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ABSTRACT1

Strength, durability and health monitoring aspects of composite overlays on civil
engineering structures are discussed. The perspective and benefits of the repair,
upgrade, retrofit, and rehabilitation of US civil infrastructure using composite
overlays is briefly reviewed. Bond strength, durability, and in-service health
monitoring are identified as critical issues blocking the wide acceptance of these
novel structural systems in the construction engineering community. A theoretical
and experimental research program, set up at the University of South Carolina, is
briefly presented. Test methods development, modeling efforts, and proposed
outcomes are discussed. The wider perspective of developing national standards
and engineering guidelines for the design and utilization of composite overlays on
civil infrastructures is also addressed.

INTRODUCTION
According to the US Department of Transportation and the Federal Highway

Administration, there are about 576,000 bridges in the national bridge inventory,
and 23% of these are structurally deficient and in need of repair. Several States
have demonstrated that advanced fiber reinforced polymers (FRP) can be used to
improve the load capacity of concrete bridges. FRP repair technology offers a
practical way to rehabilitate aging concrete bridges without disrupting traffic flow.
Masonry buildings also form an important component of US civil engineering
structures with historical value. Repairs, rehabilitation and upgrades of masonry are
required to meet new strength and seismic requirements. The use of FRP composite
overlay on masonry has many potential benefits. A major obstacle in the
widespread use of these new engineering solutions is the lack of standards and
practices for assessing the quality of the repairs and the durability of the composite-
to-concrete bond. Figure Error! Not a valid link. presents a few examples of
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composite overlay repairs of civil infrastructure   bridge columns, bridge decks,
parking deck beams, etc. Quattrone, Berman and Kamphaus [9] reported
application of composite overlays to masonry upgrades. Laboratory tests with 4-ft
by 4-ft masonry specimens reinforced with a variety of composite systems: glass,
Kevlar, or carbon fibers (unidirectional or woven) in epoxy, polyester or phenolic
resins. These preliminary tests revealed the bond between the composite overlay
and the substrate, and not the basic strength of the composite, are the determinant
factor for the ultimate strength.

(a)  (b)  (c)

Figure 1 Composite overlay repair/upgrade of civil infrastructure: (a) circumferencial
reinforcement of a bridge column; (b) bending reinforcement of a concrete
deck; (c) shear reinforcement of a parking deck beam (articles in
Composites Design and Applications, Winter 1996 and Jan./Feb. 1997).

COMPOSITE OVERLAY SYSTEMS
Composite overlays are thin sheets of fiber reinforced polymeric material (1/8-in

to 1/4-in) adhesively bonded to conventional construction engineering materials.
Candidate polymeric systems include polyester, vinylester, epoxy and phenolic.
Fibers can be glass, carbon, Kevlar, or combinations thereof. Glass and Kevlar
fibers come in a variety of forms including weaves and non-woven fabrics. Carbon
fibers can be woven, but common usage relies on unidirectional prepregs. The
composite may be applied as: (a) wet lay-up; or (b) precured panels; or (c) partially
cured prepregs. For wet lay-up and prepreg systems, the adhesive is the polymeric
resin itself. For precured rigid panels, separate adhesive material needs to be used.
Structural upgrades with composite overlays offer considerable advantages in terms
of weight, volume, labor cost, specific strength, etc. However, one critical issue
raised by the structural engineers is the still unknown in-service durability of these
new material systems. Their ability to safely perform after prolonged exposure to
service loads and environmental factors must be ascertained before wide acceptance
in the construction engineering community is attained.

STRENGTH AND DURABILITY OF COMPOSITE OVERLAYS
Degradation and loss of performance of composite overlays may come from one

of the following mechanisms: (a) degradation of the composite; (b) degradation of
the substrate; and (c) loss of adhesion between the composite and the substrate.



3

Degradation of the composite has been extensively researched elsewhere and ample
data exists on the long term behavior and durability of many composite systems.
Degradation of the substrate may occur, but it is expected to be much less than if
unprotected by the composite overlay. However, the durability of the bond between
the composite and the substrate remains a critical issue. Sudden loss of bond
through wide area delamination – if it happens – can lead to catastrophic failure of
the structure. Hence, loss of adhesion between the composite overlay and the
substrate structure seems the critical factor for assessing the long-term performance
and preventing early failure of a composite-overlaid structure.

(a)  (b)
Figure 2 “Composite brick” test specimen developed at USC for testing adhesion

strength and fracture toughness between composite overlay and structural
substrate: (a) side view showing support fixture, concrete brick and
composite overlay; (b) bottom view showing retention bolts.

