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Knowledge on durability of concrete/epoxy bonded systems is becoming essential as the
use of these systems in applications such as fiber-reinforced polymer (FRP) in strengthen-
ing of concrete structures is becoming increasingly popular. Prior research studies in this
area indicate that moisture plays an important role on durability of these systems. Prema-
ture failures of the bonded system may occur regardless of the durability of the individual
constituent materials forming the material system, and that the durability of the overall
FRP-bonded system may be governed by the interface integrity. In this study, fracture
toughness of concrete/epoxy interfaces as affected by combinations of various degrees of
moisture ingress and temperature levels is quantified. For this purpose, sandwiched beam
specimens containing concrete/epoxy interfaces were tested and analyzed using the con-
cepts of fracture mechanics. Mechanical properties of individual materials constituting
the interface (concrete and epoxy) were also characterized for the evaluation of the corre-
sponding interface fracture toughness. Experimental results have shown a significant
decrease, up to about 50%, in the interface fracture toughness of concrete/epoxy bond with
selected levels of moisture and temperature conditioning of the specimens for both mode I
and mixed mode conditions, and that moisture affected debonding may occur in the inter-
face region involving a distinctive dry-to-wet debonding mode shift from material decohe-
sion (concrete delamination) to interface separation. The mechanistic knowledge and the
experimental data presented in this paper will serve as a basis for the use in the design
improvement of material systems containing such interfaces for better system durability.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction and objective

Layered composites consisting of dissimilar materials
are used at different length-scales in various structural
applications. Thin film coated elements for various pur-
poses are examples of small-scale applications. A fiber-
reinforced polymer (FRP)-bonded concrete system which
is a multi-layer material consisting of FRP, epoxy and
concrete is a larger-scale application (Buyukozturk and
Hearing, 1998a). In this system, the interface between con-
crete and epoxy is usually regarded to be stronger when
compared to the strength of the concrete substrate as
. All rights reserved.
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found in many existing data on the failure of FRP-bonded
concrete beams (Teng et al., 2002). This is generally true
when the interface is under dry conditions, as evidenced
by the experiments. However, the durability of such a bi-
material system under moisture conditions is yet to be
understood.

Interfacial degradation may be quantified through a
strength-based or a fracture-based approach. Strength-
based models, based on interfacial stress, strength, and
surface interlocking concepts (Smith and Teng, 2001;
Frigione et al., 2006), have been widely used to predict
the global debonding failure of bi-layer material systems.
However, such an approach intrinsically neglects the fail-
ure process of local debonding regions, which is closely
related to the fracture properties of the bi-material system.
Interface fracture toughness, which is a bond property in a
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bi-layer material system, can be used to quantify the resis-
tance to crack initiation in local regions, and to predict the
crack propagation based on the kink criterion (He and
Hutchinson, 1989). Fracture-based mechanics tests aim at
determining the fracture toughness (C) required to produce
the debonding failure in a bi-layer material system. Differ-
ent fracture-based test procedures have been proposed for
the determination of bond properties of composite layered
materials. Detailed discussions of these procedures and
their applicability for predicting the bond behavior can be
found in various publications (Taljsten, 1996; Buyukozturk
and Hearing, 1998b; Giurgiutiu et al., 2001; Buyukozturk
et al., 2004; Qiao and Xu, 2004; Yuan et al., 2004; Au and
Büyüköztürk, 2006a,b; Coronado and Lopez, 2008; Gunes
et al., 2009; Lau and Buyukozturk, 2009).

In order to evaluate the interface fracture toughness in a
bi-layer material system, several key material properties
are required beforehand, namely, the Young’s modulus
and the Poisson’s ratio of the constituent materials. Also,
the fracture toughness of the substrate should be obtained
for investigating the behavior of such system after crack
initiation. The effect of moisture on the mechanical proper-
ties of concrete has been investigated by a number of re-
search groups (Bazant and Thonguthai, 1978; Bazant and
Prat, 1988; Ross et al., 1996; Konvalinka, 2002). Related re-
search works have concluded that the mechanical proper-
ties of concrete, including mode I fracture toughness and
compressive strength, degrade with increasing moisture
content in general (Bazant and Thonguthai, 1978; Ross
et al., 1996). However, there is a need for further quantifi-
cation of how moisture and temperature affect fracture ini-
tiation and propagation until failure in concrete. Material
properties of epoxy vary significantly among different
types of epoxy. Also, the extent of the effect of moisture
on its mechanical properties is highly variable for different
epoxy types. With such uncertainty on its mechanical
properties, a comprehensive characterization of moisture
affected properties of the epoxy in the bi-material system
is very important.

