properties, support conditions, concrete slab properties and

parameters, reinforcement properties, environmental conditions, and load conditions.

Crack Characteristics

Numerous investigators have found a relationship between crack width and load
transfer efficiency. Colley and Humphrey determined that as joint opening increases, the
effectiveness (or efficiency) of load transfer by aggregate interlock decreases [30].
Benkelman also found that increasing the crack width can significantly decrease the load

transfer efficiency [18].
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Other researchers have noted the same trend, but in terms of shear stiffness.
Soroushian et al. found that decreasing the crack width caused a significant increase in
the shear stiffness of the aggregate interlock mechanism [24]. Fenwick and Paulay and
Paulay and Loeber also found that the aggregate interlock shear stiffness increases as the
crack width decreases [31, 17]. Increasing the shear stiffness translates to a lower amount
of vertical differential deflection between the opposing sides of a crack plane for a given
load. Less differential deflection generally corresponds to a greater efficiency in load
transfer across the crack. Snyder explains why increasing crack width causes a decrease
in shear stiffness [14]. As the crack width increases, a loss in contact between the
opposing crack faces results, and thus more differential vertical movement is required for
sufficient contact to be made and load transferred across the crack [14]. NCHRP
Synthesis 19 provides threshold limits of 0.9 to 1.0 mm for crack opening, beyond which
aggregate interlock is ineffective in transferring load [32].

An interesting relationship between number of cracks per slab and crack width
was found by Benkelman. For jointed plain concrete pavements, it was found that crack
width decreased as the number of cracks per slab increased. This is likely due to a
decrease in the length of the slab fragments with a greater amount of cracks per slab. A
shorter slab fragment should result in a smaller crack width than a longer slab fragment
when the fragments are contracted due to temperature changes. Noting the relationship
described above between crack width and load transfer efficiency, it might be inferred
that as the number of cracks per slab increases, the load transfer efficiency of the cracks

increases. This relationship between number of cracks per slab and crack width did not
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hold true for reinforced pavements, presumably due to the reinforcement effectively

restraining crack widening. [18]

Aggregate Properties

Aggregate shape, size, hardness, type, gradation, and treatment as well as the
mode of fracture through the concrete (around or through the aggregates) have all been
found to significantly affect aggregate interlock load transfer across cracks in concrete.
The effect of coarse aggregate shape was studied by Colley and Humphrey [30]. It was
found that crushed stone aggregates provided better load transfer effectiveness and
endurance than natural rounded aggregates [30]. The increased angularity of crushed
aggregates provides more crack face texture for aggregate interlock.

The literature also reveals that the size of the coarse aggregate can significantly
affect aggregate interlock load transfer, especially at larger crack widths. Nowlen found
that increasing the aggregate size significantly improves load transfer effectiveness,
particularly at large joint widths [13]. It was also shown that increased aggregate size
improves the endurance of load transfer [13]. Bruinsma et al. concluded in their study
that it is likely that the use of large coarse aggregates in the concrete mix provides
improved load transfer efficiency and endurance, provided that all other factors are the
same, including concrete strength [33]. This improved performance is the result of less
vertical differential movement across the crack with larger particles [33]. Soroushian et
al. also found that increased aggregate size can improve the shear stiffness, and

consequently the load transfer efficiency, due to aggregate interlock [24].
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Loss of aggregate interlock occurs over time due to abrasion of the crack faces.
Thus, harder aggregates, which are more resistant to wear, would be expected to
demonstrate better load transfer endurance than softer aggregates. Nowlen confirmed this
notion, as he showed that harder aggregates do indeed lead to improved load transfer
endurance. [13]

Bruinsma et al. studied the effect of coarse aggregate type on load transfer
efficiency and endurance through a laboratory investigation. Four aggregate types were
considered - limestone, natural gravel, slag, and recycled concrete aggregate. Limestone
and natural gravel specimens showed better load transfer efficiency and endurance than
specimens using slag or recycled concrete aggregates. It was explained that this is
probably due to smoother crack faces associated with the slag and recycled concrete
specimens. These manufactured aggregates are usually assumed to be weaker than the
natural aggregates (limestone and natural gravel). The manufactured aggregate
specimens thus have smooth crack faces, as cracks propagate through the relatively
weaker aggregates rather than around them. This results in a lower amount of aggregate
protrusions from the surface and thus less crack face texture available for aggregate
interlock. [33]

