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EXECUTIVE SUMMARY

This report presents a two-phase research program studying: (1) the interfacial response of near-
surface-mounted (NSM) carbon fiber reinforced polymer (CFRP) strips embedded along a
concrete substrate at elevated temperatures, and (2) the behavior of NSM CFRP strips for
strengthening concrete members subjected to thermomechanical distress (thermal and
mechanical loads are applied simultaneously).

First phase: two types of bonding agents are used: ordinary and high-temperature epoxies.
Residual behavior of the interface, including the characteristics of individual constitutive
materials, is examined when subjected to a temperature range varying from 25°C [77°F] to
200°C [392°F]. Test results reveal that residual strength of the concrete and CFRP is not
influenced by thermal exposure; however, residual strength of the adhesive is affected. The
performance of the interface bonded with ordinary epoxy is better than that of the high-
temperature one without thermal distress. The latter becomes superior to the former with an
increase in temperature. Interaction between the adhesive and concrete controls interfacial
capacity and corresponding failure mode, rather than the individual strength of the materials.
Probability-based simulation that complements limitation of the experimental investigation, in
terms of sample numbers, was conducted to develop design factors.

Second phase: the focus of this research lies in examining temperature-dependent interfacial
responses that control the performance of such a CFRP-strengthening system. An experimental
investigation was conducted to study various technical aspects associated with the thermal
relaxation, heat conduction, load-carrying capacity, failure mode, and damage characterization of
the NSM CFRP-concrete interface. Analytical approaches were entailed to generate practical
information that can promote use of CFRP-strengthening technologies, based on the two-
parameter Weibull function and probability-based capacity simulation. The thermal relaxation of
a polymeric bonding agent influenced the transfer of interfacial stresses, including the stress-
decrease response time of the interface with temperature. Transient heat flow was apparent
across the interface until the strengthening system failed due to the thermomechanical load. The
failure plane of the interface was controlled by progression of heat energy in conjunction with
the phase transition of the adhesive. The slip of the interface articulated a thermal hysteresis
mechanism, when loaded cyclically. The characteristic parameters proposed aided the design of
NSM CFRP systems exposed to elevated temperatures.
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PART I: INTERFACE BETWEEN NEAR-SURFACE-MOUNTED CFRP
AND CONCRETE IN THERMAL DISTRESS

1. INTRODUCTION

Structural strengthening with external reinforcement is a proven technology when enhancing the
performance of existing reinforced concrete members. Steel-plating, which preceded the use of
carbon fiber reinforced polymer (CFRP) composites,! provides a technical rationale to the
strengthening method. CFRP is a promising material that has a number of benefits (e.g., light
weight, high strength and modulus, resistance to fatigue, and ease of application). CFRP plates or
laminates can be bonded to the tensile soffit of a constructed reinforced concrete beam using an
adhesive. This externally-bonded CFRP technique has been employed for several decades from
laboratory to site.> Continued research endeavors resulted in another type of strengthening
method called near-surface-mounted (NSM) The definition of CFRP technique follows: narrow
grooves are precut along a concrete member and CFRP strips or bars are inserted and
permanently positioned with a bonding agent. When compared to externally-bonded CFRP,
NSM CFRP can better use the strength of CFRP due to improved bond.? Literature notes that the
concept of NSM was introduced in 1949, while its application with CFRP has only recently been
implemented.* Provided that NSM CFRP is a relatively new strengthening method in the
rehabilitation community and that existing research is primarily dedicated to load-bearing
capacity and fundamental bond-slip mechanisms,>® there extensive research still needs to
promote this promising technique to the end-user sector, including design aspects.

One of the critical gaps in state-of-the-art research is the behavior of NSM CFRP when subjected
to extreme service conditions, such as fire. The needs, in examining the performance of NSM
CFRP-strengthened concrete members subjected to a fire, were recently substantiated. Burke et
al.” tested one way-slabs strengthened with NSM CFRP strips at elevated temperatures (21°C
[70°F], 100°C [212°F], and 200°C [392°F]), based on a silicon rubber heating pad. Two distinct
types of bonding agents were used: epoxy and cementitious adhesives. The behavior of NSM-
CFRP strengthened slabs also was compared to externally-bonded CFRP counterparts.
Cementitous adhesives entailed noticeable debonding failure in comparison to epoxy adhesives,
whereas the thermal performance of the former was superior to that of the latter. Further research
was recommended to understand a relationship between the adhesive characteristics and the
load-bearing capacity of NSM CFRP subjected to high temperature, especially when exceeding
the glass transition temperature of the adhesive. Kodur and Yu® modeled the flexure of
reinforced concrete beams retrofitted with NSM CFRP in a fire, based on a macro-scale finite
element method. The following temperature-related parameters were taken into consideration:
constitutive material responses, bond deterioration, and variable boundary conditions. The model
developed was validated against published literature and used for a numerical parametric study.
The efficacy of NSM CFRP was dependent on the location of CFRP and type of insulation.
Palmieri et al.® studied the behavior of full-scale reinforced concrete beams (L = 3.15 m [10 ft])
strengthened with NSM CFRP exposed to a fire for one hour, including in-fire and post-fire
responses. To simulate an in-situ service condition, the strengthened beams were preloaded and
thermal load was applied. The effectiveness of insulation was discussed in terms of delaying heat
transfer to the CFRP system (the highest temperature transferred to the epoxy layer was 130°C



[266°F]). Residual capacity of the conditioned beams having NSM FRP was up to 92% of the
control beam.

The aforementioned research programs clarified the global behavior of concrete members
strengthened with NSM CFRP at elevated temperatures; however, thermal responses at a CFRP-
concrete interface level are not fully elucidated, including the interaction of constituent materials.
Most importantly, design recommendations regarding the interface design of NSM CFRP
exposed to elevated temperatures are not available. In this paper, an experimental program is
used to explain the residual behavior of NSM CFRP-concrete interface subjected to thermally-
induced distress, and is followed by performance reliability investigations. Ancillary tests were
conducted to measure thermal response of materials associated with the interface. Strength
reduction factors with various safety levels were proposed to facilitate the promising
strengthening method.



2. RESEARCH SIGNIFICANCE

A number of research papers have been published regarding the failure characteristics of NSM
CFRP-concrete interface based on laboratory observations and mechanics-based analytical
models.* However, there is limited research on durability aspects of NSM CFRP, and
corresponding behavior is not sufficiently understood. ACI440.2R-08 states basic requirements
for strengthening design, in terms of nominal load-bearing capacity subjected to a fire. However,
specific design factors are not available, such as those for strength resistance for CFRP-
strengthened structures dedicated to structural fire. This fact indicates that practitioners may
follow the design information established for conventional structures in a fire, which could lead
to significant uncertainty when it comes to CFRP application. It also is unclear in the
ACI440.2R-08 document which temperature range is tolerable, in regard to structural
performance at elevated temperatures and how the CFRP-concrete interface interacts with
thermal load. Although several parameters influence behavior of the NSM CFRP-concrete
interface (e.g., groove size, embedment depth, concrete strength and the like!), the most
important factor at elevated temperatures is the type of adhesive that controls performance of the
interface. The polymer-based bond is intrinsically susceptible to thermal distress, which can
cause alterations in the morphology and engineering properties of the adhesive. Overall, attention
must be given to the interfacial behavior of NSM CFRP, where major stress transfer is achieved
between the hosting concrete substrate and the embedded CFRP (i.e., strengthening efficacy
relies on the degree of bond between the concrete and the NSM CFRP). Understanding the post-
fire performance of constructed facilities is as important as understanding in-fire behavior,
because structural members can continuously be used—even after a fire event, if they have been
insulated adequately and have not experienced major structural damage. Present research focuses
on residual behavior of NSM CFRP-concrete interface bonded with two types of adhesives when
subjected to elevated temperatures, and on development of design factors based on probability-
based simulation.