To study the bonding between FRP and concrete, frac-
ture tests using modified double cantilever beams (MDCB)
were usually adopted (Karbhari and Engineer, 1996;
Karbhari et al., 1997; Wan et al., 2006; Ouyang and Wan,
2008, 2009). With these specimens, loads can be applied
easily at the end of FRP strips. However, the interface frac-
ture energy estimated by these tests was often an order of
magnitude higher than the fracture energy of the concrete
substrate. In fact, the normal peel test involving primarily
bending of the film may not be representative in quantify-
ing the interface fracture energy of the bonded system
because of various factors such as plasticity in the vicinity
of the crack tip due to bending. The four-point bending and
shear tests on sandwiched beam specimens have been
shown to be robust in quantifying the interface fracture
toughness in bi-layer materials, and thus, have been
adopted in this research. These tests can be used for the
determination of the mode I and mixed mode fracture
toughnesses at the interface of a bi-material system (Lee
and Buyukozturk, 1992, 1995; Trende and Buyukozturk,
1998) by incorporating the relationship between the inter-
face fracture toughness and the phase angle.
The objective of this paper is to understand the effect of
moisture on debonding in concrete/epoxy systems through
a comprehensive characterization of the concerned inter-
face and its constituent materials by means of an interface
fracture approach. Experimental investigation on the
mechanical properties of both concrete and epoxy, as well
as a combined experimental/analytical approach for the
determination of the interface fracture toughness is de-
scribed. The study also focuses on the debonding mecha-
nism along the interface once the debonding is initiated.
2. Scope of work

The work reported in this paper involves mainly exper-
imental study. It consists of two main parts, namely, (i)
mechanical property characterization of concrete and
epoxy, and (ii) characterization of concrete/epoxy inter-
face. In part (i), the compressive strength, the Young’s
modulus, mode I and mode II fracture toughnesses of con-
crete, as well as the tensile strength and the Young’s mod-
ulus of epoxy were determined under different moisture
content and temperatures. Equipped with the mechanical
properties of concrete and epoxy from part (i), in part (ii)
the mode I and mixed mode interface fracture toughnesses
were calculated through the sandwiched beam specimens
under consistent moisture and temperature conditioning.
Fracture toughnesses are used as key parameters to study
the interfacial crack initiation, and to investigate debond-
ing and crack propagation using the concept of kink crite-
rion (He and Hutchinson, 1989).
3. Constituent materials: concrete and epoxy

Based on previous findings, the variation of Poisson’s
ratio under the effect of moisture may be considered insig-
nificant (Bazant and Prat, 1988; Ross et al., 1996). Hence,
the constant values of Poisson ratios for concrete and epoxy
are used in this paper. The Young’s modulus and compres-
sive strength of concrete, and the Young’s modulus and
tensile strength of epoxy were measured from uniaxial tests.
When studying the crack propagation along the interface
between two materials, the fracture toughness of the
substrate is required, and thus, the mode I and mode II
fracture toughnesses of concrete were also obtained.
To determine the compressive strength and the Young’s
modulus of concrete with increasing moisture content,
compressive tests were performed in accordance to ASTM
C39. The mode I and mode II fracture toughnesses of con-
crete were quantified by fracture tests which are commonly
adopted in this field (Bazant and Prat, 1988; Reinhardt and
Xu, 1998). The tensile strength and Young’s modulus of
epoxy were characterized in accordance to ASTM D638.

3.1. Specimens

Normal strength concrete of Grade 40 (95% of the tested
concrete samples have strength above 40 N/mm2) was
used in this research. The maximum aggregate size was
10 mm. There were three different types of specimens for
the mechanical characterization of concrete. Cylinder



Table 1
Mechanical properties of the epoxy as provided by the manufacturer.

Property Result Test method

Tensile strength (MPa) 13.8 ASTM D638
Young’s modulus (GPa) 2.8 ASTM D695
Heat deflection temperature (�C) 53.0 ASTM D648
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specimens with dimensions of 50 mm (diameter) �100 mm
(height) were tested under uniaxial compression according
to ASTM C39 in order to find the compressive strength and
the Young’s modulus of concrete. Mode I fracture beam
specimens with dimensions of 100 mm (length) � 37.5
mm (height) � 37.5 mm (thickness) and a through thick-
ness center notch that was 6.25 mm deep � 1.6 mm wide
(see Fig. 1) were tested under mode I fracture condition
based on prior research recommendations (Bazant and Prat,
1988). Span length of the fracture beam specimens was
93.75 mm which was 2.5 times the beam height. Mode II
fracture block specimen with dimensions of 200 mm
(width, 2w) � 200 mm (height, 2h) � 100 mm (thickness)
and a through thickness double-edged notch with a depth
50 mm (see Fig. 2) based on recommendation from prior
research studies (Xu et al., 1995; Reinhardt et al., 1997) were
tested under mode II fracture condition.

A commercial two-component 100% solids nonsag
epoxy was employed in this study. This epoxy is commonly
adopted in current construction industry as a concrete
bonding adhesive. The test data for this epoxy as provided
by the manufacturer is shown in Table 1. It should be men-
tioned that the heat deflection temperature (HDT) 53 �C
is an indication of the glass transition temperature Tg.
a
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Fig. 1. Schematic diagram of a three-point bending setup.

