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Abstract: Concrete pavements are more durable than asphalt pavements; however, after prolonged
service, failures, such as joint spalling and potholes, occur that need repair. In general, asphalt-, cement-,
and resin-based materials are used for repair. Cement- and resin-based materials do not cause plastic
deformation (rutting) at high temperatures as in the case of asphalt-based materials. However, some cases
of premature peel-off of cement- and resin-based repair materials have been reported. It is therefore
important to develop repair techniques to improve the durability of repaired patches of concrete pavements.
In Japan, a durability test was conducted wherein 330-kN vehicles had been driven over a concrete
pavement repaired with polymer—cement-based and resin-based materials for approximately three years.
The test revealed that some of the repair materials peeled off approximately three months later. Therefore,
to propose appropriate repair methods for concrete pavements, the prematurely peeled repair materials are
investigated, and the factors that cause premature peeling of the repair materials and the conditions
necessary to improve the durability of the repaired patches are summarized. Examples of the factors
causing the peeling are the repair material properties such as the difference in the dimensional change of
the repair material and the concrete base as well as improper repair practices such as neglecting a
weakened base or joint and securing an inappropriate joint width.
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1. Introduction

Concrete pavements are more durable, have a longer life span, and incur lower life-cycle costs than asphalt
pavements. However, after prolonged service, various failures occur that must be repaired. Generally,
asphalt-, cement- (including polymer—cement-), and resin-based materials are used to repair joint spalling,
potholes, and faulting. These repair materials are employed to restore chipped pavements to flatten the
surface. Therefore, the repaired patches of concrete pavements must not deform or easily peel off. However,
some cases of premature (approximately one year) peel-off of asphalt-based and cement- and resin-based
repair materials have been reported by Public Works Research Institute, which is a Japanese research
institute (1). Therefore, developing repair techniques to improve the durability of repaired patches of
concrete pavements is important.

Cement- and resin-based repair materials do not cause plastic deformation (rutting) at high temperatures,
in contrast to asphalt-based repair materials. In addition, asphalt-based repair materials possess plastic
characteristics, whereas cement- and resin-based repair materials possess elastic characteristics. These
properties differ from each other.

Thus, cement- and resin-based repair materials are the subject of the current research. Prematurely peeled
repair materials are investigated to develop appropriate repair methods for concrete-pavement repairs.
Factors that cause premature peeling of repair materials and conditions required to improve the durability
of the repaired patches are summarized.

2. Previous studies on the durability of repaired patches of concrete pavement

Only a few studies have reported the durability of repaired patches of concrete pavements. One example
was the durability test reported in Japan (1) wherein 330-kN vehicles were driven over a concrete-pavement
test course that was repaired using four types of polymer—cement- and two types of resin-based repair
materials for approximately one year. The test revealed that some polymer—cement-based and resin-based
repair materials peeled off approximately three months after the test and subsequently developed into
cracks due to wheel loading. The test results also reported that the deterioration of the polymer—cement-
and resin-based repair materials demonstrated the following characteristics (1): First, the repair materials
peeled off around the areas where the wheels passed through. Moreover, the peeling-off of repair materials



concentrated on the joint side, whereas those on the opposite side did not. Second, when wheel load was
applied to the repaired patches after the occurrence of peeling, the peeled areas developed into cracks
(approximately three months later, after 260,000 runs of the 330-kN vehicles). Third, the areas on the
opposite side of the joint that did not peel off did not develop into cracks even after one year (after 670,000
runs of the 330-kN vehicles).

According to a follow-up report in which adhesion and other tests were performed after the 330-kN vehicles
had been running for approximately three years since the start of the test, adhesion between the repair
materials and concrete slab remained secure in the areas at the opposite side of the joint after 2,180,000
runs of the vehicles (2).

From the abovementioned test results (1), (2), we learn that preventing premature peeling of repair materials
is important to avoid premature cracking and to improve the durability of repaired patches of concrete
pavements. Therefore, the peeling factors of the repair materials and the conditions necessary to improve
the durability of the repaired patches are summarized in the following sections in the present paper.

