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Defects embedded in externally-bonded CFRP-concrete composite structures reduce the interfacial bond
strength and durability. This paper classifies these defects into two types: flaws and delaminations. Flaws
are formed during the first application of the CFRP strips onto the concrete surface due to poor workman-
ship. Delaminations are formed due to stress concentrations related to chemical/physical degradation of
the binding layer. In this study, an aggressive environment was simulated by placing the specimens in
water baths with elevated temperatures (40 °C and 60 °C). The sizes of the CFRP-flaws and delaminations
were determined by (i) quantitative infrared thermography (QIRT) and (ii) processing of visual images
after opening-up the CFRP by direct shear. Experimental results show that apparent flaw sizes deter-
mined by QIRT were in good agreement (88% accuracy) with actual flaw sizes determined by the image
processing method. The results also show that flaws exhibited little change but the bonding layer showed
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significant deterioration after exposure to high water temperatures.
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1. Introduction

This paper presents a method to define the boundaries and esti-
mate quantitatively the sizes of flaws and delaminations within
the externally bonded CFRP-concrete interfaces. These unseen de-
fects embedded in the interface between the CFRP and concrete
elements can significantly reduce the effective contact area and
therefore the overall bond strength. Ultimately the durability and
the service life of a CFRP strengthened concrete structure (such
as a highway bridge) would be adversely affected.

The quality of interfacial bond varies according to the properties
of materials and workmanship when the adhesive bonding (e.g.
epoxy resin) system is applied. As a result, the occurrence of voids
or flaws is quite common. Another type of bonding defect found in
the interfacial bond is interfacial delaminations (or simply delamin-
ations) developed due to the deterioration of bonding layer (epoxy
resin) of the CFRP-concrete composites when the composite is ex-
posed to aggressive environments such as elevated temperatures,
ultraviolet radiation, infiltration of moisture and extreme tempera-
tures caused by fire. When these degrading processes occur, chem-
ical/physical changes of the epoxy resin deteriorate the effective
bond quality and hence the bond strength is reduced.

Conventional methods of evaluating the bond quality of the
CFRP-concrete composites are hammer-tapping and pull-off tests.

* Corresponding author.
E-mail address: cecspoon@polyu.edu.hk (C.S. Poon).

0958-9465/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2010.03.008

Hammer-tapping requires manual point contact by the inspection
personnel; and the pull-off test is destructive. Both type of tests
are regarded as localized tests and do not allow effective and
large-scale inspection. Infrared thermographic (IRT) technique has
been widely accepted as an effective means to identify and quantify
unseen surface flaws in a wide range of composite materials. Some of
the recent applications include assessing materials such as alumin-
ium corrosion [1], glass-epoxy laminates [2], plastic lids [3], exter-
nally bonded CFRP-concrete composites [4-7] and concrete voids
up to 10 cm deep [8,9]. In these various applications, the embedded
flaws are not readily noticed by the naked eyes, but can be detected
non-destructively, remotely and effectively by using non-contact
IRT. It is because the presence of a defect (i.e. air layer) in a compos-
ite/homogeneous material reduces the heat diffusion rate once a
thermal stimulus is applied. Fundamental principles of using IRT
to solve a variety of civil engineering and nondestructive testing
problems are well documented in [10-12], whilst an excellent re-
view of recent IRT applications is given by [13]. During the early
application of IRT, most published works focused simply on locating
the embedded flaws qualitatively, while it is more necessary to
quantify the flaw sizes so that the extent of damages can be assessed.

Quantitative characterization of defects using infrared data can
be achieved based on direct analytical methods [10,14] and inverse
methods [10,15]. The direct analytical approaches can be used to
model the defect characteristics but this approach can be very
complex even when the defect geometries are simple, and
may degenerate into unworkable situations when anisotropic
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Back frame to support the thermo-imager

Infrared thermo-imager (placed at the centerline over the
CFRP surface) to record time-lapsed thermograms
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properties and subsurface defects are considered [10]. Therefore in
this paper, a relatively simple inverse method, known as two-
inflection point algorithm, is presented to define the defect bound-
aries and provide estimates of the defect areas within the
CFRP-concrete interfaces. This method, along with quantitative
infrared thermography (QIRT), are jointly adopted for analysis of
the thermo-signals and defect characterization.