2a 2h

2w 
σ

σ

Fig. 2. Double-edged notch plate geometry.
Historically, one of the earliest methods for determining
Tg was by noting the heat deflection temperature of a cast
epoxy bar. The data shown in Table 1 were for the tests un-
der 23 �C and the corresponding specimens were cured for
7 days under room conditions. Validation of mechanical
properties shown in Table 1 has been carried out. Our mea-
sured tensile strength of the epoxy was 13.2 MPa and the
corresponding Young’s Modulus was 2.8 GPa under the
same cure and testing conditions as shown in Table 1. In
this paper, the tensile strength and the Young’s modulus
of this epoxy under different conditions were character-
ized using Type I dumbbell shaped samples in accordance
to ASTM D638. The shape of specimen is shown in Fig. 3.
3.2. Moisture conditioning and temperature levels

All specimens, including both concrete and epoxy, were
cured for 28 days at ambient temperature before moisture
conditioning. After curing, all specimens were dried in an
oven at 50 �C for 3 days in order to minimize the amount
of free water inside the concrete specimen. At this stage,
the initial mechanical properties of the specimens were
measured. The curing process of both concrete and epoxy
adopted in this study fulfills the guidelines provided by
the existing standards and manufacturer. The specimens
were then continuously moisture-conditioned in a temper-
ature controlled water bath. We considered six durations
of moisture-conditioning: 0 (dry), 2, 4, 6, 8 and 10 weeks;
and two water bath temperatures: 23 �C and 50 �C. The
high temperature conditioning represents a realistic upper
bound of service temperature that could be reached in the
soffit of reinforced concrete beam (Mays and Hutchinson,
1992). For each condition (moisture duration and water
bath temperature), three identical samples were prepared
and tested experimentally. The high temperature (50 �C)
wet conditioning was conducted in a water bath using a
Q-Fog CCT 1100 environmental chamber while room tem-
perature (23 �C) wet conditioning was conducted in a
water bath in the laboratory with temperature controls.
Fig. 3. ASTM D638 Type I dumbbell shaped epoxy tensile specimen.



Fig. 4. Sandwiched four-point bending specimen.
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3.3. Experimental procedure

Compressive tests of concrete were performed on a
60-kip Baldwin machine. Axial strains of the compressive
cylinders were measured by means of a pair of clip-on
extensometers mounted on opposite sides of the curved
surface. The compressive tests were displacement con-
trolled in accordance to ASTM C39.

Mode I fracture tests were performed on an Instron uni-
versal test machine Model 1331. The tests were displace-
ment controlled with a rate of 0.1 mm/min (Bazant and
Prat, 1988). Fig. 1 shows the schematic diagram of the
three-point bending fracture tests for the characterization
of the mode I stress intensity factor.

The mode II fracture tests of concrete using the double-
edge notched specimens were carried out in the open-loop
hydraulic 200-kip Baldwin machine. Fig. 2 shows the sche-
matic testing arrangement. Steel plates with smooth sur-
faces were placed under and on top of one half of the
specimens. The entire arrangement including steel plates
and specimen was positioned carefully between the load-
ing platens of the testing machine in order to avoid any
possible eccentricity. The load was applied with a constant
cross-head displacement rate of 0.3 mm/min (Xu et al.,
1995; Reinhardt et al., 1997). Applicability of this specimen
geometry and loading arrangement (see Fig. 2) has been
shown to generate a shear fracture and to determine the
mode II fracture toughness of concrete (Xu et al., 1995;
Reinhardt et al., 1997).

Tensile strength and Young’s modulus of epoxy were
characterized using Type I dumbbell shaped samples (see
Fig. 3) with an Instron universal test machine Model
1331 mounted with a 50 kN load cell and a pair of self-
tightening grips. Crosshead speed was set at 1 mm/min.
A clip-on Instron extensometer with 50 mm gauge length
was used to measure the strain within the specimen.

3.4. Calculation of KI and KII of concrete

The mode I stress intensity factor, KI, can be obtained
from the stress analysis of cracks (Tada et al., 1985) as:

K I ¼ r
ffiffiffiffiffiffi
pa
p

Fða=bÞ; ð1Þ

where r ¼ 6M=b2 (stress per unit thickness) in which M is
the applied moment, a and b are the crack length and the
height of specimen respectively as shown in Fig. 1, and
F(a/b) is a configuration correction factor which depends
on the ratio a/b (Tada et al., 1985).

The mode II stress intensity factor, KII, derived based on
the specimen shown in Fig. 2 can be expressed as (Xu et al.,
1995):

K II ¼
r
4

ffiffiffiffi
w
p

: ð2Þ

A uniform compressive stress r is applied on one half of
the specimen with length w.

4. Concrete/epoxy interface

To quantify the interface fracture properties, sand-
wiched specimens composed of an epoxy layer embedded
in a concrete block were used. There are several types of
sandwiched specimens which have been used by various
researchers, such as, the sandwiched beam specimen for
mode I and mixed mode loading tests and the sandwiched
Brazilian disk specimen for mixed mode and shear loading
tests (Lee and Buyukozturk, 1992, 1995; Trende and Buy-
ukozturk, 1998). For this research, sandwiched beam spec-
imens were chosen to be used in the experiments due to
their applicability in studying both the mode I and mixed
mode fracture. The analysis of the sandwiched specimens
is briefly given as follows.