3. EXPERIMENTAL PROGRAM

3.1 Materials

Concrete cylinders (©100x200 mm [D4x 8 in]) were prepared and tested at 28 days. An average
compressive strength of 42 MPa [6,100 psi] was obtained. The CFRP strip (2 mm [0.08 in] thick
x 16 mm wide [0.63 in]) manufactured with high strength carbon fibers (4,626 MPa [700 ksi])
and a bisphenol epoxy vinyl ester resin has the following material properties according to the
manufacturer: tensile strength = 2,068 MPa [300 ksi], tensile modulus = 124 GPa [18,000 ksi],
and failure strain = 0.017. To enhance bond between the CFRP and the adhesive, the strip’s
surface was treated (the retail product had uneven grid-like surfaces on both sides of the strip).
Two types of adhesives (i.e., ordinary and high-temperature epoxies) were used to install the
NSM CFRP strip inside the concrete substrate. The ordinary epoxy is a typical structural
adhesive, consisting of a resin-hardener mixture (the manufacturer of this particular adhesive
does not report its engineering properties, however, the properties when embedded in concrete
are available). The high-temperature epoxy is designed to preserve thermal stability up to a glass
transition temperature of 170°C [338°F], including tensile strength = 213 MPa [31 ksi], tensile
modulus = 374 MPa [54 ksi], glass transition temperature = 170°C [338°F], and ultimate strain =
0.016.

3.2 Preparation of Specimens

Given that the failure of an NSM CFRP-strengthened concrete beam occurs in the effective
tensile zone [Fig. 1.1(a)], its behavior was represented by an isolated element-level interface.
Table 1.1 details test configuration of 48 interface specimens, including type of adhesive (OE =
ordinary epoxy and HE = high-temperature epoxy) and number of repetitions per exposed
temperature (to be discussed). Each specimen was comprised of one concrete block (200 mm [8
in] longx 100 mm [4 in] deepx 100 mm [4 in] wide) with a longitudinal groove (25 mm [1 in]
deepx 13 mm [0.5 in] wide) in which two precut CFRP strips (16 mm [0.63 in] widex 2 mm
[0.08 in] thickx 150 mm [6 in] long, each) were bonded [Fig. 1.1(a)]. Groove size was designed
in conformance with the provision of ACI.440.2R-08.1° Prior to bonding the CFRP strips, the
adherent surface inside the groove was cleaned using an air brush to remove any unnecessary
substance. To preclude premature failure of the interface caused by stress concentrations at the
termination of the groove, the strips were not bonded with styrofoam at both ends of the
specimen (Fig. 1.1). Ancillary test specimens, such as concrete cylinders and adhesive coupons,
(12 mm [0.47 in] widex 100 mm [4 in] longx 6 mm [0.24 in] thick) were prepared to measure
their thermal responses.

3.3 Test Procedure

3.3.1 Thermal exposure

After curing the interface specimens per manufacturers’ recommendation, all test specimens
were submitted to elevated temperatures. An electric furnace equipped with a digital temperature
adjustment function was used for this purpose. The range of temperature exposure varied from
25°C [77°F] to 200°C [392°F], as listed in Table I.1. Each temperature level was maintained for
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three hours, a time period is frequently used for high-temperature-related research in structural
concrete. This is because thermal insulation can maintain the temperature of concrete below
200°C [392°F] for three hours during a fire.!2 The preheated temperature was checked with a
laser thermometer before conditioning test specimens [Fig. 1.2(a)], followed by temperature-
monitoring using thermocouple wires [Fig. 1.2(b)]. After achieving three hours of thermal
exposure, all specimens cooled down to room temperature to perform residual testing. A
spontaneous morphological recovery process (i.e., a flexible rubbery state to a glassy hard state)
was observed in the adhesives as the thermal load faded.

3.3.2 Dynamic mechanical analysis

Thermal properties of the CFRP and adhesives were characterized by Dynamic Mechanical
Analysis (DMA). Following the procedures of ASTM D7028 (Standard test method for glass
transition temperature of polymer matrix composites by dynamic mechanical analysis),*? test
coupons were prepared and tested (Fig. 1.3). Oscillating stresses were applied to the specimen
with an increasing temperature, and the response strain was recorded. Because the CFRP and
polymeric adhesives had viscoelastic nature, phase-lag in their constitutive relationship was
observed. Storage- and loss-moduli were specified and a phase angle (Tan Delta) was obtained
by a computerized DMA instrument. The glass transition temperature (Tg) of the materials was
determined at individual peak phase angles.

3.3.3 Material-level test

Conditioned concrete cylinders at elevated temperatures were monotonically loaded to failure
and their temperature-dependent residual compressive strength was measured [Fig. 1.4(a)]. The
effect of thermal distress on strength variation of the CFRP and adhesives was quantified
according to ASTM D638 (Standard test method for tensile properties of plastics)** with
mechanical-pressure gripping, as shown in Fig. 1.4(b) and (c). Loading rate of the concrete test
was 2.5 kN/min [0.56 kip/min], while that of the adhesives was 0.1 mm/min [0.004 in/min]. An
extensometer was mounted to the coupons to measure strain responses.

3.3.4 Mechanical testing at interface-level

The interface test specimen was mounted to a universal testing machine and monotonically
tensioned at a loading rate of 0.1 mm/sec [0.004 in/sec] until failure occurred. To avoid
premature concrete-splitting near the middle of the specimen, at which the CFRP termination
existed, a custom-made clamping system was used to confine the concrete block [Fig. 1.2(c)].
The clamping apparatus consisted of four perforated hollow steel sections (38 mm [1.5 in]x 38
mm [1.5 in]), four threaded rods (9.5 mm [0.38 in] in diameter), and eight fasteners. The rods
were snug-tight so unnecessary initial compressive stresses were not transferred to the concrete.



4. TEST RESULTS AND DISCUSSION

4.1 Temperature Effect at Material-level
4.1.1 Thermal characteristics

The DMA result of the CFRP composite is shown in Fig. 1.5(a). The storage modulus was
maintained up to a temperature of 100°C [212°F] and then gradually reduced. The phase angle
indicated as Tan Delta began to increase at 65°C [149°F] and reached a peak value at 136°C
[277°F]. This observation illustrates that (1) the matrix resin of the CFRP strip commenced a
phase transition from glassy to rubbery states at 65°C [149°F], and (2) the CFRP composite
revealed a state change at 136°C [277°F] from a macro-scale view point. It is important to note
that the measured glass transition temperature of the CFRP does not necessarily mean a physical
alteration in thermal stability of the carbon fibers. Most carbon fibers preserve structural
functionality over 1,000°C [1,832°F]*°. Applied mechanical stress to the composite was not
adequately transferred to each fiber due to degradation of the matrix material. In the case of
thermosetting polymeric adhesives, a sudden drop in storage modulus was observed at 47°C
[117°F] and 125°C [257°F] for the ordinary and high temperature epoxies, respectively, and the
peak phase angles were observed at 62°C [144°F] and 155°C [311°F], as shown in Fig. 1.5(b)
and (c).