3. Factors and proposed responses to peeling of repair materials

3.1 Dimensional change of repair materials, including curing or drying shrinkage

We assume that large curing or drying shrinkage of repair materials for concrete structures can cause
premature cracking and peeling. If the repair materials expand during curing, a large expansion magnitude
might also cause peeling because the stress that acts on the interface with the concrete slab increases.

Therefore, the Nippon Expressway Company group, especially the Japanese expressway superintendents,
require repair materials with a dimensional change of 0.05% or less when performing repair of concrete
slabs. The American Concrete Institute also states that the drying shrinkage of cement-based repair
materials should not exceed 0.04% and 0.1% at 28 days and one year, respectively (3). Although no
specifications for the dimensional changes in repair materials for concrete pavements are set, small
dimensional changes in these materials can reduce the risk of peeling. If the repaired patches are also large,
special care is needed because the effect of dimensional change becomes more significant.

3.2 Stresses that repeatedly act on the adhesion interface

Concrete slabs are subjected to repeated wheel-load stresses because many vehicles run over them. The
adhesion interfaces between the repair materials and concrete slabs are also subjected to repeated wheel-
load stresses, as shown in Figure 1(a).

In addition, during daytime or in summer, the temperature at the top side of the concrete slabs is higher
than that at the bottom side, which causes the concrete slabs to deform similar to a downward-facing bowl.
Conversely, during nighttime or in winter, the temperature at the top side of the concrete slabs is lower than
that at the bottom side. Thus, the concrete slabs are subjected to repeated warping stresses. The adhesion
interfaces are also subjected to repeated warping stresses, as shown in Figure 1(b).
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Figure 1. Images of a concrete slab subjected to repeated stresses.

In Japan, the wheel-load stress is expressed by the Japan Road Association as Equations (1), (2), and (3),
which are used to design the concrete-slab thickness. The wheel-load stress is a function of the elastic



modulus. Therefore, if the elastic moduli of the repair materials are greater than those of the concrete slabs,
the magnitudes of the wheel-load stresses of the repair materials at the adhesion interfaces are greater and
experience more difficulty in undergoing a dimensional change than the concrete slabs.
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where 0. is the wheel-load stress (MPa), v is the Poisson’s ratio of concrete, and €, = 2.12 at the free
longitudinal edge and 1.59 at the longitudinal joint edge with an appropriate number of tie bars. Ct = 0.8 is
the coefficient at the jointed concrete pavement or continuously reinforced concrete pavement and 0.9 is at
the roller compacted concrete pavement. P is the wheel load (kN), L is the radius of relative stiffness (m), E
is the elastic modulus of concrete (MPa), K75 is the coefficient of bearing capacity (MPa/m), 7 is the radius
of tire footprint (m), and h is the concrete-slab thickness (m).

Abe et al. demonstrated that a low-elasticity repair material (elastic modulus is equivalent to that of an RC
slab) caused less cracking and peeling than a high-elasticity repair material (elastic modulus of
approximately more than twice that of the RC slab). They also proposed a high-toughness repair material
by mixing fibers with a low-elasticity repair material (4). Low-elasticity repair materials are more resistant to
cracking and peeling than high-elasticity ones because the former are more flexible and adaptable to
dimensional changes. A case study has also been conducted on developing a flexible resin-based repair
material for concrete pavement with deflection properties and adaptability to dimensional changes (5).
These studies have suggested that the low elastic moduli of repair materials are better than the very high
elastic moduli. A small difference between the elastic moduli of repair materials and concrete slabs can
contribute to improved peeling resistance.

In Japan, the warping stress is also expressed by the Japan Road Association as Equations (4) and is used
for designing the concrete-slab thickness. The warping stress is a function of the elastic modulus and
coefficient of thermal expansion. Therefore, if the elastic moduli and coefficients of thermal expansion of the
repair materials and concrete slabs are different, the adhesion interfaces become loaded because the
magnitudes of the warping stress and dimensional change also differ.

a; = 0.35C,,aE0 (4)

where 0 is the warping stress (MPa), Cw is the coefficient of warping stress, « is the coefficient of thermal
expansion (/°C), and 0 is the temperature difference between the top and bottom sides of the concrete slab
(°C).