The mode of fracture in concrete (i.e., around or through the aggregates) has
indeed been cited as an important factor influencing load transfer characteristics [14].
When cracks propagate around the aggregates, more aggregate pullouts occur, which
results in a rougher crack face [14]. Increased load transfer efficiency and endurance is
generally associated with a rougher crack face. Nowlen found that the age of the concrete

at time of fracture has a significant effect on the mode of fracture [13]. It was found that
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early fractures result in more aggregate pullouts due to weaker aggregate-paste bond
strengths [13]. Fractures occ?urring at later ages lead to less pullouts as this bond strength
has been increased and cracks are more likely to propagate through the aggregates [13].
Thus, it was concluded that early fractures lead to improved load transfer efficiency and
endurance [13].

Sutherland and Cashell noted that the mode of concrete fracture can explain why
natural rounded gravel aggregates sometimes demonstrate better load transfer behavior
than more angular, crushed limestone. The higher aggregate-paste bond strength
developed in the limestone specimens leads to more cracks propagating through the
aggregates. A greater amount of aggregate pullouts result for the natural gravel
specimens, as the bond strength is weaker. Thus, better load transfer efficiency is found
for the natural gravel specimens. [34]

The effect of aggregate gradation on shear stiffness due to aggregate interlock was
examined by Walraven. Two gradations were considered in his study. One gradation
was formulated according to the Fuller curve, and the other had a large proportion of
sand. It was found that at large crack widths the finer aggregate gradation had a
significantly lower shear stiffness than the gradation using the Fuller curve. Thus, the
finer aggregate gradation would be expected to have a lower load transfer efficiency than
the coarser gradation. This is due to less available contact area for the finer aggregate
gradation at large crack widths. [22]

The effect of coarse aggregate treatment on load transfer endurance was studied
by Bruinsma et al. The load transfer characteristics of virgin aggregate specimens,

recycled concrete aggregate specimens, and blends of virgin and recycled concrete
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aggregate specimens were compared. Virgin aggregate specimens showed significantly
better load transfer endurance than recycled concrete aggregate specimens. Blending
recycled concrete aggregate with virgin aggregate of equal or greater size resulted in an
endurance level between that of the virgin aggregate and recycled concrete aggregate
specimens. The differences in performance of the various aggregate treatments was
attributed to differences in the crack face textures. The recycled concrete aggregate
specimen had the smoothest crack face according to visual observations. The improved
performance of the blended specimen over the recycled concrete aggregate specimen was
probably due to a rougher crack face texture. It was also found in this study that adding
virgin aggregate of a larger size to normally graded virgin aggregate results in improved
load transfer endurance. [33]

Vandenbossche and Snyder determined relationships between aggregate properties
and load transfer efficiency indirectly by performing Volumetric Surface Texture (VST)
testing. This relatively new test procedure, which quantifies the surface texture of a crack
face, was utilized in the research for this thesis to determine the effect of aggregate type
on surface texture. It is discussed in more detail in Chapter VI. Vandenbossche and
Snyder found that increasing the coarse aggregate size leads to a rougher volumetric
surface texture. They also determined that stronger aggregates such as limestone result in
a rougher volumetric surface texture than weaker aggregates such as slag. Regarding
aggregate treatment, a rougher texture was found for virgin aggregate specimens than for
specimens with recycled concrete aggregate. This was attributed to the reduced amount
of aggregates at the crack face for recycled specimens, as they are composed of not only

aggregates but also old mortar. Blending recycled aggregate with virgin aggregates did
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lead to improvements in the volumetric surface texture. It was also found in their study
that rougher volumetric surface texture corresponds to higher load transfer efficiency.
Thus, it may be inferred that increased aggregate size, stronger aggregates, and/or use of

virgin or blended aggregates lead to improved load transfer efficiency. [35]

Support Conditions

The support provided to the slab has a significant effect on the endurance of load
transfer across transverse cracks in JCP’s. Improved support can be accomplished by
using a stiff base layer and/or a stiff subgrade. Colley and Humphrey found that use of a
cement-treated base significantly increases the endurance of load transfer [30]. They also
showed that increasing the modulus of subgrade reaction increases the load transfer
endurance [30]. Bruinsma et al. confirmed these findings, as t'hey.found through
laboratory testing that increasing the foundation stiffness leads to significantly improved
endurance of load transfer [33]. The stiffer foundation reduces slab deflections and
allows more load to be transferred into the foundation, reducing the amount of load
carried by aggregate interlock and the reinforcing steel [33]. It is interesting to note that
despite the beneficial effect that increasing the modulus of subgrade reaction has on load

transfer endurance, it can actually decrease the deflection load transfer efficiency [28].