4.1.2 Residual strength of constituents

Figure 1.6(a) exhibits residual strength variation of the concrete after thermal exposure. To
highlight the effect of elevated temperatures, individual strength was normalized by the average
strength of the concrete at 25°C [77°F]. Strength of other materials shown in Fig. 1.6 was
normalized in the same manner. Although a propensity for decreasing compressive strength was
observed with temperature, thermal distress appeared to be negligible in the temperature range
studied. Tensile strength of the CFRP strips was consistent irrespective of elevated temperatures,
as shown in Fig. 1.6(b). Failure of the strip took place due to rupture of carbon fibers, which
implies that tensile strength of the composite was controlled by the fibers, rather than the resin
matrix. Therefore, strength was not influenced by thermal effect even though glass transition
temperature of the composite was measured at 136°C [277°F]. Unlike the concrete and CFRP
cases, adhesive test results resulted in significant scatter [Fig. 1.6(c) and (d)]. This may be
attributed to the fact that polymeric chains of the adhesives were not uniformly deteriorated at
elevated temperatures. This also could be associated with manual mixing in the laboratory (i.e.,
potentially uncertain homogeneity from a micro-scale point of view). Despite scattered residual
stress, several trends in thermal behavior were noticed: average residual strength of the ordinary
epoxy tended to augment with an increase in temperature, while that of the high-temperature
epoxy remained virtually unchanged (i.e., the normalized average residual stresses varied near
unity). These observations may be due to ordinary epoxy undergoing secondary curing, which
strengthened the bond of recovered polymeric chains when the epoxy cooled down'®. Such an
effect was not substantiated for the specially-cured high-temperature epoxy (i.e., variable curing
temperatures up to 176°C [350°F], per the manufacturer’s application guide). It also is believed
that amorphous polymeric structures of the ordinary epoxy were altered and reordered with a
gradual decrease in temperature.'’



4.2 Residual Behavior of NSM CFRP-concrete Interface
4.2.1 Interfacial capacity

Ultimate capacity of the interface test specimens is listed in Table 1.1, including those bonded
with ordinary and high-temperature epoxies (the OE and HE series, respectively). The control
strength of the OE specimens at 25°C [77°F] was 20% higher than that of the HE counterparts,
while the strength decrease of the former, due to thermal distress, was more significant than that
of the latter (e.g., decreases of 90% and 28% were noticed for the OE and HE categories,
respectively, when a temperature varied from 25°C [77°F] to 200°C [392°F]). Figure 1.7 further
explains the temperature-dependent variation of the interfacial capacity. For the OE specimens
[Fig. 1.7(a)], interfacial strength was essentially maintained up to 75°C [167°F], beyond which a
noticeable drop was observed. It is postulated that passing the glass transition temperature of the
OE adhesive (62°C [144°F]) caused some degradation in interfacial response between the
adhesive and concrete (further details are available in the failure mode section) even though
residual strength of the adhesive itself was not reduced, as discussed earlier. A temperature of
175°C [347°F] was the upper limit of the interface from a load-bearing perspective. In other
words, the OE-based interface did not function as a structural component when subjected to a
temperature higher than 175°C [347°F]. It should be noted that the OE-200-3 specimen
prematurely failed during mechanical loading and therefore, its capacity was not reported. The
interfacial capacity of the HE specimens is revealed in Fig. 1.7(b). Variation of the average
capacity was almost linear with temperature, and no abrupt capacity-drop was noticed up to
200°C [392°F]. The HE category [Fig. I.7(b)] showed less capacity variation than the OE
category [Fig. 1.7(a)]. For instance, the average coefficient of variation of the HE and OE
specimens were 0.106 and 0.186, respectively, within a temperature range of 25°C [77°F] to
200°C [392°F].

4.2.2 Performance characterization

A comparative statistical study was conducted using the Analysis of Variance (ANOVA) to
examine similarity or dissimilarity between the experimental OE and HE categories from a
temperature-susceptibility view point:

mo?
P (1)

[ikzlof]/k

where F is the F distribution of the tested interface; m is the sample size per test group; o2 is the
X

sample variance; o7 is the sample variance per group; and k is the number of the populations. A
critical F distribution value at a 5% level of significance (F.os) can be identified by the degree of
freedom defined (DOF) as DOF = (k-1,n-k) in which n is the total number of interfacial capacity
in all test specimens. The hypotheses tested were:



Ho: all the mean normalized capacities are equal within the performance division
Ho: not all the mean normalized capacities are equal within the performance division

To identify the degree of thermal degradation, interfacial capacity of each test specimen was
normalized with the average capacity of the specimens having no thermal distress (i.e., OE-25
and HE-25 series), as shown in Fig. 1.8. Table 1.2 summarizes details of the statistical analysis
for the OE and HE interface categories, depending upon exposure temperature. Although the
mean interfacial capacity of the test specimens in normalized capacity (Fig. 1.8) was different
between 25°C [77°F] and 175°C [347°F], the calculated F distribution values were less than the
critical limit (F.os = 7.71). This means that there was insufficient statistical evidence to reject the
hypothesis Ho (i.e., the performance of the OE and HE categories was the same from a statistics
perspective within these temperature ranges). On the other hand, the F statistic value exceeded
the limit Fos at 200°C [392°F], implying the superior performance of the HE-based interface.
The above observations reveal that the experimental data were not sufficient to draw meaningful
statistical conclusions in terms of interfacial capacity, especially in temperatures below 175°C
[347°F], and suggest the need for refined investigations with more statistical data samples to
propose design recommendations. This is addressed in the design proposal section.

4.2.3 Load-displacement response

Figure 1.9 depicts load-displacement behavior of the interface. Only selected temperatures are
shown for clarity. Residual response of the OE specimens [Fig. 1.9(a)] was basically linear with a
brittle load drop at their peak load, including similar stiffness, except for response of the
category exposed to 200°C [392°F], which demonstrated gradual load-softening after the peak
load. These results imply that recovery of the residual behavior was reasonably available up to an
exposure temperature of 100°C [212°F]. Beyond this temperature, irreversible thermal damage
controlled the specimen behavior and a low strength was noticed, particularly significant at
200°C [392°F]. Figure 1.9(b) shows that load-displacement behavior of the HE category was not
very different from that of the OE category, except for the facts that (1) the HE specimens tended
to exhibit more displacement at their peak loads than did the OE specimens, and (2) the response
of the HE200 category was close to that of others, which is remarkably different from the case of
the OE specimens.

4.2.4 Failure mode

Figure 1.10(a) illustrates the interfacial failure of the OE specimen subjected to 50°C [122°F],
which represents a typical failure pattern of the specimens within an exposure temperature range
between 25°C [77°F] and 50°C [122°F]. The failure took place within the concrete substrate and
no evidence of adhesive-damage was observed, except near the CFRP termination point at the
middle of the specimen where a geometric discontinuity existed (i.e., the gap between the CFRP
strips, Fig. 1.1). The adhesion and cohesion capacity of the adhesive was stronger than the
cohesion capacity of the concrete. Such a failure trend was, however, altered when exposed to a
higher temperature, as shown in Fig. 1.10(b). The interfacial failure occurred along the bond line
rather than within the concrete substrate. This result shows that the bonding agent was
deteriorated because of thermal distress and hence its bonding characteristics weakened and
insufficient shear-stress transfer became available from the CFRP to the concrete, which explains



the reduced interfacial capacity discussed in Fig. 1.7(a). Given stress redistribution from the
NSM CFRP to the surrounding concrete is an important parameter in structural strengthening,
this type of failure is not desirable in practice!®. With an increase in temperature, the failure
mode of the OE specimens tended to shift from Fig. 1.10(a) to (b). The failure of the HE category
was somewhat distinct from that of the OE category. The failure plane was close to the surface of
the concrete, including some local splitting of the concrete, irrespective of thermal exposure, as
shown in Fig. 1.10(c) and (d). This is why the interfacial capacity of the HE specimens was
relatively lower than that of the OE specimens (Table 1.1) and the capacity reduction of the HE
was not as significant as that of the OE at elevated temperatures (Fig. 1.7).



