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EXECUTIVE SUMMARY 

This report presents the behavior of reinforced concrete beams retrofitted with carbon fiber reinforced 
polymer (CFRP) sheets and ultra-high performance concrete (UHPC) jackets in a multi-hazard 
environment. Following the procedural protocol of a published standard, the beams are cyclically loaded 
under thermomechanical distress at elevated temperatures, varying from 25oC (77oF) to 175oC (347oF), in 
order to examine their hysteretic responses alongside ancillary testing. The thermal conductivity of UHPC 
is higher than that of ordinary concrete by more than 62% and, according to a theoretical inference, 
premature delamination would not occur within the foregoing temperature range. The difference of load-
carrying capacities between the strengthened and un-strengthened beams declines with temperature. 
While the UHPC+CFRP retrofit scheme is beneficial, CFRP plays a major role in upgrading the flexural 
resistance. The thermomechanical loading deteriorates the hysteretic loops of the beams, thereby lowering 
the stiffness and capacity. Elevated temperatures are concerned with the pinching, plasticity, 
characteristic rigidity, stress redistributions, and energy-release patterns of the beams. Due to the retrofit, 
the configuration of plastic hinges alters, and the localized sectional deformations form a narrow damage 
zone. The adverse effects of the temperatures on rotational stiffness are pronounced during the early 
loading stage of the beams. 
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1. INTRODUCTION 

Multi-hazards are not part of most seismic design specifications. For instance, the ASCE/SEI 43 Standard 
(ASCE 2005) offers four limit-state criteria solely based on structural deformations in line with response 
spectrum parameters. Previous research claims that seismic vulnerability increases significantly when 
incorporating secondary loadings like tsunami (Huang and Liu 2023), flood (Argyroudis and Mitoulis 
2021), wind (Li et al. 2021), scour (Badroddin and Chen 2023), and fire (Kamalvand et al. 2023). 
Traditional approaches treat structural loads separately without integrating individual actions (Bruneau et 
al. 2017); as a result, disastrous incidents that were unexpected during the design procedure may arise 
(Hain et al. 2023). A case study on the 2004 Indian Ocean catastrophe, where earthquake-wave-combined 
loadings brought about massive destruction of structures, recommends that multi-hazards be explicitly 
allowed for in designing critical structures (Ghobarah et al. 2006).  

Seismic deficiency is a ubiquitous challenge facing the built-environment community, and an annual 
budget of $6.1 billion is estimated to cope with earthquake risks for the U.S. infrastructure (FEMA 2017). 
Inappropriately detailed structures undergo flawed energy dissipation appertaining to capacity reductions 
and pinched hysteresis loops (Sengupta and Li 2014). Instead of replacement that necessitates 
unaffordable resources and societal costs, owners prefer conducting repairs and renovations (Pohoryles et 
al. 2022). Whereas state-of-the-art papers promote the positive impact of various techniques (Cao et al. 
2022; Echeverria et al. 2023), practical issues are often acknowledged in these established methods: 
magnified self-weight, escalated sectional geometries, modified stiffness, intensive labor, and prolonged 
downtime (Engindeniz et al. 2005; Echeverria et al. 2023). Furthermore, upgrading substandard structures 
is correlated with large uncertainties and incurs financial expenditure (Williams and Sexsmith 1995; Ying 
et al. 2016). Rehabilitation methodologies should be rigorously selected.  