2. Experimental setup

2.1. Materials and specimens

The CFRP strips (sized 60 x 200 mm and 0.165 mm thick) and
the concrete prisms (sized 150 x 150 x 350 mm) were bonded

Fig. 1. Embedded delaminations and flaws contained within a CFRP-strengthened concrete prism.
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Table 1
Tensile properties of CFRP and epoxy resin.
Type of Number of Elastic Elongation Tensile
specimen specimens modulus (%) strength
tested (MPa) (MPa)
25 mm wide 5 254,860 1.482 4163
CFRP strip
25 mm wide 5 26,354 1.212 86
Sika 300
coupon

using a proprietary epoxy resin system (Sika 300™), as shown in

Fig. 1. A number of physical properties of the CFRP strips and Sika
300™ were determined according to the flat coupon tensile tests



742 W.L. Lai et al. /Cement & Concrete Composites 32 (2010) 740-746

Table 2
Definitions, illustrations and methods to quantify flaws and delaminations.

Types of bond defect A flaw

A delamination

Illustration of defect cross-section

Air void

epoxy €poxy

concrete
Appearance after open-up

Methods to quantify defect boundaries and areas
Before exposure QIRT and two-inflection point algorithm
After exposure

Black color, imperfect circular shape and sharp edge

QIRT and two-inflection point algorithm and digital image analysis

epoxy €poxy
/ Air void \

concrete

Grey color, elliptical or irregular shape and curved edge

Digital image analysis

[16,17] and the test results are reported in Table 1. The mix propor-
tions of the concrete prisms were (1) (OPC ASTM Type I cement) (2)
(river sand) (3) (10 mm and 20 mm natural crushed granite) with a
water/cement ratio of 0.50 and the average 28 day cube compres-
sive strength was 39 MPa. The Sika 300 was mixed by weight in a
ratio of 3-part epoxy to one-part hardener. The epoxy and hardener
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Fig. 2. Thermal history curves of the flaw and sound areas.
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were mixed for at least 5 min using an electric mixer until the mix-
ture appeared uniform.

2.2. Interfacial bond between CFRP strips and concrete

The concrete surface was roughened using a mechanical grinder
to remove all surface laitance and expose the coarse aggregates.
Dust from the concrete surface was then removed using a high
power vacuum cleaner. To maintain the thickness of the epoxy re-
sin to about 1.5 mm, 1.5 mm thick aluminium spacers were ad-
hered on the concrete surface prior to laying the binder. The
prepared epoxy resin was applied onto the concrete and CFRP strip
surfaces at the same time, and CFRP strips were laid in position by
applying dead weights. After laying the CFRP strips on the concrete
prisms, the fresh epoxy resin was allowed to harden for at least
14 days before QIRT tests were conducted.

Two types of defects were classified in the interfacial bond,
namely (i) sharply-edged flaws and (ii) curved-edge delaminations
(see Table 2 and Fig. 1). The sharply-edged flaws were entrapped
air voids formed during the initial application of the CFRP strips
to the concrete surface due to poor workmanship such that the
interlayer epoxy resin was not able to completely fill up the entire
interface between the CFRP and concrete. The delaminations, on
the other hand, were formed due to stress concentration as a result
of chemical/physical degradation of the binding layer (i.e. epoxy
resin) when the composite was exposed to aggressive
environments.

horizontal pixel
profile of a
defect

horizontal pixel
profile of a
sound area

vertical pixel
profile of a sound area

vertical pixel \

profile of a defect

Fig. 3. Thermogram of a flaw and respective pixel profiles.
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2.3. Exposure conditions

The specimens in three batches were put into three separate
fresh water chambers maintained at 25 °C, 40 °C and 60 °C respec-
tively. These exposure conditions were maintained for 50 weeks.