5. DESIGN PROPOSAL

5.1 Formulation of Reliability Framework

In most structural designs, one- to four-hour fire ratings can be achieved by selecting adequate
insulation material and corresponding thickness.'® A three-hour rating was adopted for this study
in conformance with the experimental investigation. Figure 1.11 demonstrates the effect of
insulation on retarding heat transfer from a fire to a CFRP-strengthened reinforced concrete
slab.?° The fire temperature applied to the slab was similar to the standard fire temperature of
1SO834,%! whereas significantly lower temperatures were recorded at a CFRP-insulation
interface level (designated ‘with insulation’ in Fig. 1.11). According to the variation of the
insulated CFRP temperature and the present test data, thermal ranges were refined and five
performance categories were proposed accordingly, as illustrated in Fig. 1.11. Monte-Carlo
simulation was then conducted to generate statistical data based on the fitted equations (Fig. 1.7)
representing residual capacity of the NSM CFRP-concrete interface at elevated temperatures so
the insufficient test data was complemented. The coefficient of variation (COV) in temperature
was taken as 0.45.22 It is worthwhile to note that such a COV is larger than the ones measured in
the controlled laboratory (e.g., COV =0.002 at 100°C [212°F]). Therefore, the design
recommendations developed appear to be sufficiently conservative for design and practice. A
sensitivity analysis was done to identify an acceptable number of data sampling [Fig. 1.12(a)].
Provided the variation of a fire temperature was represented by a normal probability
distribution,?® random data sampling was conducted for the interface subjected to variable
temperatures ranging from 25°C [77°F] to 200°C [392°F], as shown in Fig. 1.12(b) and (c). The
trend of such data sampling was that uncertainty augmented with an increase in temperature (i.e.,
wider data range). Although the number of test specimens is limited, the sampling range of the
Monte-Carlo simulation can effectively address potential uncertainty associated with the
interfacial capacity at elevated temperatures. The Three-Sigma Rule,?* which may be useful for
determining statistical parameters when the number of samples is not enough, corroborates such
an assertion. The estimated average COV values of the OE- and HE-based interfacial capacities
are 0.05 and 0.03, respectively. These magnitudes are considerably less than those used in the
present Monte-Carlo simulation [Fig. 1.12(b) and (c)].

5.2 Calibration of Resistance Factor

To determine resistance factors for the NSM CFRP-concrete interface subjected to elevated
temperatures, an established method was employed:?> 26

¢ =A(L—afCOVR)<1.0 (1.2)

where ¢ is the resistance factor at a temperature T; A is the bias factor; a is the direction cosine;

is the safety index; and COVr is the coefficient of variation of the interface at a temperature T
obtained from the Monte-Carlo simulation. Three levels of safety indices were examined (5 =
2.5, 3.0, and 3.5) to generate practical design recommendations. Given the present investigation
did not include an applied load effect, the direction cosine was approximated to be a = 0.79,
which is valid for typical structural reliability.?® The bias factor was set to unity, which would
lead to developing of conservative design factors. (Typical bias factors for reinforced concrete
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structures are positioned between 1.10 and 1.14;% however, accurate bias factors cannot be
provided at this time because no predictive models exist on the behavior of NSM CFRP-concrete
interface at elevated temperatures). Figure 1.13 reveals the temperature-dependent resistance
factors of the interface calculated at various safety levels. The factor of the HE-based interface
was maintained, whereas that of the OE-based interface showed noticeable drops, in particular,
beyond a temperature of 75°C [167°F]. Simulated results of the OE-based interface appeared to
be more susceptible to temperature (i.e., noticeable drop in resistance factor with an increasing
temperature), whereas their trend was fundamentally in agreement with the test data discussed in
Fig. I.7. Table 1.3 summarizes all the strength reduction factors associated with specific safety
levels, adhesive types, and performance categories. It is expected that the level of safety
representing the probability of failure would be dependent on the designer’s discretion when
conducting a strengthening design.
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6. SUMMARY AND CONCLUSISIONS

This paper discussed an experimental investigation into the residual behavior of NSM CFRP-
concrete interface at elevated temperatures from 25°C [77°F] to 200°C [392°F]. Two types of
bonding agents were used: ordinary and high-temperature epoxies. Ancillary tests were
conducted to characterize thermal response of constitutive materials, such as strength and glass
transition temperature. To expand laboratory results, which had a relatively insufficient number
of test specimens, probability-based simulation was done and corresponding results were
employed for developing design factors at various levels of safety. The proposed design factors
are valid only when the CFRP-concrete interface is adequately insulated so the effect of thermal
exposure is retarded in case of a fire. The behavior of NSM CFRP-concrete interface subjected to
simultaneous thermal and mechanical loads must be examined with the residual test results
elaborated in this test program, so a complete understanding of this strengthening method at
elevated temperatures can be achieved. The following conclusions were drawn:

e The effect of elevated temperatures on the residual strength of concrete and the CFRP
was insignificant in the temperature range studied, while they did influence the response
of polymeric adhesives. The ordinary epoxy (OE) was more susceptible to thermal load
than the high-temperature epoxy (HE).

e The OE-based interface exhibited a 20% higher strength in comparison to the HE-based
counterpart without thermal distress; however, the former showed a more noticeable
strength decrease than the latter when exposed to elevated temperatures because of
irreversible thermal damage established in the interface system.

e Failure of the interface was controlled by interaction between the adhesive and the
concrete substrate rather than their material strength. The degree of shear stress transfer
(or stress redistribution) between the CFRP and the concrete was temperature-dependent,
which was affected by the type of bonding agent. The dominant failure mode of the OE
specimens shifted from the concrete side to the adhesive side with an increase in
temperature, whereas the failure mode of the HE specimens was consistent regardless of
thermal exposure.

e Test data were insufficient to draw meaning statistical comparisons between the OE and
HE-specimens at or below a temperature of 175°C [347°F], while the probability-based
simulation with a total of 80,000 sample populations clarified the effect of thermal
exposure and resulted in strength reduction factors recommended for implementing
interface design of the NSM CFRP at elevated temperatures.
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Table 1.1 Specimens for NSM CFRP-concrete interface test

Bonded with ordinary epoxy

Bonded with high-temperature epoxy

D Py (kN[KipD) | Pu (kN [kip]) | Py (kN [kip]) | P, (KN [Kip])
Each Ave Each | Ave Each | Ave Each | Ave
OE25-3 fg.'j] OE125-3 31'06] HE25-3 %fll] HE125-3 [1516]
OE50-1 %;312] OE150-1 %338‘] HE50-1 %,f;‘] HE150-1 [1;3?]
o 3|75 e B84 v |8 153 o B2 5
OE50-3 %3'44] OE150-3 %266] HES50-3 %355’] HE150-3 [135_;10]
OE75-1 %3'44] OE175-1 %;'36] HE75-1 %22.'98] HE175-1 [121(?]
ooz (31|23 [oersz |53 |3 [remz 58 |53 [rersz [ 53 |24
OE75-3 §41§] OE175-3 %3319] HE75-3 %fll] HE175-3 [135_;10]
OE100-1 %555] OE200-1 ?6.17] HE100-1 Es??] HE200-1 [133_'02]
OE002 | 7 | [agp | OE202 | oy |[os |MEIOOZ |y | g3y | HE2OZ | p | gy
OE100-3 %‘?31] OE200-3 | N/A HE100-3 %335’] HE200-3 [12167]

Py = ultimate load; N/A = premature failure during test
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Table 1.2 Analysis of variance (ANOVA) for thermal performance at 5% level of significance