Composite materials are receiving special attention for retrofitting deficient concrete members, such as 
ultra-high performance concrete (UHPC) and carbon fiber reinforced polymer (CFRP) (Siddika et al. 
2020; Mirdan and Saleh 2022). The high compressive strength of UHPC, over f’c = 120 MPa (17 ksi), 
provides the means to reduce architectural dimensions required for ordinary concrete with remarkable 
durability (Fehling et al. 2014; Amran et al. 2022). Experimental investigations report that UHPC-
jacketing improved the axial/flexural capacities of structural elements and relieved brittle failure under 
cyclic loading (Shao et al. 2021; Zhang et al. 2022). Likewise, CFRP-confinement furnishes several 
advantages, including enhanced rotational resistance, mitigated concrete-splitting, restricted rebar-
buckling, morphological adaptability, compliance with published standards, and broad coverage from 
component to system levels (ACI 2017). Members retrofitted with CFRP are, however, intrinsically 
vulnerable to temperature-induced distress because the performance of the strengthening system is reliant 
upon polymeric adhesives (Jarrah et al. 2018). Such a situation is instantiated by an earthquake that 
prompts fires alongside the continued displacement reversals of strengthened members resulting from 
main shocks and aftershocks (Beavan et al. 2012; Shafaei and Naderpour 2020; Dahal and Mullen 2021). 
Despite the significance of thermomechanical loadings, specific information is not stipulated in existing 
design guidelines with regard to externally bonded CFRP sheets (fib 2001; ACI 2017), which warrants 
sophisticated research for the advancement of current knowledge. A new opportunity may also be created 
by coupling these proven materials for multi-hazard applications. 

This report explores the behavior of reinforced concrete beams retrofitted with CFRP and UHPC 
subjected to simulated earthquake drifts at elevated temperatures. The objective of the present 
experimental study is twofold: 1) to explicate the undiscovered failure mechanism of CFRP-strengthened 
beams under concurrent thermomechanical loadings, and 2) to ascertain the potential of a rehabilitation 
method comprising UHPC jackets layered with CFRP sheets. Hysteretic responses, performance 
degradation, and inelastic deformations are expounded for the sake of understanding the retrofit systems’ 
functionality in the aggressive loading environments.  
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2. RESEARCH SIGNIFICANCE 

Multi-hazard design is an emerging concept that can address complex interactions and cumulative 
demands concerning the operational safety of structures (Bruneau et al. 2017). The outcomes of multi-
hazard loadings are dissimilar to those of respective ones; accordingly, arithmetic sums in each load 
deviate from actual effects (Padgett et al. 2008). Notwithstanding the broad adoption of non-conventional 
materials for strengthening concrete structures, the behavior of members with these materials under 
thermal and cyclic loadings is not yet well elucidated. In light of this, there are practical needs to evaluate 
the response of retrofitted members simultaneously exposed to earthquakes and elevated temperatures, 
which is not an uncommon scenario during a seismic event (Benichou et al. 2013). Attempts are made to 
document the ramifications of thermomechanical loadings for the seismic performance of cantilevered 
beams retrofitted with CFRP and UHPC+CFRP systems. 
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3. EXPERIMENTAL PROCEDURE 

Commensurate with the aforementioned research program’s aim, laboratory testing is performed to 
examine the synergistic implications of thermal and cyclic loadings for the behavior of cantilever beams 
strengthened with CFRP and UHPC. Descriptions on materials, specimens, strengthening details, and a 
loading protocol are outlined below. 

3.1 Materials 

Concrete was mixed to accomplish a specified strength of 25 MPa (3,630 psi) in compression. After 28 
days of curing in a moisture-controlled chamber (a 99% humidity at 23°C [73°F]), cylinders were tested 
in accordance with ASTM C39 (ASTM 2016) and an average strength of f’c = 24.9 MPa (3,610 psi) was 
obtained. Steel bars with a yield strength of fy = 414 MPa (60 ksi) and 250 MPa (36 ksi) were used for 
flexural and shear reinforcement (No. 3 [9.53 mm {0.375 in.} in diameter] and No. 2 [6.35 mm {0.25 in.} 
in diameter], respectively). Unidirectional CFRP composite sheets, consisting of dry carbon fabrics 
impregnated in a two-part epoxy resin, required a curing time of seven days at room temperature for the 
succeeding properties based on an equivalent fiber thickness of tf = 0.165 mm (0.0065 in.): tensile 
strength (ffu) = 3,800 MPa (550 ksi), elastic modulus (Ef) = 227 GPa (33,000 ksi), ultimate strain (εfu) = 
0.0167, and glass transition temperature (Tg) = 71oC (163oF). The epoxy that was mixed with a resin and a 
hardener at a mass ratio of 3:1 possessed a tensile strength of fepu = 55 MPa (8,000 psi) with an elastic 
modulus of Eep = 3 GPa (440 ksi). The coefficient of thermal expansion of the CFRP and epoxy was αf = -
0.38 10-6/oC (-0.21 10-6 o× × / F) and αep = 35×10-6/oC (20×10-6/oF), respectively. A commercial UHPC 
product was employed, and its guaranteed properties are the following: compressive strength (fc-UHPC) = 
120 MPa (17.4 ksi), flexural strength (fr-UHPC) = 14 MPa (2,030 psi), elastic modulus (EUHPC) = 30 GPa 
(4,350 ksi), shrinkage < 0.01%, and ASTM-C-230 flow = 280 mm (11 in.). 