Concrete Slab Properties and Parameters
Load transfer efficiency and endurance has also been found to be affected by the
concrete slab properties and parameters. It was shown by Soroushian et al. that

increasing the concrete compressive strength increases the aggregate interlock shear
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stiffness [24]. Walraven also found this relationship to be true [22]. Thus, the load
transfer efficiency can be expected to increase with increasing concrete strength.

The slab thickness has been found to affect both the efficiency and endurance of
load transfer across cracks. Aggregate interlock load transfer efficiency increases
proportionally with the increased cross-sectional area available for shear resistance that is
associated with increased slab thickness [2]. Colley and Humphrey determined that
increasing the slab thickness also significantly increases the load transfer endurance [30].

Bruinsma et al. studied the effect of slab tension on load transfer efficiency and
endurance of transverse cracks for JRCP’s. Increasing the slab tension was found to
decrease both the efficiency and endurance of load transfer. This was attributed to higher
strains and stresses in the reinforcing steel and larger crack widths with high slab tension.
Increasing the tension leads to greater strain in the steel, which results in wider crack
openings. Larger crack widths are associated with reduced amounts of contact area
between the crack faces, and thus, lower load transfer efficiency. Increased abrasion of
the crack faces also results and leads to a lower load transfer endurance. It was also
suggested that the large crack widths force a greater amount of load to be carried by
dowel action of the reinforcing steel. Consequently, fatigue failures of this reinforcing
steel are more likely to occur, and reduced load transfer endurance results. Increased slab
tension can result from longer slab lengths and/or greater slab-support layer friction.
Thus, reducing the joint spacing and/or the slab-support layer friction should lead to
improved load transfer efficiency and endurance of transverse cracks. It was also

concluded in this study that using both a stiffer foundation and reduced slab tension leads
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to an improvement in load transfer endurance greater than the sum of the individual

improvements which result from using either alone. [33]

Reinforcement Properties

The amount, size, and type of reinforcement used in JRCP’s have been found to
affect the load transfer characteristics of transverse cracks in these pavements. Larger
wires and a greater amount of reinforcement were found to increase load transfer
endurance in a laboratory study by Bruinsma et al. [33]. The increased size and quantity
of reinforcement reduces the strain in the steel, which leads to smaller crack widths [33].
Aggregate interlock can thus be maintained longer as abrasion of the crack faces is
reduced through smaller crack widths [33]. Fatigue stresses in the steel are also reduced
with narrower crack widths [33]. Thus, reinforcement dowel action could also be
maintained longer with increased reinforcement size and quantity [33]. Millard and
Johnson found that a larger reinforcement size increases shear stiffness (and thus load
transfer efficiency), but tends to induce more spalling at the crack faces [23].

Bruinsma et al. also studied the effect of reinforcement type on load transfer
endurance. Deformed wire mesh was found to improve load transfer endurance, when
compared to smooth wire mesh. The improved bond between the concrete and deformed
steel restricts strain in the steel to the vicinity of the crack. This results in a smaller crack
width, and thus, improved aggregate interlock and reduced fatigue stresses in the steel.
[33]

An innovative design, utilized in the study by Bruinsma et al., using large

deformed bars proved to provide significant improvements to load transfer endurance.
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An unusually strong bond between the bars and the concrete kept the crack opening very
tight. Thus, improved aggregate interlock and reduced stresses in the steel resulted. Use
of these large deformed bars also provided substantial improvement to the shear and
bending resistance of the steel. These effects led to increased endurance of load transfer
across the transverse cracks in the study. [33]