25°C 50°C 75°C 100°C 125°C 150°C 175°C 200°C
[77°F] [122°F] | [167°F] | [212°F] | [257°F] | [302°F] | [347°F] | [392°F]
p 1.0 0.94 0.92 0.87 0.75 0.86 0.69 0.41
Gf 0.0000 | 0.0000 |0.0033 |00119 |00000 |0.0015 |0.0108 | 0.1909
F 0.0000 | 00168 | 0.7000 | 22769 | 0.0058 | 0.2618 | 3.6851 | 208.4491
Faos 7.71 7.71 7.71 7.71 7.71 7.71 7.71 10.13
D N N N N N N N R

p= grand mean; o°= Sample variance; F = F statistic; F o5 = Critical limit; D = Decision (N: Do

not reject Ho and R: reject Ho)
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Table 1.3 Proposed strength reduction factor up to 3-hr fire rating

]I;i(tjgrctlon Safety level Failure probability Eerformagce categ(;ry ) 5
B=25 0.62x1072 0.85 0.75 0.55 N/A N/A

¢ (OE) p=3.0 1.35x1072 0.80 0.70 0.50 N/A N/A
[=35 2.33x107 0.80 0.65 0.40 N/A N/A
p=25 0.62x1072 0.95 0.90 0.90 0.90 0.80

¢ (HE) p=3.0 1.35x1073 095 090 [090 [0.90 |0.75
=35 2.33x107 0.90 0.90 0.90 0.85 0.70

OE = ordinary epoxy; HE = high-temperature epoxy; N/A = not applicable
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Fig. 1.1 Interface test specimen: (a) dimension (not to scale), (b) prepared specimens
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Fig. 1.4 Material-level test: (a) concrete, (b) CFRP strip, (c) adhesive
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PART Il. THERMOMECHANICAL BEHAVIOR OF NSM CFRP-
CONCRETE INTERFACE

8. INTRODUCTION

Carbon fiber reinforced polymer (CFRP) composites frequently are used for strengthening
existing structures. The load-bearing capacity of a concrete member is enhanced by bonding
CFRP sheets/laminates with an adhesive. The range of application is broad from buildings to
bridges. CFRP-strengthening is regarded as a cost-effective solution from a long-term standpoint
because the non-corrosive material is durable and hence requires minimal maintenance costs.!:2
A technique called near-surface-mounted (NSM) CFRP is an alternative retrofit technique of
conventional externally-bonded (EB) CFRP. The NSM strengthening method is implemented in
such a way that CFRP strips or rods are positioned inside the host structure along which narrow
grooves are precut and permanently bonded. The performance of NSM CFRP is known to be
better than that of EB CFRP in terms of enhanced bond, efficient use of material strength,
ductility, surface preparation, environmental resistance, and vandalism.>#

The occurrence of a fire must be taken into consideration when a building is retrofitted, while
practitioners may have a concern about the use of CFRP because of its vulnerability to thermal
load. A technical forum on the needs for FRP-research specifically pointed out this critical fact
and stated that fire issues for strengthened structures are one of the priorities to advance to state-
of-the-art.> A comprehensive understanding of thermomechanical distress and its consequences
are in an early stage for CFRP-strengthened concrete members.® The effectiveness of CFRP-
strengthening is degraded when subjected to thermal distress because the polymer-based binder
of the CFRP and the bonding agent securing position of the CFRP are susceptible to temperature.
Stringent assessment is imperative prior to recommending CFRP technologies to end-user sector.
The majority of fire research for CFRP-strengthened members is concerned with EB CFRP,’
whereas limited effort has been made for NSM CFRP techniques with a few technical papers
being recently published. Kodur and Yu* carried out a numerical study on the behavior of
reinforced concrete beams strengthened with NSM CFRP exposed to elevated temperatures.
Emphasis was placed on temperature-dependent material properties, refined boundary
conditions, and bond-deterioration issues. NSM CFRP-strengthened beams demonstrated higher
temperature resistance compared to EB CFRP-strengthened counterparts. The location of NSM
CFRP influenced thermal response of the strengthened beams. Palmieri et al.® reported the fire
endurance and residual strength of concrete beams strengthened with NSM CFRP rods.
Thermocouple wires were positioned at various locations inside and outside the strengthened
beams to monitor temperature gradients. After one hour of fire exposure in a furnace, a
maximum temperature of 130°C [266°F] was recorded at the level of the epoxy-bonded NSM
CFRP due to the contribution of insulation layers (calcium silicate protection boards). No
premature CFRP failure was observed. Firmo et al.® tested concrete prisms connected with NSM
CFRP strips to examine bond performance of the interface at high temperatures up to 150°C
[302°F], including a comparative study with EB CFRP application. Two types of bonding agents
were used: epoxy and cementitious grout. The effective length of the NSM CFRP and the
stiffness of the bond-slip behavior were a function of temperature. The bond strength of the NSM
specimens was greater than that of the EB ones at all temperatures by a factor of 1.9 to 2.8. The

31



temperature-induced softening of the epoxy-bonded interface caused stiffness alteration, while
considerable scatter was noticed.

This paper discusses the integrity of NSM CFRP-concrete interface subjected to
thermomechanical distress (i.e., thermal and mechanical loads are applied simultaneously) with
the following research subjects: material-level thermal relaxation, interfacial responses, and
performance characterization. Previous studies illustrate that the failure of NSM CFRP is
localized in the vicinity of the groove.*® Therefore, the present experimental investigation
focuses on behavior of an isolated effective stress zone, devoted to the CFRP-concrete interface,
rather than that of structural members. Provided that CFRP-strengthened structures can achieve a
fire rating of four hours when insulated and the temperature inside the insulation is typically less
than 200°C [392°F],'%*? a temperature range from 25°C [77°F] to 200°C [392°F] was adopted
for this research program, assuming that the CFRP-concrete interface is insulated appropriately.
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9. RESEARCH SIGNIFICANCE

Although recent technical findings report that the capacity degradation of CFRP-strengthened
concrete members is apparent at elevated temperatures, such an effect is not fully characterized.
Among many important aspects associated with CFRP systems in a fire, the interfacial behavior
of CFRP bonded to a structure’s substrate can be considered to be salient because interface
deterioration affects the efficacy of CFRP-strengthening to a large extent. The significance of
temperature-related research in CFRP application can be found in the AC1.440.2R-08
document:*? the contribution of CFRP to the structural resistance of a strengthened member in a
fire should be disregarded, and further research is required to elucidate the thermal behavior of a
CFRP-strengthening system.
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10. EXPERIMENTAL PROGRAM

This experimental program was comprised of two phases to examine thermomechanical behavior
of NSM CFRP-strengthened concrete members at material- and interface-levels. This section
briefs material details, specimen preparation, instrumentation, and test procedures.

10.1 Materials

A two-part low-viscous epoxy adhesive, consisting of a resin and a hardener to be mixed at a
ratio of 3:1 by volume, was used for bonding CFRP strips to concrete. The manufacturer’s
datasheet states that the adhesive requires a minimum of seven days curing to achieve a tensile
strength of 55 MPa [8,000 psi] with an elastic modulus of 3 GPa [440 ksi], including a glass
transition temperature of 71°C [163°F]. Unidirectional CFRP strips (16 mm [0.63 in] widex 2
mm [0.08 in] thick, each) have a tensile strength of 2,068 MPa (300 ksi) and a modulus of 124
GPa (18,000 ksi) at a failure strain of 1.7%. The strip’s surface was textured by the manufacturer
to enhance bond when interacting with the adhesive. Concrete was mixed in the laboratory with a
specified concrete strength of 30 MPa [4,350 psi], while cylinder testing (¢ 100 mm [4 in] x 200

mm [8 in]) based on ASTM C39 (Standard test method for compressive strength of cylindrical
concrete specimens)!* indicated an average strength of 30.4 MPa [4,408 psi] with a standard
deviation of 2.9 MPa [421 psi].

