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ABSTRACT1 

This paper presents a methodology of assessing the bond strength of composite 
overlays to concrete utilizing a fracture toughness test.. Specimen preparation, test 
schedules, modeling efforts, and proposed outcomes are discussed. Good quality 
composite-concrete bond is associated with high fracture toughness and prevention 
of crack propagation through the concrete substrate. Weak bond and poorly adhered 
areas due to handling and fabrication may cause low fracture toughness. Personnel 
training is essential to eliminate the presence of poorly adhered areas. The fracture 
toughness test can be used to compare different composite-repair systems, to assess 
the effect of different environmental attacks, and as a quality control tool.  

THEORETICAL BACKGROUND 
The durability of the adhesion between the composite overlay and the concrete 

substrate is related to the initiation and propagation of cracks in the composite–
concrete interface. For good durability, the composite-concrete material system 
should have high resistance to crack propagation, i.e. high fracture toughness. 
Crack initiation and propagation in the composite–concrete interface can be 
experimentally studied using the energy release rate. In this approach, the energy 
released during crack advancement is determined using a compliance technique. 
This section briefly reviews the theoretical background involved in this approach, 
and develops the equations needed for processing and interpretation of test data. 

STRAIN ENERGY RELEASE RATE OF A DEBONDING COMPOSITE LAYER  

Figure 1 presents a test specimen made up of a substrate block and a composite 
overlay bonded on its top surface. Since the substrate is massive and more rigid 
than the composite overlay, the deformation of the composite overlay is dominant. 
Hence, the investigation is confined to the study of the deformation and associate 
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strain energy of the composite layer. The composite layer is modeled as a simple 
beam of width b, thickness h, and elastic modulus E11. Assume that, at a certain 
moment in time, the composite layer has delaminated, and a crack of length a is 
present in the interface between the composite and the substrate.  

The tip deflection of a simple beam of length a, width b, thickness h, and 
modulus E11 is  
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Using the compliance C = u/P, we write  

 
IE

a)a(C
11

3

3
= . (2.) 

Equation (2) indicates that the cubic root of compliance varies linearly with the 
crack length, a, i.e.,  
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where n is an experimental offset. Differentiation of Equation (7) with respect to a, 
and use of Equation (3) yields the SERR expression: 
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RELEVANT ASTM STANDARDS 

No standards could be found in the literature that specifically address the testing 
of the bond fracture toughness for composite overlays applied to concrete or 
masonry materials. However, 
standards describing related tests 
could be found. ASTM standard  
D 3433-93 describes a testing 
procedure to determine the fracture 
toughness of adhesive bonds 
between symmetric metallic plates 
using the double cantilever beam 
(DCB) and the contoured double 
cantilever beam (CDCB) test 
specimens. ASTM standard  
D 5528-94a extends the DCB method to composite materials. In our work, we have 
further extended the principles and practices of these two standards to cover the 
case of an elastic composite layer bonded to a rigid concrete/masonry substrate. 
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Figure 1 Schematic of a composite overlay 
being delaminated from a concrete/masonry 
substrate 
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EXPERIMENTAL TESTS 

TEST SPECIMENS 

Test specimens consisted of a concrete substrate and a composite overlay 
applied on its upper surface (Figure 2a). The concrete substrate consisted of a 51-
mm × 51-mm × 178-mm (2-in × 2-in × 7-in) concrete block. The composite overlay 
was 3.2 mm (1/8-in) thick and 50-mm (2-in) wide, and consisted of glass fiber 
reinforced polyester. During the block casting process, two 1/2-in reaction bolts are 
inserted and set in place (Figure b).  

 (a)    (b)  
Figure 2 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 (Giurgiutiu, Lyons, and 
Petrou, 1998). 

 

EXPERIMENTAL SETUP 

The experimental setup consisted of an MTS 810 Test System fitted with an 
890-N (200-lb) load cell and loading fixture (Figure 3). The MTS 810 Test System 
is controlled through a National Instruments Labview interface card that performs 
test control and data acquisition. A tongue and clevis joint fixture was used to load 
the specimen through a piano-hinge end connection.  

(a)   (b)  
Figure 3 Experimental testing of the bond fracture toughness between the 

composite overlay and the concrete substrate: (a) test machine and 
specimen indicating the loading direction; (b) close up view of the 
specimen #2 showing the piano hinge and the tongue-and-clevis fixture. 
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TEST PROCEDURES 

The test procedure followed the general rules laid out in the ASTM standards 
for DCB testing (ASTM D 3433-93 and 5528-94a). The specimen was loaded 
monotonically under displacement control at a ram rate of 0.13-mm/sec (0.005-
in/sec). During loading, the load and displacement values, and the load-
displacement curve were displayed in real time. When the load value was observed 
to drop, or when the crack was observed to grow, the loading was paused, and the 
crack was allowed to propagate under constant displacement. When the crack 
propagation was completed and the crack was arrested, the crack length was 
measured, and the current values of crack length, load, displacement, and time were 
recorded to the data file. Then, the loading restarted and the process was repeated 
until complete delamination was achieved. Complete delamination was assessed by 
load dropping to zero and crack extending along the entire length of the specimen. 
Photographic documentation was performed during and after the test. Post-test 
photos of the fracture surfaces were taken to assess the nature of the disbond. 