The effect of combining a stiff foundation with an increased quantity of large
reinforcing steel on load transfer endurance was also examined by Bruinsma et al. This
effect was found to depend on the aggregate type. Recycled concrete aggregate
specimens derived benefit from both of the improvements. Gravel specimens were found
to be significantly improved only by the use of the stiffer foundation. Hence, it is
believed that a stiffer foundation improves load transfer endurance for all aggregate types,
but use of increased reinforcement size and quantity mainly improves performance for
specimens comprised of aggregates with lower surface texture. [33]

Combining reduced slab tension and a deformed wire mesh was found to provide
an increase in load transfer endurance approximately equal to the sum of using either
improvement alone. Thus, using both a deformed wire mesh and a shorter slab length
and/or reduced slab-support layer friction should result in better load transfer endurance.

(33]

Environmental Conditions
Climatic factors such as temperature and moisture also affect the load transfer
efficiency across transverse cracks in JCP’s. Seasonal variations in the average

temperature lead to differences in the shear stiffness across these cracks. As the average
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temperature decreases from summer to winter, the shear stiffness (and thus load transfer
efficiency) decreases as well. This decrease can be attributed to thermal contraction of
the slab at lower temperatures, which results in a greater crack width and thus less load
transfer efficiency across the cracks. [36]

Daily temperature variations also affect aggregate interlock load transfer
efficiency. If a significant temperature variation occurs between nighttime and daytime,
slab curling will take place. For example, high daytime temperatures cause a strong
positive temperature differential (top of slab is warmer than bottom), which results in
downward curling of the slab fragments for cracked slabs. This curling reduces the crack
width at the pavement surface and allows for a higher load transfer efficiency due to the
increased amount of contact between the opposing crack faces. [16]

Seasonal moisture variations can cause warping of the slab, which affects load
transfer efficiency [37]. Slab warping is particularly an issue in climates that experience
dry, low humidity conditions [10]. In such climates, a substantial amount of drying of the
slab may occur following a wet season, and this would result in an upward warping of the
slab fragments in a cracked slab [10]. Upward warping results in a greater crack width at
the pavement surface, which reduces the load transfer efficiency across the crack.

The temperature and weather conditions that existed at the time of paving can
also influence the load transfer efficiency of transverse cracks in JCP’s. If cold and
humid ambient conditions prevail during paving, a lower temperature than usual will be
required to cause expansion of the pavement during its service life. Thus, low
temperatures in the winter season may be associated with relatively narrow crack widths

and high load transfer efficiency in such circumstances. [38]
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Load Conditions

The load magnitude, number of load repetitions, and location of load (approach
vs. leave side of crack) for inclined cracks have been found to significantly affect load
transfer efficiency and endurance across transverse cracks. Colley and Humphrey found
that load transfer endurance decreases as the magnitude of the load increases.
Furthermore, they found that load transfer endurance is not significantly affected by loads
less than some critical value. Such light loads cause little to no degradation of the crack
faces and thus have no significant effect on load transfer. [30]

Colley and Humphrey also verified the intuitively obvious relationship between
load repetitions and load transfer effectiveness (or efficiency). That is, they determined
that as the number of load repetitions increases, load transfer effectiveness decreases. An
interesting finding was made, however, that approximately 90% of effectiveness loss
occurs during the initial 500,000 load repetitions. [30]

An inclination of a crack throughout its depth affects its deflection load transfer
efficiency. Where such an inclined crack exists, the approach and leave side LTEs’s will
be significantly differe;lt. An inclined crack subjected to loads P, and P, on the approach
and leave sides, respectively, is shown in Figure 6. In this case, the approach side LTE;
will be higher than the leave side LTEs. When P, is applied to the approach side, the
loaded side is able to rest on the unloaded side of the slab, and good contact and
aggregate interlock results. When P; is applied to the leave side, the loaded side has little
contact with the unloaded side, and the load is primarily carried by the leave side alone.
Thus, for inclined cracks, load transfer efficiency will be higher on the side which rests

on the favorably inclined edge of the adjacent slab fragment. [16]
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Figure 6 Influence of Load Location on LTE; for Inclined Cracks. (After
Poblete et al. [16].)
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Other Effects

Most of the factors that have been found to affect load transfer efficiency and
endurance across transverse cracks in JCP’s have been discussed in this section. There
are certainly other factors that also have effects on crack performance, but an exhaustive
list of these factors is beyond the scope of this thesis. However, two other factors will be
briefly discussed here.