In Reference (1), exposure tests were also conducted without a wheel load. Reference (1) confirmed that
specimens made of a repair material with a coefficient of thermal expansion that is greater than that of
concrete exhibited peeled corners after approximately 16 months. This repair material also quickly peeled
off than the others in the durability test using 330-kN vehicles. These test results were considered as among
the cases of peeling-off of repair materials because of the large difference in the warping stresses between
the repair materials and concrete. In addition, the larger the area of the repaired patches is, the larger is the
difference in the dimensional change between the repair materials and concrete slabs due to the combined
wheel-load and warping stresses.

Therefore, the difference in the elastic moduli and coefficients of thermal expansion between the repair
materials and concrete slabs should be reduced to prevent peeling of the repair materials, especially the
large area of the repaired patches. Moreover, a method of preapplying adhesive primer to the interface
between the repair materials and concrete slabs has also been proposed to prevent premature peeling (6).

3.3 Adhesion-interface conditions

In some cases, joint spalling, potholes, and faulting in concrete pavement are cleaned and directly filled with
repair materials for repair. However, technical documents have recommended the following repair steps for



concrete pavements: (a) straight saw cutting and squaring off the repair area to prevent the formation of
feather edges that tend to become a weak point, (b) removing damaged concrete around the defective area,
and (c) cleaning and filling with repair materials. Although manufacturers often indicate how the repair
materials should be used, the common practice involves the application of adhesive primer to the interface
or dampening the interface in the case of cement-based repair materials to prevent the drying out of the
materials.
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Figure 2. Image of microcracks created by concrete removal.

However, when concrete breakers are used to remove the concrete, new microcracks are generated at the
interface, as shown in Figure 2, and the interface becomes brittle. Reports have shown that water-jet
concrete removal does not cause microcracks. The adhesion strength (i.e., pull-off strength) between the
old and new concrete is larger when concrete is removed by a water jet than by a concrete breaker (7).
Therefore, water-jet concrete removal is a better method of ensuring sufficient adhesion strengths of the
repair materials if its cost is low. However, in Japan, concrete removal using concrete breakers is common
in small pavement repair sites because water jet is expensive (approximately 800,000 JPY/day or 6,000
USD/day according to information coming from some construction sites). In this case, even if the adhesion
strengths of the repair materials are increased or adhesive primer is applied to the interface, concern
remains that the concrete layer immediately below the interface will fail and peel off. As a countermeasure
example, in a case study of RC-slab repairs of bridges (8), a penetrating adhesive was first applied to the
interface to improve the brittle concrete. The adhesive primer was applied at the interface. As proposed by
Reference (4), a low-elasticity and high-toughness repair material was used. Repairing concrete pavements
using concrete breakers can also improve the brittle concrete similar to improving its resistance to peeling.

The durability test in Reference (1) used a small road-milling machine to remove concrete. Moreover,
adhesion tests were conducted three years after the start of the test. The 330-kN vehicles had driven
approximately 2.2 million times (2). The results of these adhesion tests revealed pull-off strengths of 1.5—
3.0 MPa as well as failure at the concrete layers immediately below the interfaces in the absence of peeling-
off of patched areas at the opposite side of the joints (2). These results suggested that small road-milling
machines might not cause much damage to concrete slabs. However, this method is not common in
Japanese pavement repair.

3.4  External forces acting on the repair materials
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Figure 3. Structure of the concrete-pavement test course in the durability test in Reference (1).



The durability test performed in Reference (1) was conducted on leave slabs, i.e., concrete slabs, in the
direction of travel from the transverse joints. Two different repair patches were used, which simulated
repaired joint spalling and faulting and subjected to repeated wheel loading by the 330-kN vehicles, as
shown in Figure 3. The test results showed that the peeling off was concentrated on the joint side in most
repaired patches filled with cement- and resin-based repair materials. Conversely, no peeling off was
observed on the opposite side. In the repaired patches that simulated repaired joint spalling, the joint side
of the patches was 5-cm thick. The opposite side intentionally created feather edges, which tended to
become weak points. However, only the repair materials at the joint side peeled off, and the opposite side
retained sufficient pull-off strengths (2). These results suggested that some factors caused the peeling of
the repair materials on the joint sides. The following subsections present a summary of the presumed factors
that caused the peeling of the repair materials at the joint sides.