POST-TEST SPECIMEN EVALUATION  

After tests, the specimens were evaluated visually in terms of (a) appearance of 
the composite; (b) appearance of the fracture surface; and (c) type of crack 
propagation, i.e., in the interface or in one of the constituents. In general, it was 
observed that the crack propagated in a mixed fashion, partially through the upper 
region of the concrete substrate, and partially in the interface between the concrete 
and the composite. When the crack propagated through the upper region of the 
concrete substrate, cement paste residue was observed on the matching surface of 
the composite overlay. When the crack propagated through the interface, the two 
crack surfaces had no cement-paste residue and had a glossy appearance. The 
percentage of the fracture surface that was covered with cement paste residue was 
measured and recorded. 
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Figure 4  Typical data processing results: (a) force-displacement data; (b) line fit of 

C1/3 vs. crack length; (c) strain energy release rate vs.crack length value. 

DATA PROCESSING 

The data files were processed using MS Excel software. First, load-displacement 
graphs were produced. Next, plots of the cubic root of compliance vs. crack length 
were generated and a least-squares straight line fit was applied. These graphs 
correspond to equation (3) and generate the values of m and n. The fitted m and n 
values were used in Equation (4) to generate graphs of SERR, G, versus crack 
length, a. Typical results of data processing are presented in Figure 4.  
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CORRELATION OF STRAIN ENERGY RELEASE RATE WITH 
PERCENTAGE CEMENT PASTE RETENTION ON THE FAYING SURFACES 

A sample-to-sample variation in SERR values of approximately one order of 
magnitude was observed. This variation is attributed to differences in the fracture 
paths in the samples. The fracture surfaces of all samples had areas where cement 
paste adhered to the composite overlay after it was peeled off, indicative of good 
local adhesion between the composite and the substrate. However, there were also 
regions where the cement was not adhered to the overlay, indicating poor adhesion 
and/or pre-existing voids at the composite-to-concrete interface. The relative 
amount of cement paste adhered to the overlays varied among samples. 

When SERR is plotted against the percentage of cement paste adhered to the 
overlay, as in Figure 5, a correlation clearly appears. The data and the regression 
line show that SERR increased with the increased in the amount of cement paste 
adhered. The r2 statistic of the regression line was low (r2 = 0.65), due to several 
outliers. For example, three samples with percentage cement paste values between 
40% and 60% fell below 1 standard deviation of the regression line. Closer 
examination of the fracture surfaces of these samples indicates that they had large 
debond areas, whereas the debond areas on the other samples tended to be smaller 
and more equally distributed on the surface. On one of these samples, one side of 
the overlay was almost bare of cement paste but the other side was almost 
completely covered with it. While the trend of increasing SERR with increased 
percentage of cement paste adhered exists, these observations indicate that the 
debonds distribution also plays 
an important roll in the 
effective toughness of the 
composite-to-concrete bond. 

Variation in the results is 
likely associated with the hand 
lay-up procedures used to 
fabricate the specimen. Poor 
adhesion could be related to the 
time elapsed between applying 
the primer and the composite, 
or to the resin being applied too 
late after mixing, while it 
started to gel. Differences in 
the distribution of the poorly 
adhered areas could be 
attributed to student assistants’ inexperience in specimens fabrication. This 
underscores the importance that training, experience and quality control will have 
when composite materials are applied to civil engineering structures in the field. 

CONCLUSIONS  
A set of experimental tests has been performed for the determination of the 

fracture toughness of the bond between a fiberglass/polyester composite-material 
overlay and a concrete substrate. These tests are the first of their kind, and 
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Figure 5 Correlation of strain energy release rate 
(SERR) with percentage cement paste retained on 
the faying surfaces after debonding 
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experimental methods and procedures had to be developed ab initio for both 
specimen fabrication and specimen testing, since no standards could be found 
addressing this specifically situation. However, methods and procedures were 
adapted from ASTM D3433-93, ASTM D 5041-93b, and ASTM D5528-94a. The 
strain energy release rate, G, was determined as a measure of the bond fracture 
toughness. Two sets of specimens were fabricated and tested. The second set of 
specimens was fabricated after the results from the testing of the first set of 
specimens were analyzed, and benefited from the knowledge accumulated in the 
fabrication and testing of the first set. Hence, the results from the testing of the 
second set of specimens are significantly better than the results from the first set 
and strain energy release rates of the order Gaverage = 0.252 J/mm were found. The 
specimens with high fracture toughness had a large proportion of crack propagation 
inside the concrete substrate, while the specimens with lower fracture toughness 
had crack propagation predominantly in the interface. 

Future efforts should concentrate on improving the specimen fabrication 
procedure, personnel training, and quality control. The method can be extended to 
the study of other composite and concrete systems. Subsequently, it can be used to 
compare the performance of different concrete-repair systems, and can be utilized 
as a quality control tool to accept/reject a repair system. In such case, a minimum 
fracture toughness value should be imposed. Further extension of the method would 
be to investigate specimens that have been exposed to environmental attacks, such 
as water submersion, temperature-humidity cycles, and ultraviolet exposure. 
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