The effectiveness of the joints in accommodating slab movements will affect the
efficiency and endurance of load transfer across nearby transverse cracks. Misaligned or
corroded dowel bars, malfunctioning dowel assemblies, and the presence of expansion
joints can each result in substantial crack movements. The resulting opening in the
cracks can lead to significant losses in load transfer efficiency and endurance. [14]

The age of a pavement has an indirect effect on decreasing the load transfer
efficiency of transverse cracks. As the pavement ages, it is subjected to more cycles of
crack opening and closing, more applications of deicing salts which can corrode
reinforcement, more freeze-thaw cycles, and so on. Thus, if everything else is held
constant, cracks in older pavements would be expected to have lower load transfer

efficiencies. [15]
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- CHAPTERIII -

Literature Review II — Rehabilitation/Resurfacing
Methods for JCP’s with Transverse Cracking

OVERVIEW

A review of some of the common procedures used in rehabilitating/resurfacing
cracked JCP’s was conducted in this study. Since this study was partially focused on
development and demonstration of methods that can be used to assess when and how to
repair cracked JCP’s, it was felt that such a review would provide pertinent background
information to the reader. Although this review does not cover all available
rehabilitation/resurfacing techniques for cracked JCP’s, it does provide an indication of
some of the types of actions that can be performed to restore integrity to such pavements.

Many alternatives are available for rehabilitating or resurfacing JCP’s with
transverse cracks. Selection of the appropriate actions to be used on a particular
pavement will depend on many factors, such as the overall existing pavement condition,
the causes of the various distresses, and the cost/benefit ratio of employing the respective
actions. Thus, all distresses associated with a cracked JCP must be identified and an
evaluation of the causes of these distresses must be performed prior to selecting the
rehabilitation/resurfacing actions to be taken on the pavement. Destructive (e.g., coring)
and nondestructive (e.g., deflection testing) test methods can be used to evaluate the
condition of the pavement and investigate the causes of the individual distresses.

Several of the common actions used to repair existing transverse cracks and
crack-related distresses and prevent their reoccurrence are discussed in this chapter.

Frequently, a combination of two or more of these actions are utilized to effectively
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rehabilitate the cracked slabs. Some overlay alternatives for resurfacing cracked JCP’s
are also discussed here. The actions considered here include: “do nothing,” full-depth
repair, load transfer restoration, slab stabilization, provision of improved edge support,
diamond grinding, crack sealing, unbonded concrete overlay, bonded concrete overlay,
and asphalt overlay. Each of these alternatives are briefly discussed with regard to: 1)
when the action is feasible for use, 2) the procedures involved in carrying out the action,

and 3) suggested concurrent work.

REHABILITATION/RESURFACING METHODS
“Do Nothing” Alternative
Feasible Conditions for Use

Transverse hairline cracks that extend only partially through the depth of the slab
require no rehabilitation. The suggested action is therefore the “do nothing” alternative.
Such cracks, which are often the result of plastic shrinkage, do not allow significant
amounts of water to penetrate the pavement substructure and usually have a negligible

effect on the serviceability of the pavement. [39]

Full-Depth Repair
Feasible Conditions for Use

Full-depth repairs can be used to restore pavement rideability and structural
integrity to a cracked JCP. Transverse cracks demonstrating severe spalling, pumping,
corner breaks, and/or faulting are candidates for this repair procedure. This is also an

appropriate procedure for cracks that have been deteriorated due to material-related
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distresses such as D-cracking or alkali-silica reactivity. Cracks with poor load transfer
efficiency (identified through deflection testing) and spalling should also be considered
for this type of repair, even if pumping and faulting have not occurred. This method
restores pavement integrity, as deteriorated concrete is replaced and load transfer is
provided across the transverse joints at the patch boundaries. Note that this procedure
can also be used to repair joints that are deteriorated. It should further be noted that
partial-depth repairs (not discussed here) are sometimes recommended for cracks having

only surface spalling. [40]