10.2 Specimens

For material-level investigations (Fig. 11.1), dog-bone coupons (12.2 mm [0.48 in] widex 6.7 mm
[0.26 in] thickx 100 mm [4 in] long) were prepared using the low-viscous epoxy adhesive and
cured for seven days. CFRP-concrete assemblies were made to examine interface-level behavior
at elevated temperatures. Each concrete block had dimensions of 100 mm [4 in] widex 75 mm [3
in] deepx 150 mm [6 in] long, including a groove (12.5 mm [0.5 in] widex 25 mm [1 in] deepx
150 mm [6 in] long) along the block, as shown in Fig. I1.2(a). The groove configuration was
designed in accordance with requirements of ACI440.2R-08" and a precut styrofoam layer was
used for shaping when casting concrete. Upon adequate curing of the concrete blocks, the surface
along the groove was cleansed with a steel brush and a high-pressure air gun to eliminate weak
oxidized cement particles so the epoxy adhesive could better bond to the concrete substrate. The
groove was filled with the mixed epoxy, and CFRP strip was then inserted. It should be noted
that the CFRP-concrete interface at the loading-end was intentionally unbonded to avoid stress
concentrations when mechanically loaded. The assembled interface specimens were cured for at
least seven days to warrant full strength of the adhesive as recommended by the manufacturer.

10.3 Test Setup and Thermal Exposure

The prepared material coupons were positioned to a 90 kN [20 kip] capacity hydroservo
universal testing machine, as shown in Figs. 11.1(b). A custom-made pull-out loading fixture was
fabricated to test the interface specimens [Fig. 11.2(b)]. Fabrication consisted of steel plates (t =
13 mm [0.5 in]) and high-strength threaded rods (10 mm [0.38 in] in diameter), which were
snug-tight using nuts. To avoid premature slip failure of test specimens, a grip length of at least
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25 mm [1 in] was provided. A temperature range from 25°C [77°F] to 200°C [392°F] was
considered in this experimental research, provided that insulated structural members typically are
exposed to such a temperature range when a fire takes place as mentioned earlier. To substantiate
the planned elevated temperatures, electric heating pads were employed. The pad is made of
perfluoroalkoxy (PFA) lead wires embedded in fiber glass reinforced silicone rubber, including a
heating capacity up to 260°C [500°F]. Pads were directly contacted to the surface of interest for
every specimen and thermocouple wires were installed to measure temperatures. For applying
elevated temperatures to the adhesive and CFRP coupons, two heating pads were attached to
both sides of each specimen [Fig. 11.1(c)] and were clipped together to cover exposed areas of the
specimen outside the gripping region. A similar heat-up plan was used for the interface test
specimens, as shown in Fig. 11.2(c). The concrete block side that had the CFRP-bond was
covered because the other side was outside the interest of the current test program.

10.4 Thermal and Mechanical Loading Schemes
10.4.1 Material-level test

Thermal relaxation tests were conducted with epoxy coupons. A tension load of 1 kN [0.225
kips] was applied to individual coupons and held for thermal loading from 25°C [77°F] to 200°C
[392°F] at a typical interval of 25°C [77°F]. Such a load level was equivalent to about 25% of
the tensile capacity of the adhesive, which can represent a typical service condition. Three
coupons were repeatedly tested per temperature. A reduction in tensile stress of the heated
coupons was recorded with time, using a built-in load cell, until stress decreased to zero.
Thermomechanical resistance of the adhesive subjected to temperatures higher than its glass
transition temperature (71°C [163°F]) was insignificant according to preliminary monotonic
tension tests conducted prior to carrying out the thermal relaxation test. Temperature-dependent
CFRP properties were not examined since CFRP composites can retain their tensile capacity
over 1,000°C [1,832°F] due to the contribution of carbon fibers'® (Rostasy 1992), even though
resins are thermally damaged.

10.4.2 Interface-level test

Two distinct mechanical loading plans (monotonic and cyclic) were designed to characterize
behavior of the NSM CFRP-concrete interface when exposed to thermal distress: 25°C [77°F] to
200°C [392°F]. Two thermocouple wires were installed [Fig. 11.2(a)] to measure heat conduction
across the NSM CFRP interface. As shown in Fig. 11.2(c), a heating pad (150 mmx 100 mm [6 in
x 4 in]) was attached to the CFRP-strengthened side of the specimen and preheated at predefined
elevated temperatures for five minutes. A monotonic tension load was then applied at a rate of
0.5 mm per minute, while the temperature was maintained until failure occurred. The test
environment of the cyclic mechanical loading protocol was analogous to that of the monotonic
counterpart, except that loading and unloading schemes were repeated from 10%P, to 100%P, at
an interval of 10%Py, until the interface failed, in which Py is the average ultimate load of the
monotonically loaded interface specimens at a specific temperature. All load, displacement, and
temperature values were recorded by a computerized data acquisition system.
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11. TEST RESULTS

The thermomechanical behavior of the adhesive and the NSM CFRP-concrete interface is
discussed in subsequent sections, including load-carrying capacity, thermal relaxation, failure
mode, and thermal hysteresis.

11.1 Material-level Test
11.1.1 Thermal relaxation

Table 11.1 reveals the effect of elevated temperatures on the variation of a stress-decrease rate for
epoxy adhesive. The decrease rate was obtained between 20% and 70% of the maximum and
minimum post-peak stresses (Fig. 11.3). The control specimens at 25°C [77°F] exhibited
insignificant stress-decrease rates, 0.004 MPa/sec [0.64 psi/sec] on average, therefore, the
loading was terminated at 350 seconds [Fig. 11.3(a)]. Thermal relaxation of the adhesive became
obvious for the specimens subjected to 50°C [122°F], as shown in Fig. 11.3(a), including an
average stress-decrease rate of 0.029 MPa/sec [4.24 psi/sec]. When the applied temperature
exceeded glass transition temperature of the adhesive (71°C [160°F]), the stress-decrease
response time was noticeably reduced. For example, specimens exposed to 75°C [167°F] spent
approximately 200 seconds [Fig. 11.3(b)] before reaching zero stress from 12 MPa [1,740 psi],
with an average stress-decrease rate of 0.082 MPa/sec [11.94 psi/sec]. As an exposure
temperature increased, average stress-decrease rate augmented up to 0.221 MPa/sec [32.05
psi/sec] at 200°C [392°F], as listed in Table 11.1. These observations indicate that stress transfer
between the CFRP and concrete substrate is considerably influenced by thermal relaxation of the
adhesive, which must be taken into account when insulation design is conducted for CFRP-
strengthened members. Figure 11.4 illustrates a relationship between the stress-decrease rate and
temperature exposure. According to the fitted curve shown in Fig. 11.4, stress-decrease rate
gradually increased up to 75°C [167°F], beyond which an almost linearly-increasing trend was
noticed.