In the characterization of a bi-material system, the
Dundurs parameters a and b, the oscillation index e, and
the shift angle in a sandwiched specimen x for the
bi-material combinations are used (Dundurs, 1969). These
parameters are non-dimensional quantities which are the
combinations of the elastic moduli of the two materials.
In general, a is close to one while b is close to zero in the
case of a concrete/epoxy bi-material system.

We consider the four-point bending specimen with a
sandwiched epoxy layer shown in Fig. 4. Proper techniques
are required to sandwich an epoxy layer between two con-
crete blocks and create a perfect pre-crack at the interface.
The apparent stress intensity factor KI can be obtained by
Tada et al. (1985)

K I ¼ f1rr

ffiffiffiffiffiffi
pa
p

; ð3Þ

where rr = 6M/bd2 in which M is the applied moment, a is
the crack length, b is the width and d is the height of the
specimen. Here, f1 is a correction factor for four-point pure
bending which can be expressed in terms of the relative
crack length (a/d):

f1 ¼ 1:122� 1:4
a
d

� �
þ 7:33

a
d

� �2
� 13:08

a
d

� �3

þ 14:0
a
d

� �4
: ð4Þ

With the assumption that b = 0, the complex form of the
interface stress intensity factors (Suo and Hutchinson,
1989) can be simplified to obtain:

K1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p

ðf1rr cos xÞ
ffiffiffiffiffiffi
pa
p

and

K2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p

ðf1rr sin xÞ
ffiffiffiffiffiffi
pa
p

: ð5Þ



D. Lau, O. Büyüköztürk / Mechanics of Materials 42 (2010) 1031–1042 1035
The corresponding mode I fracture energy release rate
can be calculated as

G ¼ K2
I

E1
¼ f 2

1 r2
r pa

E1
; ð6Þ

where E1 is the Young’s modulus of the concrete substrate
under plain strain condition.

Since the specimen is under pure bending condition, the
phase angle (W) can be calculated using the following
equation (Suo and Hutchinson, 1989; Lee and Buyukoz-
turk, 1992, 1995; Trende and Buyukozturk, 1998):

w ¼ xþ e ln
L
h

� �
: ð7Þ

The calculated W is in the range of 0–15� which is small,
and thus, the specimen can be considered to be essentially
in mode I.

Next, the four-point shear specimen shown in Fig. 5 is
considered. This specimen has been rigorously analyzed
for mixed mode fracture testing (Suo and Hutchinson,
1989). For the four-point shear specimen, the apparent
stress intensity factors related to the loads and specimen
geometry are given by

K I ¼
M

bd3=2 fb
a
d

� �
; ð8Þ

K II ¼
Q

bd1=2 fs
a
d

� �
; ð9Þ

where fb and fs are correction factors depending on the
ratio a/d (He et al., 1990). M and Q and the applied moment
and shear force at the crack location respectively, and b1, b2

and d are geometric quantities defined in Fig. 5.
Again, with the assumption that b = 0, the complex form

of the interface stress intensity factors (Suo and Hutchin-
son, 1989) can be simplified to obtain:

K1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p

ðK I cos x� K II sinxÞ and

K2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p

ðKII cos xþ KI sinxÞ: ð10Þ

The corresponding energy release rate can be calculated
as

G ¼ K2
I þ K2

II

E1
: ð11Þ
Fig. 5. Sandwiched four-point shear specimen.
To determine the loading angle (/) for the four-
point shear test, the following equation can be used:
/ = tan�1(fsd/fbc). However, the phase angle (W) also
depends on the material combinations. In this study, the
value of a is not constant because it depends on the Young’s
modulus of the constituent materials which changes with
the moisture content. As a result, x also changes with the
moisture content. By considering all cases with different
duration of moisture conditioning, it is noticed that the
value of a and x did not vary significantly and the mean
shift of 11� was taken into account.

In order to calculate the interface fracture toughness,
the material properties of individual materials need to be
known. These are the Young’s modulus of concrete and
epoxy, and their Poisson’s ratio (m), which are used in the
calculation of the Dundurs parameters a and b, the oscilla-
tion index e, and the shift angle in a sandwiched specimen
x. The Poisson’s ratio was assumed to be 0.2 for concrete
(Oluokun et al., 1988) and 0.35 for epoxy (Tschoegl et al.,
2002), while the Young’s modulus of constituent materials
was measured experimentally as related to various mois-
ture and temperature values. It should be noted that a
and b are not constants because Young’s modulus of both
concrete and epoxy decreases with increasing moisture
content. It is worth to mention that the value of b was still
about 0.1 (close to zero) throughout the concerned mois-
ture duration. This implies that the assumption which con-
siders b = 0 is reasonable. After calculating the value of a
and b, the procedure shown above can be used for evaluat-
ing the fracture toughness at the concrete/epoxy interface
under mode I and mixed mode loading conditions.