3. Testing methods
3.1. Quantitative infrared thermography (QIRT)

3.1.1. Instrumentation

The infrared thermo-imager used in the experiments was a FLIR
Prism DS IR thermo-imager with spectral range 3.6-5 pum. Since
digital interfaces were not available, gray-scale video images in
analog format were output to a PC via a video output, and through
a shielded and short (1 m long) coaxial cable to reduce signal deg-
radation. These analog video images were then encoded to a se-
quence of 8-bit digitized and two-dimensional thermograms/
pixel arrays through an A/D process. The A/D process was con-
trolled via the National Instrument hardware and an in-house soft-
ware program developed under the LabVIEW™ and IMAQ™
environment. In each experiment, the software program was de-
signed to capture and process the thermograms frequently (sam-
pling rate =25 frames per second) and continuously (for 30s) so
that the transient differences of heat transfer could be closely mon-
itored. For each of the experiment lasting for 30 s, 750 frames were
captured.

The 8-bit digitized thermograms contained pixel values ranging
from 0-255. This range was assumed to represent linearly the tem-
perature values ranging from the lower bound to the upper bound.
The temperature scale was annotated in each thermogram. The
lower bound was 22 °C which was approximately the room tem-
perature; whereas the upper bound was 40 °C which was approx-
imately the controlled heated temperature. Temperature accuracy
was thus equal to (40-22)/256 = 0.07 °C ~ 0.1 °C.

The thermal stimulus used in the experiments was a hot pack
with a fairly constant surface temperature (40 °C). For each test
run, it was applied directly on the CFRP surface for 30 s to supply
evenly distributed heat energy on the specimens so that the defec-
tive and the sound areas in the interfacial bond can be distin-
guished and characterized through different heat diffusion rates.

3.1.2. Maximum thermal contrast

The thermal events occur within a defect or a sound area
change with time (Fig. 2) because heat dissipation is time-depen-
dent. Thus selection of an appropriate and fixed thermogram at a
particular instant is required to extract and define the local flaw
boundaries. The selection criteria is generally based on the thermo-
gram with the greatest thermal contrast [10] which is the temper-
ature differential of the flaws normalized over a sound area, as
shown in Eq. (1) and Fig. 2. This equation combines the temporal
(i.e. t) and the spatial (i.e. x and y) references of the thermal con-
trast [19,20].

_ ATaer(Xy,6)  Taet(%,y, ) — Taer(to)
ATsound (XJ’, t) Tsound(t) - Tsound(to)

Cx,y,0) (1)

where ((x, y, t) is the spatial thermal contrast at any time t; Tged(X, ¥,
t) is the spatial temperature (represented by pixel values) at which
the defects are found at any time t; Tqef(to) is the spatial tempera-
ture (represented by pixel values) at which the defects are found
initially; Tsounda(t) is the temperature (represented by pixel values)
at a particular position at which no defects are found at any time
t; Tsound(to) is the temperature (represented by pixel values) at a
particular position at which no defects are found initially; and

Taef(to) = Tsound(to) if the defective and sound areas in the specimen
were assumed to attain the same temperature.

3.1.3. Two-inflection point algorithm for defining flaw boundaries

After the extraction of the appropriate thermogram at Max C(x,
y, t) as shown in Fig. 2, the thermogram was digitized and the asso-
ciated geometrical shape of the defect was estimated by the appar-
ent shape deduced from the pixel profile shown in Fig. 3. The latter
was found to be close to the steepest temperature gradient com-
puted on the sample surfaces over the defects [15], which is known
as gradient computation method [10]. Such method may be pro-
cessed with a number of algorithms, such as Roberts gradient
[18], high degree approximation [10], second order fit [10] and
inflection point [4,6]. In this paper, the inflection point algorithm
was adopted and modified as two-inflection point algorithm as
follows.