3.4.1 Gaps at joints created when wheels passed through
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Figure 4. Load transfer due to dowel bars. Figure 5. Measurement of the load-transfer

efficiency using FWD.

The two concrete slabs are connected by dowel bars. The stresses and deflections in the
concrete slabs caused by the traffic loads are distributed by the dowel bars to the adjacent
unloaded concrete slabs, as shown in Figure 4 (load-transfer), to reduce the load on the loaded
concrete slabs and base course. The load-transfer efficiency is determined by measuring the
deflections at the loading points and at 300 mm from the loading point, using a falling-weight
deflectometer (FWD) testing, as shown in Figure 5, and by applying Equation (5). The load-
transfer efficiency should be 80% or more. If the load-transfer efficiency is less than 65%, the
load transfers are insufficient, and corrosion of the dowel bars or erosion of the base course is
suspected.

D300

Eff = (ot pyorya X 100(%) (5)

where Efr is the load-transfer efficiency (%), Do is the surface deflection at the loading point
(mm), and D300 is the pavement deflection at 300 mm from the loading point (mm).
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Figure 6. Image of the gap at a joint created at the moment of wheel passage due to corrosion of
the dowel bars and an impact load on the repaired patch.

When the load transfers are insufficient, large gaps are considered to occur at the joints of the
wheel passage. In this case, if the repaired patches are on the leave slabs, the impact loads



of the wheels can cause peeling off and chipping of the repair materials from the joint side, as
shown in Figure 6. The corrosion of the dowel bars or erosion of the base course is caused by
the entry of rainwater after the loss of joint sealants. Therefore, daily maintenance of the joint
sealants is very important to avoid these problems. The following additional repairs may be
necessary to improve the deteriorated joints.

- The repair materials must first be injected and filled if the cavities are under the joints.
- If the dowel bars are corroded, they should be replaced (stitching).
- If the deterioration of the joints is significant, full depth repairs should be performed.
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Figure 7. Measurement of the amount of gap at a joint created of the wheel passage
using gap sensors (2).

In the follow-up investigation presented in Reference (2), the effect of the occurrence of gaps
at the joints of the wheel passages was first investigated. Then, gap sensors were installed at
both sides of the joints to measure the number of gaps at the joints of the wheel passage, as
shown in Figure 7. For comparison, the same sensors were installed on the opposite side of
the joints. The results revealed that no gap appeared at the opposite side of the joints of the
wheel passage, whereas a maximum of 0.7-mm gap occurred at the joints (2). The load-
transfer efficiency between the concrete slabs on the test course was unknown because it was
not reported. However, the 0.7-mm gap of the joint of the wheel passage was much smaller
than the diameter of the 330-kN vehicles (1,080 mm) and the length of the tire footprint
(approximately 350 mm). Therefore, in this durability test (1), the gaps of the joints during the
wheel passage appeared to have little effect on the peeling-off of the repair materials.

3.4.2 Loads due to dimensional changes of concrete slabs

As performed in Reference (2), concrete was removed using a small road-milling machine and
cleaned in mid-December 2017 [Figure 8(b)]. The repair materials were filled on December 21,
2017 [Figure 8(c)], 3-5-mm wide and 50-mm depth saw cuts were made, and new sealants
were filled in mid-January 2018 [Figure 8(d)]. The 330-kN vehicles began running on January
30, 2018. In other words, the repair materials and approach slabs adhered to each other for
approximately one month after the repair materials were filled.
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Figure 8. Procedure in the installation of repair materials in the durability test
conducted in Reference (1) (repairing of faulting) (2).