4.1. Specimens

To generate the fracture toughness for both mode I and
mixed mode conditions, the two types of sandwiched
beam specimens presented above were tested. Each sand-
wiched beam specimen was manufactured by casting and
joining two concrete blocks. These blocks had the same
cross sectional dimension with 76.2 mm (height) �
38.1 mm (thickness), but their lengths were different.
One was 152.4 mm long; while the other was 228.6 mm
long. These concrete blocks were all properly cured and
then dried in order to ensure the concrete faces, onto
which epoxy would be applied, was dry when they were
bonded.

The thickness of the epoxy layer, h, was 2.54 mm for both
specimens. The thickness of this layer is chosen at least one
order of magnitude smaller than the dimension of the spec-
imen such that linear elastic fracture mechanics is applica-
ble, and the energy release rate of the specimen can be
evaluated based on the Young’s modulus of concrete only.
The relative crack size (a/d) was 0.5 for all the specimens.
In this study, L = 228.6 mm and s = 114.3 mm (see Fig. 4);
while b1 = 139.7 mm in, b2 = 88.9 mm, c = 5 mm (see
Fig. 5). Grade 40 normal strength concrete with an average
28-day compressive strength of 38 MPa and the epoxy
which was characterized in the previous section were used.
To ensure that there was a sharp precrack at the interface, a
notch plate made of thin plastic with the thickness of
0.1 mm was attached to one side of the epoxy layer.



Fig. 6. Concrete compressive strength vs. moisture uptake.
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4.2. Moisture conditioning and temperature levels

The moisture conditioning of sandwiched beam speci-
mens was similar to that described in the previous section.
It should be noted that the Dundurs parameters a and b,
the oscillation index e, and the shift angle in a sandwiched
specimen x for the bi-material combination were com-
puted based on the material property characterization of
constituent materials corresponding to certain moisture
and temperature levels.

4.3. Experimental procedure

Four-point bending and shear tests were performed on
the sandwiched beam specimens using an Instron Model
1331 machine with a 50 kN load cell. The point load deflec-
tion was measured by an extensometer which was
mounted on a reference frame. All tests were carried out
under displacement control with a rate of 0.00167 mm/
min (He et al., 1990). The phase angle (W) of the bending
specimen was assumed to be 0�, while the phase angle
(W) of the shear specimen was adjusted to be 60� in order
to achieve the desired mixed-mode loading condition.

The tests were stopped when the load dropped below
50% of the peak load. Using the loading procedure outlined
above, the peak load was reached within 10 min after the
start of the test. During the tests, load and point load
deflection were both continuously recorded.
Fig. 7. Young’s modulus vs. moisture uptake.
5. Results

Experimental results are presented in a manner that each
data point refers to one particular moisture duration as
mentioned in Sections 3.2 and 4.2. The mean value of the
mechanical property and the mean moisture content were
calculated based on three samples under the same moisture
and temperature conditioning and were presented as a
point in the following plots. The error bars in the plots refer
to one standard deviation of the concerned coordinates.

5.1. Constituent materials: concrete and epoxy

The measured compressive strength (f 0c) and Young’s
modulus (Ec) of concrete were 40.9 MPa and 35.5 GPa,
respectively before moisture conditioning. Figs. 6 and 7
show, respectively, the variations of compressive strength
and Young’s modulus with increasing moisture content.
Moisture content was measured as a weight difference,
(Wfinal �Winitial)/Winitial. It should be noted that zero mois-
ture content shown in the figures (dry condition) refers to
the stage at which the specimen had been kept in oven at
50 �C for 3 days. Trend lines are given as a result of regres-
sion analysis. In general, it is observed that moisture deg-
radation took place in both constituent materials. The
degradation of mechanical properties in concrete under
moisture can be approached from a viewpoint of volumet-
ric change of the hardened cement pastes. Increase in the
volume of hardened cement pastes under moisture and
the resulting decrease in the average distance between
the surfaces of the hardened cement gel may lead to a
decrease in secondary bonds between the surfaces. As a re-
sult, the strength for wet specimens may decrease.
Strength reduction can be up to 40% as demonstrated from
the regression line in Fig. 6. The Young’s modulus of con-
crete, on the other hand, was not affected by much even
after 10 weeks of moisture conditioning in a water bath.
The results also show that the effect of different condition-
ing temperatures on the mechanical properties of concrete
was not significant. There was less data scattering in
Young’s modulus when compared with the case of com-
pressive strength. The more scattering of the data found
in compressive strength can be attributed to the redundant
crack paths that may be available when concrete is sub-
jected to compression, while the Young’s modulus was
measured at an infant stage prior to significant crack
formation.

Fig. 8 shows the variation of mode I fracture toughness
with increasing moisture uptake. It is observed that frac-
ture toughness reduction ranged from 12% to 15%. Again,
the mode I fracture toughness of concrete was not signifi-
cantly affected by increased temperatures. The scattering
of data found in mode I fracture test is less when compared
to that in compressive test. This can be explained by the
fact that the crack propagation locus under mode I fracture



Fig. 8. Concrete mode I fracture toughness vs. moisture uptake.