Summary of Procedures Involved

A summary of the procedures involved in performing full-depth repairs is
provided in the following paragraphs. The first step involves defining the limits for the
areas to be repaired. The repair area should be selected to include all distresses that have
been identified. Once these areas have been identified, they should be isolated by sawing
full-depth cuts along their perimeter. The deteriorated concrete can then be removed by
either lifting it out or breaking it up. The liftout method is preferred as it usually imparts
no damage to the support layers. If the concrete is too badly deteriorated to be safely
lifted out, the breakup method will have to be used. There are several techniques
available for carrying out both the liftout and breakup methods. [40]

After the old concrete has been removed, the subbase must be prepared. If the
subbase was damaged during concrete removal, new material must be added. The
subbase should be uniformly compacted prior to placing the new concrete. Load transfer

must be provided across the joints at the patch boundaries. It is recommended that at
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least four 38 mm dowels be placed ini each wheelpath. Deformed tie bars can be used in
lieu of dowel bars on the approach joint, but their use requires special considerations to
be made (see [40]). Installation of the dowel bars involves drilling holes into the existing
slab edges, cleaning out the holes using compressed air, and placing the dowel bars along
with an anchoring material. For long repair lengths (> 4.5 m) or full slab replacements
extending only one lane wide, tie bars are usually placed along the longitudinal joints at
the patch boundaries. Holes are drilled into the edge of the existing slab and
subsequently cleaned. Tie bars are then placed with anchoring material. For shorter
repair areas extending only one lane wide, a bondbreaking board is placed along the
longitudinal joint. A bond between the existing slab and the patch could lead to cracking
in the slab adjacent to the transverse joints at the patch boundaries. A bondbreaker
should also be used at longitudinal shoulder joints and at longitudinal joints connecting
adjacent patches. [40]

The concrete can then be placed, finished, and textured. Burlap dragging or
transverse tining can be used to provide a patch surface texture similar to that of the
existing slab. Proper curing measures should then be taken. This may involve the use of
a curing compound and insulation boards/mats. A smooth transition should be provided
between patch areas and existing slabs. This may require use of diamond grinding (to be
discussed later in this chapter). Transverse and longitudinal joints should be sawed and

sealed along the patch perimeter as the final step in this procedure. [40]
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Suggested Concurrent Work

In addition to repairing the transverse cracks using full-depth patches, other work
may be performed to prevent distresses from reappearing at patch locations. Edge drains
can be installed outside the outer wheelpath to provide improved drainage to the
pavement system [40]. Slab stabilization, which is described later in this chapter, can be
used to restore support to the slab if voids exist beneath the patches, cracks, and/or joints
[40]. Comner deflections near the transverse joints of the patches can be reduced by
constructing a rigid edge support (also described later in this chapter) [41]. Use of any or
all of these three actions would lessen the likelihood of pumping, faulting, and corner

breaks plaguing the repaired pavement.

Load Transfer Restoration (Dowel Bar Retrofitting)
Feasible Conditions for Use

Load transfer restoration is useful for transverse cracks demonstrating faulting
and/or poor load transfer, as this procedure inhibits the occurrence of future faulting and
improves the load transfer efficiency of such cracks [42]. It is recommended that this
procedure be used when load transfer efficiency drops below 50% [41]. Deflection
measurements for computing load transfer efficiencies should be made at cool
temperatures (10 to 27°C) [41]. Misleadingly high LTE values can result at high
temperatures due to the beneficial effects of thermal expansion and downward slab
curling. Load transfer restoration should not be used on cracks where major spalling or

material-related distresses exist [39]. Note that this procedure is also valid for poorly
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performing joints where dowels were not originally placed or existing dowels are

malfunctioning.

Summary of Procedures Involved

The procedure described here involves the use of dowel bars to restore load
transfer across cracks in JCP’s. It is recommended that three 38 mm dowel bars be used
in each wheelpath [43, 39]. The first step in this repair method involves sawing slots in
the pavement (parallel to the centerline) across the cracks so that dowels can be placed at
mid-depth in the slab. Lightweight equipment should be used to remove the concrete
from the slots so that no damage is imparted to the support layers. The slots should then
be sand-blasted and cleaned of saw slurry and other material. [43]

Chairs should then be installed in the slots to hold the dowel bars in position when
the backfill concrete is placed. The dowel bars should be coated with a parting
compound and placed on the chairs. It is suggested that expansion caps be attached to the
ends of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>