Though the disbond phenomenon is critical for the design of structural upgrades
and repairs with composite overlays, factual data about it is not readily available.
This phenomenon has not been extensively studied and it not even very well
documented. A preliminary literature survey performed by the authors [1, 2, 3, 5, 6,
7, 8, 10, 11, 12, 13] has revealed that, to date, very little is known about the strength
and durability of the bond between polymeric composites and conventional
construction materials such as concrete and brick. The principal location of bond
degradation and performance loss can be traced to the interface between the
composite overlay and the substrate material. The bond degradation manifests itself
in the form of cracks, disbonds and delaminations. Cracks start at the outer limits
and propagate towards the center. Crack propagation can take place adhesively in
the actual bond between the two materials, or cohesively, i.e. through either one of
the two materials. For example, an adhesive crack will separate the composite
overlay from the base material by breaking the actual polymer/concrete or
polymer/brick bond. In this case, the micrographic aspect of the fractured surfaces
will indicate one material on one side and another material on the other side of the
crack surface. Adhesive cracks usually occur when the bond between the two
materials is quite weak. As the strength of the adhesive bond is improved by using
better chemical formulations, cohesive crack propagation may also happen. In this
case, the crack will propagate either through the polymeric mass or through the
substrate material. In a previous work on metal bonding with polymeric adhesive
[4] cohesive crack propagation was observed in the polymeric adhesive, which was
the weaker part of the joint. In the present application, where polymeric composites
are applied to construction materials (brick or concrete), cracks could also
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propagate in the substrate. Some of the brick-wall tests performed at CERL [9] in
the summer of 1997 have shown situations in which the composite overlay
delaminated from the brick wall was carrying parts of the brick material with it.
Such an occurrence is a typical example of cracks propagating cohesively in the
construction material substrate. The intricate mechanism of crack propagation in an
adhesive joint is the subject of extensive research being carried out in academia,
industry and government labs.

RESEARCH SCHEDULE
A research focused on establishing laboratory practices and test methods to

assess the strength and durability of composite overlays and to perform in-situ
health monitoring has recently been initiated in the University of South Carolina
through a joint effort between the Mechanical and Civil Engineering departments.
Specimen preparation, test schedules, and modeling efforts are planned. The long-
term perspective of this program is to develop national standards and engineering
guidelines for the design and utilization of composite overlays on civil
infrastructures. The preliminary test schedule is presented in Table 1. Testing is
planned to cover a variety of scales: (a) “coupon” specimens for the
characterization of the basic phenomena and for product screening; (b) scaled
components for concept validation; and (c) full-scale components and structures for
industry-wide acceptance.
Table 1 Test schedule for strength, durability, and health monitoring of composite

overlays on civil infrastructures.
SPECIMEN SCALE

# Test type “Composite
brick”

coupons

Small-scale civil
engineering
components

Full-scale civil
infrastructures

1 Peel resistance and bond strength X
2 Crack resistance and fracture

toughness
X

3 Accelerated environmental exposure X
4 Structural strength increase via

composite overlay
X

5 Health monitoring methods X X X
6 Long-term environmental exposure X

PREPARATION OF TEST SPECIMENS
Coupon specimens will consist of a conventional substrate material (concrete,

brick, etc.) with a composite overlay applied on top. A proprietary “composite-
brick” test specimen consisting of 2-in × 2-in × 7-in concrete brick with a 1/8-in
thick 2-in wide composite overlay applied on the top surface has been developed
(Figure Error! Not a valid link.a). During the brick casting process, two 1/2-in bolts
are inserted and set in place (Figure Error! Not a valid link.b). These bolts fix the
specimen to the fixture and take up the reaction forces. The composite-brick is
instrumented with strain and electro-mechanical impedance sensors and is mounted
in the loading fixture, as shown in Figure 3. MTS 810 Test System controlled
through National Instruments LabView software installed on a Gateway 2000 G6-
200 PC will be used for these tests.
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METHODS DEVELOPMENT
Theoretical and experimental methods will be develop to assess the bond

strength, fracture toughness, durability and structural health of the composite
overlays placed on civil engineering structures. Accelerated environmental
exposure will be used to speed-up the physico-chemical degradation processes.
Durability prediction based on tests and theoretical models will be performed. In-
situ health monitoring methods utilizing a palette of technologies will be
developed. Figure 4 illustrates the electro-mechanical impedance technique and the
fiber-optics in-situ strain monitoring method. Other techniques to be studied will
used tagged smart composites and infrared image correlation. These techniques will
allow continuous monitoring of the composite overlays applied to civil
infrastructure and will give early warning of incipient damage.

(b) 

C o n c re te  /  M a s o n r y
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Figure 3 Test fixture to be used for the experimentation of overlay adhesion
strength and fracture toughness: (a) test machine and specimen; (b)
principles of the modified DCB and peel tests; wedge test for crack
propagation studies under environmental exposure.

 (a)
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Figure 4 New sensor technologies are being developed for the automatic detection
of incipient damage of composite-repaired civil structures: (a) concrete
block overlaid with composite material and instrumented with PZT
transducers for use with the electro-mechanical (E/M) impedance
technique (b) application of embedded fiber optic probes to monitor the
hygro-thermo-mechanical state of the repair.
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CONCLUSIONS
The aging of US infrastructure is posing serious problems to the engineering

community. To offset the high cost of direct replacement, repairs, upgrade, retrofit
and rehabilitation schemes are currently being considered. Composite overlays are
attractive materials for such applications. However, their in-service behavior is
insufficiently known. Of special interest are the issues of bond strength, durability,
and health monitoring. To address these issues, the College of Engineering at the
University of South Carolina has formed an interdisciplinary team and started a
theoretical and experimental research effort. Studies are planned at three levels –
coupon, scaled components and full scale. Bond strength, adhesion fracture, crack
propagation and durability are being considered, and methods for in-situ health
monitoring are being developed. Though still in infancy, this program has already
achieved concrete results in the development of test specimens and health
monitoring sensors.
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