Fig. 10. Concrete mode II fracture toughness vs. moisture uptake.
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is relatively clear while redundant crack paths are avail-
able in concrete when subjected to compression.

The mode II double-edged notch specimens were care-
fully examined, especially near the notch. Under the load-
ing condition as shown in Fig. 2, an inclined crack was
initiated at the tip of the notch. Fig. 9 shows an example
in which crack started at the notch tip and merged in the
unloaded part. The critical stress corresponding to the
shear crack initiation was used for the computation of
mode II fracture toughness of concrete KIIc. The mode II
fracture toughness of concrete was plotted against the
moisture content in Fig. 10. The decrease in mode II frac-
ture toughness was approximately 27% and 48% for 23 �C
and 50 �C temperature groups, respectively, after 8 weeks
of moisture conditioning. It was observed that the reduc-
tion of mode II fracture toughness of concrete is more than
that of mode I, especially at higher temperature.

The explanation of the reduction in fracture toughness
can be made from a viewpoint of internal pore water pres-
sure (Bazant and Thonguthai, 1978). It is believed that the
internal pore water pressure is developed in wet concrete
under external loading due to the limited pore space.
Migration of water in a pore is not allowed when adjacent
pores are also filled with water. Due to the capillary
Fig. 9. Crack pattern of double-edged notch specimen.
actions, the hindered adsorbed water produces a very high
disjoining pressure between the contacting cement pastes.
This pressure is expected to be responsible for intensifying
the stress intensities at the micro-crack tips leading to ear-
lier crack propagation under external loading. As a result,
the fracture resistance of wet concrete becomes lower, as
compared to that of dry concrete.

Figs. 11 and 12 show the variations of tensile strength
and Young’s modulus of epoxy with increasing moisture
content, respectively. It is observed that both tensile
strength and Young’s modulus decreased with moisture
content. This result is consistent with our understanding
of polymer behavior and is in line with the current litera-
ture. The decrease in these mechanical properties upon
immersion is due to plasticization (Moy and Karasz,
1980) and, possibly, to hydrolysis processes (May, 1988;
Fromonteil et al., 2000). It is noted that both the tensile
strength and the stiffness decreased drastically under
50 �C when compared to the mechanical properties under
23 �C; the Young’s modulus measured at 50 �C did not ap-
pear sensitive to the duration of moisture conditioning. It
is suggested that a moderate immersion temperature
(50 �C) is able to enhance the plasticization effect brought
Fig. 11. Epoxy tensile strength vs. moisture uptake.



Fig. 12. Epoxy Young’s modulus vs. moisture uptake.
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about by the water penetrating epoxy (Browning, 1978;
May, 1988). It should be mentioned that the initial tensile
strength of epoxy after the thermal treatment at 50 �C for 3
Fig. 13. (a) Concrete delamination of bending beam specimen under dry condit
moisture conditioning.
days was higher than that measured after the cure per-
formed at room temperature (23 �C) for 7 days while the
Young’s modulus of epoxy measured after these two differ-
ent treatments did not show any significant changes. Thus,
the Young’s modulus of the studied epoxy did not appear
sensitive to the rise in temperature when temperature in
that range is the only varying parameter.

It is found that compressive strength, stiffness, mode I
and mode II fracture toughnesses of concrete decrease at
a similar rate under moisture conditioning. The results
found in the mechanical property characterization of con-
crete agreed with the previously reported work, mostly
available for compression and mode I fracture properties
(Bazant and Thonguthai, 1978; Bazant and Prat, 1988; Ross
et al., 1996; Konvalinka, 2002). Thus, the experimental re-
sults validated the degradation of mechanical properties in
concrete when subjected to moisture ingress.
5.2. Concrete/epoxy interface

Equipped with the quantitative mechanical property
characterization of concrete and epoxy, the interface
fracture toughness can now be quantified based on the
methodology described previously.
ion and (b) interface separation of bending beam specimen after 4-week
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Typical failure modes of the sandwiched bending beam
specimens with and without moisture conditioning are
shown in Fig. 13. Fig. 13(a) shows the failure mode of the
dry sandwiched bending specimen at 23 �C. Fig. 13(b)
shows the failure mode of the wet sandwiched bending
specimen with 4-week moisture duration at 50 �C.

Dry bending beam specimens exhibited failure in con-
crete itself, rendering a cohesive type of failure. The pre-
crack, which was placed at the concrete/epoxy interface,
kinked into the concrete upon reaching the peak load.
The specimen failed by concrete delamination. This phe-
nomenon was observed for both temperature groups. Fail-
ure surface was felt powdery to the touch and small grains
of sand were clearly seen at the failure surface.