11.2 Interface-level Test
11.2.1 Thermal conduction

Figure 11.5 shows temperature variation measured by thermocouples 1 and 2 at the heated surface
and beyond the interface, respectively. Although some scatter was noticed at the intersection
between the heating pad and specimen surface [Fig. 11.5(a)], the predefined nominal
temperatures were maintained until the interface failed by mechanical load. The CFRP-
strengthening system temperature gradually increased with time, as shown in Fig. 11.5(b).
Temperature transfer across the interface was not significant up to an applied temperature of
150°C [302°F], at which a maximum temperature of 37°C [99°F] was measured by
thermocouple 2. On the other hand, a rapid increase in temperature transfer was observed for
specimens subjected to 175°C [347°F] and 200°C [392°F], yet their temperatures were still lower
than the glass transition temperature of the adhesive [Fig. 11.5(b)]. This fact implies that heat
transfer across the NSM CFRP-interface has discrete temperature boundaries rather than simple
proportionality with temperature. The time-dependent heat current response of the interface is
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given in Fig. 11.6(a), including three specimens per temperature. The heat current (H) is defined
as:

H :kcATl_LTZ (I.1)

where Kk is the composite thermal conductivity for the NSM CFRP interface; A is the surface
area along the interface where heat is transferred (thermal contact); T1 and T are the
temperatures measured by thermocouples 1 and 2 [Fig. 11.2(a)], respectively; and L is the heat
transfer length between thermocouples 1 and 2. To calculate composite thermal conductivity ke,
the rule of mixtures was used with an area fracture ratio of 15.4% and 84.6% for the CFRP, and
epoxy adhesive inside the groove [Fig. 11.2(a)] with thermal conductivities of 0.865 W/m per °C
[0.5 Btu/hr ft per °F] and 0.346 W/m per °C [0.2 Btu/hr ft per °F]:1® k; = 0.426 W/m per °C
[0.246 Btu/hr ft per °F], respectively. Heat current of the specimens initially increased due to a
relatively large gap in temperature between both ends of the interface (thermocouple 1 and
thermocouple 2), whereas the current decreased in an almost linear manner with an increase in
time (i.e,. decay in temperature difference between the two thermocouples). Therefore, the heat
flow mechanism of the NSM CFRP-concrete interface was transient or in a non-steady state until
mechanical failure occurred. It also is thought that steady-state conduction may not occur across
the interface since adhesive material will degrade (i.e., polymeric disintegration causing bond
failure) when thermal equilibrium is achieved at or higher than its glass transition temperature.
The heat current rate of each interface specimen was calculated by taking starting and ending
points of the descending branch in the heat current response [Fig. 11.6(a)] and summarized in Fig.
[1.6(b). The heat current rate tended to decrease with an increase in temperature, which can be
explained by how the propagation of heat energy accelerated when thermal contact temperature
augmented. The fitted equation may be used for design and practice.

11.2.2 Load-carrying capacity

Figure 11.7 depicts load-displacement behavior of selected interface specimens. Linear-like
responses were observed for all specimens up to peak loads, while their post-peak behavior was
affected by the degree of thermal exposure. Specimens tested at 25°C [77°F] demonstrated
abrupt load drops immediately after peak loads were achieved [Fig. 11.7(a)]; conversely,
specimens exposed to higher temperatures revealed gradual load-softening [Fig. 11.7(b) and (c)].
These observations can be attributed to the phase transition of the epoxy adhesive: the glassy
state of the adhesive subjected to a temperature below its glass transition temperature was shifted
to a rubbery state when the applied temperature exceeded the glass transition temperature, and a
progressive energy release was noticed. The temperature-dependent interfacial capacity of the
test specimens is shown in Fig. 11.8(a). The average capacity was reasonably maintained up to a
temperature of 75°C [167°F], followed by a significant reduction to an average capacity of 0.46
MPa [67 psi] at 200°C [392°F]. Standard deviation of the interfacial capacity generally
decreased with an increase in temperature [Fig. 11.8(b)]. This fact clarifies that the rubbery state
of epoxy in the specimens exposed to temperatures higher than the glass transition temperature
provided glutinous characteristics and stable failure conditions were available. The coefficient of
variation (COV) of the interface specimens appeared to be almost constant, with an average
value of 0.21, regardless of exposure temperature. Experimental results were further expanded to
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propose design equations, based on Monte-Carlo simulation, which can complement the limited
number of test observations. A total of 80,000 random samples (10,000 samples per temperature)
were generated, based on the statistical properties acquired from the test (Fig. 11.8), to simulate
the interfacial capacity at elevated temperatures (25°C [77°F] to 200°C [392°F]), as shown in the
inset of Fig. 11.9(a). A normality test revealed that probability distribution of the interface was
Gaussian [Fig. 11.9(a)]. The simulated mean capacity of the interface at a certain temperature was
normalized by that of the control interface at 25°C [77°F] to estimate a reduction in capacity
[Fig. 11.9(b)]. Regression analysis was carried out in three distinct performance regions (stable,
transition, and decaying) observed in Fig. 11.8(a) and the following equations were derived:

-0.066 In(T) + 1.1955 for 25°C < T < 75°C (I1.2a)
C=<-2.086 In(T) +9.9475 for 75°C < T < 100°C (11.3a)
-0.421 In(T) + 2.3002 for 100°C < T < 200°C (I1.4a)
-0.090 In(T) + 1.3702 for 77°F < T < 167°F (11.2b)
C= {-2.516 In(T) + 13.814 for 167°F < T < 212°F (11.3b)
-0.476 In(T) + 2.9061 for 100°F < T < 200°F (11.4b)

where C is the temperature-dependent capacity reduction factor that could be multiplied by the
interfacial capacity at 25°C [77°F].

11.2.3 Failure mode

Figure 11.10 illustrates failure modes of the interface at various temperatures. The specimens
exposed to 25°C [77°F] showed typical pull-out failure in the concrete cover [Fig. 11.10(a)],
indicating that adhesion strength of the epoxy was adequate. Such a failure mode is
predominantly observed in reinforced concrete beams strengthened with NSM CFRP
composites.'® Specimens at 50°C [122°F] showed a failure mode similar to those at 25°C [77°F].
When the applied temperature exceeded glass transition temperature of the adhesive, the change
to failure mode was noticeable, as shown in Fig. 11.10(b), where interfacial failure took place
between the concrete surface and the adhesive. With another increase in temperature, the failure
plane of the interface was completely shifted toward the adhesive side [Fig. 11.10(c) and (d)].
These observations show why interfacial capacity was reduced with temperature in Fig. 11.8(a)
and clarify changing the bond-slip behavior of the interface in Fig. I1.7.

11.2.4 Thermomechanical hysteresis

Results of the cyclic load test are provided in Fig. 11.11 (three specimens were tested per
temperature as in the static cases, while only one representative behavior is shown for clarity).
For comparison, the ordinate values indicating the level of applied load were normalized by the
average interfacial capacity of the statically loaded specimens at a corresponding temperature.
The specimen exposed to 25°C [77°F] exhibited gradual increases in load and displacement, as
shown in Fig. 11.11(a). It is interesting to note that the cyclically-loaded specimen at failure
revealed more displacement than the monotonically-loaded ones [Fig. I11.7(a)], which was
attributed to hysteresis of the interfacial slip. Unlike the specimen at 25°C [77°F], those exposed
to higher temperatures, such as 125°C [257°F] and 200°C [392°F] available in Fig. 11.11(b) and
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(c), respectively, demonstrated insignificant displacement accumulation until they failed. It is
thought that degree of interaction between the CFRP strip and the concrete substrate became
weaker with an increase in temperature and the interfacial slip occurred in the adhesive layer for
the high-temperature specimens. This assertion is supported by the transition of failure mode
shown in Fig. 11.10 (from concrete side to adhesive side). Variation of residual capacity in
cyclically-loaded specimens is summarized in Fig. 11.12. The effect of cyclic load was obvious
on decreasing strength of the interface.
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12. CHARACTERIZATION OF THERMOMECHANICAL INTERFACE
BEHAVIOR

Capacity of the NSM-CFRP interface affected by thermomechanical distress was characterized
by the Weibull theory*’linked with the probability of failure.