The column (in y-y direction) and row (in x-x direction) pixel
slices related to the thermogram of each of the flaw were ex-
tracted, as depicted in Fig. 3. Each of these column and row pixel
profiles was segmented at about the mid-point (i.e. center of the
flaw) to construct two sub-pixel profiles; which were then curve-
fitted into the 4th order polynomials P(x), as illustrated in the zone
1 and 2 in Fig. 4. P(x) was subsequently differentiated twice to ob-
tain another 2nd order equation, where one of the respective roots
in this equation was the inflection point (Wpoundary) 0f P(x), as rep-
resented in equation [2].

&*P(x)

W =0 at Wboundary (2)

where x = pixel cell; Wpoundary = the pixel cell defined as flaw bound-
ary; and P(x) = pixel intensity as a function of pixel cell.

The number of pixels from the inflection point to the mid-point
in the defect thermogram was then counted. This count repre-
sented the apparent half-width of the defects at a particular col-
umn or row. Summation of the total apparent half-width gave
the apparent sizes of the defects in each row/column sub-pixel
profile. For all areas identified to exhibit slow thermal decay that
indicates presence of a defect, the aforementioned process was
programmed to iterate for each column and row shown in the
thermograms.

3.2. Digital image analysis of flaw and delamination boundaries

The sizes of the actual flaws and delaminations found in the
CFRP-concrete composite were inspected by opening up the com-
posites by direct shear (see the setup in Fig. 1) and quantified with
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Remark: separation of each pixel cell is 0.4mm. Flaw width in this figure = 80 x 0.4mm = 32mm.

Fig. 4. Pixel profile from a flaw to sound zone.
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Fig. 5. Interfacial delamination (left) and flaw (right) overlaid by 1 mm? grid for
visual imaging method.

the aid of a visual image analysis. For the delaminations, the sizes
were determined by: (i) firstly drawing boundaries manually on
the CFRP strips (Fig. 5, left); (ii) secondly scanning the CFRP strip
overlaid by a transparency printed with 1 mm? grid and converting
those in image files; and (iii) finally the defective areas were com-
puted with the aid of a commercially available visual imaging soft-
ware. For the flaws, the steps used were the same as those for
delaminations, except that the first step was omitted because un-
like delaminations, the contrast of the flaw boundary was suffi-
ciently clear (as shown in the right side of Fig. 5).
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Fig. 6. Comparison between the actual and apparent flaw sizes.

4. Results and discussion
4.1. Correlation of apparent and actual flaw sizes

Fig. 6 compares the apparent (determined by QIRT) and actual
(determined by image analysis after opening-up) flaw sizes after
exposure. The accuracy is 88% and the correlation coefficient is
0.89. These results validate the appropriateness of QIRT and the
two-inflection point algorithm methods for the estimation of size
of the defects in the CFRP-concrete composite after the exposure
period. This is consistent with the results of our previous study
based on 17 artificially implanted flaws in the CFRP-concrete com-
posite [6].

4.2. Effects of elevated temperatures on flaws and delaminations

Fig. 7 illustrates two examples of typical infrared thermograms
and opening-up photos of the CFRP-concrete interface captured be-
fore and after exposing the specimens to the elevated tempera-
tures, and after open-up with direct shear (Fig. 1). The size of the
flaw in example 1 exhibited little changes after exposure. In exam-
ple 2, the IRT thermogram shows the development from no delam-
ination (before exposure) to a large delamination (after exposure).

The results shown in Fig. 8 illustrate the sizes of the sharp-
edged flaws were not affected by the exposure condition. It is
probably because these flaws were air voids entrapped during
the initial laying of the CFRP on the concrete surface and there is
no initiation of swelling stress to extend the flaw boundary in
the course of exposure.