Wet sandwiched bending beam specimens, on the other
hand, exhibited a distinctive concrete/epoxy interface sep-
aration. For the specimens under moisture conditioning of
2 weeks and 4 weeks, a relatively small amount of loose
concrete particles adhered to the epoxy layer. However,
for the specimen under moisture conditioning over 4
weeks, a clear separation between concrete and epoxy
was observed. It was noted that the crack did not kink into
concrete substrate at all during the entire testing process,
but remained propagating along the moist concrete/epoxy
interface. It is observed that the shift of fracture failure
mode from concrete delamination to interface separation
is accompanied by the substantial decrease of the mode I
interface fracture toughness.
Fig. 14. Mode I and mixed mode interface fracture toug
The variations of mode I fracture toughness (phase
angle is close to 0�) under different moisture durations
are shown in Figs. 14(a) and (c). For each moisture and
temperature condition, the corresponding fracture tough-
ness was the average among three tested specimens. It is
observed that there was a decrease in the interface fracture
toughness and an asymptotic behavior can be achieved
with increasing moisture ingress. In particular, there was
a substantial decrease in fracture energy release rate with
a complex phenomenon which involves a distinctive
dry-to-wet debonding mode shift from material decohe-
sion (concrete delamination) to interface separation. This
level of deterioration occurred after 4 weeks of moisture
conditioning at 23 �C while after 2 weeks of moisture
conditioning at 50 �C. This reveals that the combined effect
of moisture and high temperature may produce a more
severe deterioration.

Upon closer examination of the tested specimens failing
by interface separation, it was observed that there was a
dark color at the crack face of the concrete block (Fig. 13)
showing that moisture penetrated into the interface lead-
ing to a significant change in failure mechanism. Also,
when compared to the deterioration of constituent materi-
als under moisture and temperature effects, the deteriora-
tion of the concrete/epoxy interface is seen to be more
severe. This implies that the durability of the individual
constituent material cannot be solely used to extrapolate
to the durability of a bi-material bonded system.
hness variation under two different temperatures.
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Unlike the pure bending specimen, the failure mecha-
nism in the mixed mode case did not change from dry to
wet condition. The variation of the mixed mode fracture
toughness when subjected to different moisture durations
and temperatures are shown in Figs. 14(b) and (d). The
fracture toughness at each condition is the average among
the three tested specimens. It is observed that there is a
decreasing trend for both temperature groups in the mixed
mode fracture toughness with increasing moisture dura-
tion, however, with a slower rate when compared with
the variation of mode I interface fracture toughness.

The mixed mode fracture toughness of all wet speci-
mens showed some degradation over time between the
2-week and 10-week test periods. In particular, high tem-
perature conditioning group started to degrade severely
after 4 weeks. Fracture toughness degraded by approxi-
mately 50% after 8 weeks under 23 �C. In the mixed mode
fracture case, the duration for the asymptotic behavior was
much longer because the entire bond contributed to the
debonding resistance, as opposed to the length of few cen-
timeters near the crack tip in mode I fracture.
6. Crack kinking behavior

Recent research works using MDCB experiment have
been carried out for quantifying the interface fracture
toughness (Ouyang and Wan, 2008, 2009). Although the
tests captured the variation of the interface fracture tough-
ness and the shift of failure mode, they resulted in a very
large magnitude of the interface fracture toughness leading
to a failure in explaining the shift in failure mode by kink
criterion. We believe that the present work provides a ro-
bust experimental method in quantifying the interface
fracture toughness and the results show that the kink cri-
terion can be used to explain the shift of failure mode in
a quantitative way, rather than explaining the phenome-
non qualitatively.

Under mode I fracture loading condition, the locus of
fracture for all dry cases stayed within the concrete sub-
strate. The parent pre-crack at the concrete/epoxy interface
that was generated by a thin Teflon film kinked into the con-
crete substrate and subsequent crack propagation stayed
close and parallel to that interface. This led to a thin layer
of concrete adhered to the debonded strip. The locus of frac-
ture for all wet cases, on the other hand, occurred at the con-
crete/epoxy interface, staying along the same path as that of
the pre-crack. In other words, no kinking was observed.

To study the shift in crack kinking behavior, the kink
criterion (He and Hutchinson, 1989) is employed. The kink
criterion states that when

Ci

Cs
>

Gi

Gt
max

ð12Þ

is satisfied, the parent crack that lies at the interface of the
two adjoining materials will tend to kink into the substrate
in consideration. Here, Ci, is the interface fracture tough-
ness, Cs, the substrate fracture toughness in mode I, Gi

the interface fracture energy release rate (of the parent
crack), and Gt

max the maximum fracture energy release rate
for the kink crack at any putative kink angle. It should be
mentioned that Cs is defined as K2
IC=E where KIC is the crit-

ical stress intensity factor and E is the Young’s modulus so
that the unit of Cs is the same as that of Ci as defined in
this paper. One should note that the ratio is less than unity
because Gi is always less than Gt

max, due to the definition of
Gi.

When dry, the epoxy exhibited a concrete delamination
mode of debonding and the corresponding mode I interface
fracture toughness was roughly 14 J/m2. Since debonding
did not occur at the interface, the actual toughness values
of the concrete/epoxy interface were higher than those val-
ues. Considering the mode I fracture toughness values of
concrete (oven-dried) as presented before, Cs is about
13 J/m2 and thus Ci/Cs is greater than 1. Recalling that
Gi=Gt

max, has a value of less than unity, it is noted that the
expression (12) was satisfied. The kink criterion thus pre-
dicts that the parent pre-crack would kink into the con-
crete substrate. This prediction is inline with the
observed failure mode where concrete delamination took
place in both loading configurations.