The lengths of these concrete slabs were 5 m. Temperature sensors were embedded at a
depth of 25 mm, and the temperature of the concrete slabs was reported to have repeatedly
varied by approximately 20 °C per day by the time the new joints were created (2). Therefore,
if the coefficient of thermal expansion of concrete is 10 x 106 /°C, which is a common value,
the lengths of the concrete slabs were calculated to have repeatedly expanded by —0.2 to 1.0
mm. In approximately one month before the new joints were created, a large load was assumed
to be applied because no expansion gap appeared between the repair material and adjacent
concrete slab, as shown in Figure 8(c). By late April, when the temperature increased, this
expansion was also reported to have reached 2 mm, and new joint sealant protruded (2). This
result suggested that the new joint width was also insufficient.

When the joints are not immediately formed, similar to the abovementioned case, the repair
materials would likely peel off from the joint side because of the loads that act on the adhesion
interfaces between the repair materials and adjacent concrete slabs due to repeated
dimensional changes caused by the daily temperature changes of the concrete slabs.
Therefore, the risk of premature peeling of repair materials is considered to be reduced if the
joints are secured by setting joint filler boards in the initial joint width (sufficient width) before
the repair materials are filled so that the repair materials will not adhere to the adjacent
concrete slabs.

The loss of joint sealants can also allow hard matters such as fine aggregate particles to enter
the joints. When the concrete slabs expand due to temperature rise, the localized load that
acts on the joints may cause peeling and cracking of the repair materials.

Appropriate joint-construction methods and joint-sealant maintenance are also important to
prevent premature peeling of the repair materials due to these factors.

4. Conclusions

This paper has presented the factors that cause repair materials of concrete pavement to peel off based on
previous studies and has proposed appropriate repair methods to prevent peeling off. The following
conclusions are presented as the factors and proposed appropriate prevention methods.

(A) The repair materials with large dimensional change, including curing or drying shrinkage, can cause
premature cracking and peeling because the stress that acts on the interface with the concrete slab
increases. Therefore, applying the repair materials with small dimensional changes is proposed as one of
the appropriate repair methods.

(B) Concrete slabs are subjected to repeated wheel-load stresses and warping stresses. The adhesion
interfaces between the repair materials and concrete slabs are also subjected to these repeated stresses.
The wheel-load stress is a function of the elastic modulus, and the warping stress is a function of the elastic
modulus and coefficient of thermal expansion. Suppose the elastic moduli and coefficients of thermal
expansion of the repair materials and concrete slabs are different, the adhesion interfaces become loaded
because the magnitude of the wheel-load stresses and the warping stresses also differ. Therefore, a small
difference in the elastic moduli and coefficients of thermal expansion of the repair materials and concrete
slabs can contribute to improved peeling resistance. Applying low-elasticity repair materials is also
appropriate because they are more flexible and adaptable to dimensional changes. Moreover, adhesive
primer to the interface between the repair materials and concrete slabs can increase adhesion strength.

(C) When concrete breakers are used to remove the concrete, the interface becomes brittle. It reduces the
adhesion strengths of the repair materials. Therefore, water-jet concrete removal is a better method to
ensure sufficient adhesion strengths to the repair materials, if its cost is inexpensive. If concrete is removed
using concrete breakers, a penetrating adhesive should be first applied to the interface to improve the brittle
concrete. Moreover, applying an adhesive primer to the improved interface is recommended.

(D) Large gaps that occur at the joint of the wheel passage because the load-transfer efficiencies are less
than 65% can cause peeling off and chipping of the repaired materials from the joint side. In this case,
corrosion of the dowel bars or erosion of the base course is suspected. Therefore, injection and filling repair



materials in cavities under the joint or replacing dowel bars (stitching) is required. If the deterioration of the
joints is significant, full-depth repairs should be performed.

(E) Inappropriate repair methods, such as filling the repair materials without creating new joints and
insufficient width of new joints can cause premature peeling from the joint side. Therefore, appropriate joint-
construction methods are important and appropriate repair methods such as filling the repair materials
without adhesion to adjacent concrete slabs and securing sufficient joint width (at least the initial joint width)
should be followed.

(F) Losing joint sealants can allow hard matters, such as fine aggregate particles, to enter the joints. When
the concrete slabs expand due to increase in temperature, the localized load that acts on the joints may
cause peeling and cracking of the repair materials. Therefore, appropriate joint-sealant maintenance is also
important to prevent the peeling of the repair materials.
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