On the contrary, elevated temperatures contributed to signifi-
cant deterioration of the epoxy resin and led to the development
of delaminations as revealed in example 2 of Fig. 7. The delamina-
tions were not present before the exposure. Fig. 9 shows the effect
of different exposure water temperatures on the development of
the delaminations as revealed by open-up examination. Attempts
had been made to define the delamination boundaries using the
QIRT and two-point inflection method but the results obtained
were not consistent with those obtained from the image process-
ing method after opening-up. Therefore, they are not presented
in Fig. 9 and a better algorithm is yet to be developed. The incon-
sistent results were probably due to the relatively flatter pixel pro-
file (illustrated in Table 2) over the delamination areas, when
compared with the sharp-edged pixel profile over the flaw areas,
rendering clear demarcation of the delamination areas difficult.

No observable deterioration was noticed for the specimens that
were exposed to 25 °C. However, significant deterioration was

Thermograms before open-up ‘

Photos after open-up

S le t
ampie type Before exposure

Example 1:
flaw with
little change

after exposure flaw in thermogram at Max (x,y,t)

where elapsed time = 4.6s
(area = 226mm2)

Example 2:
large
delamination
due to

flaw in thermogram at Max (x,y,t)
where elapsed time = 6.2s

After exposure

(area = 228mm2)

exposure

no delamination

delamination ‘B’ in thermogram at
Max C(x,y,t) at elapsed time = 4.7s
(area = 2953mm?)

Remark: elapsed time refers to the time lapsed after the specimen surface reached the highest temperature.

Fig. 7. Conditions of the sharp-edge flaw and development of delamination due to exposure to elevated water temperature.



W.L. Lai et al./Cement & Concrete Composites 32 (2010) 740-746

745

600 A
O Before exposure (by QIRT and the two-inflection point algorithm)
“ After exposure (by QIRT and the two-inflection point algorithm)
500
B After exposure (by image processing of visual photos and open-up by direct shear)
—~ 400 -
~N
€ Juw© ®
£ o8 8 0 m
-~ o O
g [SPp)
o 300 ~
g SRR
3 om INENEN
K ]
L 200
Q8
100 -
O T T T T T 1
< g D < g D < g D
O (6] (6] O O 6] (6] O 6]
[Te) [Te) [Te) o o o o o o
N N N < < < © © ©
Specimens after exposure
Remark: Thespecimen ID in x-axis indicates the exposure temperatures in OC in the water bath.
Fig. 8. Comparison of flaw areas before and after exposures.
2000 - o
N
1800 A -
&‘* o
g 1600 -
<
= 1400 - &
2 - S
] ~
@ 1200 - S
<
< 1000 4 :
]
£ 800 A
< 600
§ 2
o 400 = N
Q N
200 - -
0 oo oo oo oo o ol ol ol
< g D S < g D S <
Q Q (&) Q (6] o &) (6] o}
[Te) o) Te) [Te) o o o o o
N N N N < < < < ©

Specimen ID (exposed for 50weeks)

Fig. 9. Comparison of delamination areas after exposures.

observed at exposure temperatures of 40 °C and 60 °C. It is proba-
bly because at above a certain critical temperature, water mole-
cules started to act as a resin plasticizer, and the bonds in the
polymer (epoxy) chains were disrupted [7,21,22]. The induced
swelling stresses may cause permanent polymer matrix cracking,
hydrolysis and some degree of fiber-matrix de-bonding [22,23]
thus forming the delaminations. The interfacial shear strength
would also be reduced [7].

5. Conclusions

In this paper, quantitative infrared thermography (QIRT), to-
gether with the two-inflection point algorithm, was developed to
analyze the thermo-signals and to relate, characterize and differen-
tiate interfacial flaws embedded and delaminations generated in
externally bonded CFRP-concrete composites. In particular, the
apparent flaw sizes estimated by QIRT were verified by the image
processing method after opening-up the composite to have 88%

accuracy. The effects of exposure to elevated water temperatures
on the flaw sizes were also studied. The study results concluded
that the original entrapped air voids, or flaws, exhibited little
change but the bonding layer (epoxy resin) showed significant
deterioration due to the higher water temperatures.
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