Although the kink criterion is capable in predicting the
initial crack propagation tendency, it fails to provide fur-
ther insight regarding the subsequent crack front behavior.
In other words, the kink criterion explains why the pre-
crack kinked into the concrete substrate, but it does not
indicate why the crack continued to propagate close and
parallel to the concrete/epoxy interface, rather than pene-
trating deeper into the supposedly brittle concrete block.

When wet, all mode I fracture specimens exhibited a
consistent interface separation mode at the concrete/
epoxy interface when the moisture duration was equal to
or longer than 4 weeks. The corresponding mode I interface
fracture toughness was roughly 4 J/m2. Since debonding
occurred at the interface, the measured values were the ac-
tual toughness values of the concrete/epoxy interface.
Again, considering the mode I fracture toughness values
of concrete (oven-dried) as presented above, it is found
that Cs is about 10 J/m2 and thus Ci/Cs is smaller than 1
which implies the expression (12) may not be satisfied.
The kink criterion thus predicts that the parent pre-crack
would not kink into the concrete substrate. Since the epoxy
materials had a mode I fracture toughness with variation in
a high range, based on the existing lab data, crack kinking
into the epoxy layer was unlikely to occur. As a result, the
crack should propagate along the interface as it could not
kink into either material. This prediction is inline with
the observed failure mode where a clear interface separa-
tion took place.

In all mixed mode fracture specimens, the standard crite-
rion for crack kinking out of an interface cannot be used to
predict the kinking angle. No matter how the interface frac-
ture toughness reduced in the concrete/epoxy bi-material,
the kinking direction was always to be approximately
perpendicular to the direction of maximum tensile stress
in the sandwiched beam specimens. It is observed that
kinking always ended at the bearing of the main load, and
hence the kinking angle is determined by the loading
geometry. Further studies on kink criterion under mixed
mode condition should be carried out. The mixed mode
loading geometry is a possible parameter influencing the
direction of the crack propagation.
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7. Discussion

With the interface fracture properties quantified as re-
ported in this paper, computational modeling of a struc-
ture involving FRP-bonded concrete systems may become
feasible. In such a fracture-based modeling, cohesive ele-
ments can be used with interface fracture properties as af-
fected by different levels of moisture. Also, the mechanical
properties for the constituent materials characterized in
this study can be adopted in such an analysis. Thus,
through the simulation of large-scale FRP-bonded concrete
systems, such as a composite beam, one can demonstrate
how the local deterioration at the interface may affect
the structural integrity of the system.

The moisture effect on concrete and epoxy may result in
the degradation of mechanical properties, such as tensile
and compressive strength, and fracture toughness, with a
reduction amounting up to approximately 40%. However,
the moisture effect on the interface properties may be
much more severe. In this case, there may be a shifting
in debonding mode from material decohesion to interface
separation under prolonged moisture conditioning. This
mechanism is complicated. Two explanations of the shift
in debonding mode can be given. One may be the plastici-
zation, that is the formation of a layer of epoxy-penetrated
concrete; and the other may be the weakening of the adhe-
sive force between concrete and epoxy due to their physi-
cal and chemical interactions in the presence of water
molecules. A better understanding can be developed
through a more fundamental study at the atomistic level
using a molecular dynamics approach.
8. Conclusion

A fundamental study on the interface fracture of con-
crete/epoxy systems under the effect of moisture was per-
formed. Mechanical properties of constituent materials,
both concrete and epoxy, were measured under the influ-
ence of accelerated moisture ingress. Interfacial property
was quantified using the concept of interface fracture
toughness. Moisture acceleration is facilitated through
continuous conditioning under water bath at elevated
temperature. Test results reveal that moisture is generally
detrimental to the strength, the stiffness and the fracture
toughness of the constituent materials. However, the mois-
ture effect on the deterioration of the interface fracture
toughness is more severe. Such deterioration is accompa-
nied by a shifting in failure mode from concrete delamina-
tion to interface separation under mode I loading
condition.

The detrimental effect of moisture on the interface of
the bonded system found in this study was inline with
other limited numbers of independent studies conducted
on FRP retrofitted concrete beams. The quantitative knowl-
edge and data provided through this work on fracture
properties of concrete/epoxy interface will allow the estab-
lishment of the relationship between local interface deteri-
oration and global behavior of FRP-bonded structures as a
basis for life-cycle prediction. For this purpose, it is recom-
mended that parametric studies on FRP-bonded concrete
beams should be made through appropriate finite element
models incorporating cohesive interface elements. Fur-
thermore, there is a need to conduct a more fundamental
study of the observed shift in debonding mode from the
concrete delamination to the interface separation through
understanding of the physical and chemical interactions
among the constituent materials in the presence of water
molecules. Hence, a numerical simulation using the con-
cept of molecular dynamics is recommended.
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