12.1 Determination of Weibull Parameters

Reduced interfacial capacity may be modeled using the two-parameter Weibull function defined
in Eq. 1. 5:

PTm:Exp{_(P_mﬂ (115)

0 S

where P(T) and Po are the interfacial capacity at temperature T and at the initial temperature
(25°C [77°F]), respectively, and g and S are the shape and scale parameters of the interface,
respectively. To obtain the g and S parameters, double logarithm can be taken:

In{—ln(PTmH:ﬁln P(T)-pAInS (11.6)

0

The simulated interfacial capacities shown in Fig. 11.9 were used when determining Weibull
parameters, rather than the limited test data, so that more generalized conclusions were
anticipated. According to Fig. 11.13, the characteristic parameters were attained as f = -1.364 and
S=3.118.

12.2 Probability of Failure

The probability of failure for the characterized NSM-CFRP interfacial capacity depending on
extent of thermomechanical distress, Pt (T), was inferred and based on the aforementioned
Weibull distribution and the capacity reduction factors proposed in Egs. I1.2-4:

P (T)=1- Exp{— [ﬁjlm} (1.7)

3.118

As shown in Fig. 11.14(a), the probability of failure exponentially increased with a decrease in
interfacial capacity. A failure probability of 0.4 or below was maintained until the capacity was
reduced to approximately 5 MPa [725 psi], which is 14% below the average simulated-capacity
of the interface at 25°C [77°F]. The interfacial capacity at a failure probability of 0.5 was found
to be 4 MPa [580 psi], equivalent to an exposure temperature between 75°C [167°F] and 100°C
[257°F]. It is important to note that physical interpretation of the probability of failure is not
intended to mean deterministic failure of the CFRP-concrete interface, but indicates the level of
risk associated with thermal and mechanical loads being applied simultaneously from a
probability standpoint. Figure 11.14(b) depicts transition of probability distribution functions of
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the interfacial capacity with temperature. A wide, probabilistic domain was predicted in a
temperature range of 25°C [77°F] to 75°C [167°F]; however, distributions tended to exhibit
sharp peaks at their most probable capacities as temperature level increased, which implies that
only a tiny fraction of the probable capacity became available. The cumulative distribution
functions shown in Fig. 11.14(c) demonstrate performance cohort of the interface in terms of
temperature exposure and corresponding rates of capacity-decaying.
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13.

SUMMARY AND CONCLUSIONS

This paper elaborated on thermomechanical behavior of NSM CFRP-concrete interface subjected
to elevated temperatures ranging from 25°C [77°F] to 200°C [392°F]. The effect of temperature-
induced distress was studied at material- and interface-levels, including thermal relaxation, heat
conduction, load-carrying capacity, failure mode, and damage characterization using the two-
parameter Weibull function. Synergetic deterioration of the interface by thermal and mechanical
loads was characterized probabilistically. The following conclusions were made:

Transfer of interfacial stresses between the CFRP and concrete were controlled by the
thermal relaxation mechanism of the bonding agent. Response time of the stress-decrease
rates dwindled when adhesive was exposed to a temperature higher than its glass
transition temperature.

The heat flow of the interface was transient, rather than steady-state, up to failure of the
strengthening system, due to the thermomechanical load. The extent of thermal contact
accelerated progression of heat energy and discrete temperature boundaries, and altered
failure planes from the concrete side to the adhesive side.

Phase transition of the adhesive, depending upon temperature exposure, controlled
behavior of the interface in such a way that brittle responses were shifted to gradual load-
softening. The temperature-dependent capacity reduction factor proposed may be used
when implementing CFRP-strengthening for existing building members along with the
design of insulation.

The hysteresis of the interfacial slip was noticed primarily in the adhesive layer when
loaded cyclically and the degree of interaction between the CFRP and the substrate was
reduced with temperature.

The characteristic parameters attained as part of the two-term Weibull function were
recommended for predicting the capacity degradation of the CFRP-concrete interface
exposed to elevated temperatures. An exponential-response relationship was found
between the interfacial capacity and temperature exposure. The range of the most
probable capacity noticeably decreased with an increase in temperature, particularly
above 150°C [302°F].
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Table 11.1 Thermal relaxation test results

Temperature

Specimen

Stress decrease rate (MPa/sec [psi/sec])

- Standard Coefficient of
Individual Average deviati T
eviation variation
EC25 1 0.005 [0.79]
25°C [77°F] EC25 11 0.003 [0.37] 0.004 [0.64] 0.002 [0.23] 0.364
EC25 Il 0.005 [0.76]
EC50 I 0.029 [4.17]
50°C [122°F] EC50 Il 0.031[4.47] 0.029 [4.24] 0.001 [0.20] 0.048
EC50 111 0.028 [4.08]
EC751 0.082 [11.97]
75°C [167°F] EC75 1l 0.088 [12.75] | 0.082[11.94] | 0.006 [0.83] 0.069
EC75 I 0.076 [11.10]
EC100 I 0.104 [15.12]
100°C [212°F] | EC100 Il 0.122[17.71] | 0.126 [18.32] | 0.024 [3.55] 0.194
EC100 Il | 0.153 [22.14]
EC125 | 0.168 [24.41]
125°C [257°F] | EC1251I 0.180[26.08] | 0.168 [24.41] | 0.007 [1.06] 0.039
EC125 111 | 0.179 [26.01]
EC150 | 0.173 [25.14]
150°C [302°F] | EC150 Il 0.161[23.42] | 0.165[23.92] | 0.007 [1.06] 0.044
EC150 Il | 0.160 [23.21]
EC175 1 0.199 [28.79]
175°C [347°F] | EC1751I 0.238 [34.46] | 0.217 [31.50] | 0.020 [2.90] 0.090
EC175 111 | 0.216 [31.26]
EC200 | 0.216 [31.35]
200°C [392°F] | EC200 I 0.203 [29.49] | 0.221[32.05] | 0.020 [2.90] 0.093
EC200 111 | 0.243 [35.30]
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Fig. 1.1 Thermal relaxation test for bonding agents: (a) coupons and loading scheme (unit in
mm [1 mm = 0.0394 in]), (b) control adhesive, (b) heated adhesive
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Fig. 11.2 Thermomechanical test for NSM CFRP-concrete interface: (a) dimensions and
thermocouple positioning (unit in mm [1 mm = 0.0394 in]), (b) control specimen,
(c) heated specimen
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Fig. 11.3 Thermal relaxation response of adhesives: (a) comparison between 25°C [77°F] and
50°C [122°F], (b) effect of elevated temperatures
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Fig. 11.4 Stress decreasing rate due to thermal relaxation
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Fig. 11.5 Thermal conduction across the interface: (a) thermocouple 1 between the CFRP and
heat pad, (b) thermocouple 2 between the adhesive and concrete
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Fig. 11.6 Variation of heat current in conduction: (a) heat current-time response,
(b) heat current rate
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Fig. 1.7 Load-displacement behavior of interface specimens: (a) 25°C [77°F], (b) 125°C
[257°F], (c) 200°C [392°F]
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Fig. 11.8 Temperature-dependent interfacial capacity: (a) variation of bond stress,
(b) statistical properties
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Fig. 11.9 Simulated interfacial capacity and design proposal: (a) normality test and Monte-Carlo
simulation, (b) capacity reduction due to temperature exposure
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Fig. 11.10 Failure modes of the interface: (a) 25°C [77°F], (b) 75°C [167°F], (c) 125°C [257°F];
(d) 200°C [392°F]
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Fig. 11.11 Thermomechanical hysteresis: (a) normalized response at 25°C [77°F], (b)
normalized response at 125°C [257°F], (c) normalized response at 200°C [392°F]
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Fig. 11.12 Residual strength of cyclically loaded interface
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. 11.13 Determination of Weibull parameters
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Fig. 11.14 Predicted probability: (a) probability of failure, (b) probability distribution function,
(c) cumulative distribution function
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