3.2 Specimens  

As depicted in Figure 3.1(a), concrete beams were cast with a dimension of 100 mm (4 in.) by 165 mm 
(6.5 in.) by 1,200 mm (3.9 ft). Two No. 3 bars were longitudinally placed at an effective depth of 135 mm 
(5.3 in.), and multiple No. 2 bars were arranged at spacings of 75 mm (3 in.). To resist negative bending, 
compression rebars were extended to the mid-length of the beams.  

Figure 3.1  Beam details (units in mm): (a) dimension; (b) strengthening with CFRP; (c) strengthening 
with UHPC plus CFRP 
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3.3 Retrofit 

Strengthening work was undertaken for upgrading the seismic performance of the beams, which would be 
tested under a cantilever condition. To determine the retrofit zone, a plastic hinge length was calculated as 
per ACI 440.2R-17 (ACI 2017) and rounded to be 350 mm (13.8 in.) for practical convenience. Two 
retrofit strategies were implemented with CFRP and UHPC+CFRP. The first scheme involved the 
complete wrapping of the critical region using the CFRP sheets, as shown in Figure 3.1(b). After 
roughening the target concrete surface with an electric steel-wire brush, the blended epoxy was applied, 
and single-layer carbon fabrics were impregnated as part of a wet-layup process. The orientation of the 
fibers was perpendicular to the longitudinal rebars. The composite system was then cured for seven days 
at room temperature. For the second scheme, a UHPC jacket was added, as seen in Figure 3.1(c), and the 
CFRP sheets fully enclosed the 28-day cured jacket. Table 3.1 summarizes the identification of these 
retrofitted beams together with the loading schemes; the first letter denotes a loading type (M = 
monotonic and C = cyclic), the second component pertains to elevated temperatures in degrees Celsius, 
and the last part manifests the type of strengthening (NO = unstrengthened, CF = CFRP, and UC = 
UHPC+CFRP). 

Table 3.1  Test matrix [oF = oC(9/5)+32; 1 kN = 0.225 kips] 

Beam Strengthening Loading Temperature 
Ultimate Load (kN) 

Positive 
(Pu

+) 
Negative 

(Pu
-) 

Absolute 
(|Pu|) 

M25NO None Monotonic 25oC 15.8 N/A 15.8 
M25CF CFRP Monotonic 25oC 32.8 N/A 32.8 
C25CF CFRP Cyclic 25oC 30.5 -30.7 30.7 
C75CF CFRP Cyclic 75oC 21.7 -21.0 21.7 

C125CF CFRP Cyclic 125oC 17.8 -19.9 19.9 
C175CF CFRP Cyclic 175oC 14.9 -10.8 14.9 
C25UC UHPC+CFRP Cyclic 25oC 32.4 -33.4 33.4 
C75UC UHPC+CFRP Cyclic 75oC 25.4 -24.1 25.4 

C125UC UHPC+CFRP Cyclic 125oC 21.7 -17.4 21.7 
C175UC UHPC+CFRP Cyclic 175oC 15.6 -11.0 15.6 

Positive = downward loading; Negative = upward loading; Absolute = maximum load in either directional loading 

3.4 Testing 

Ancillary tests—To attain the thermal conductivity (K) of the ordinary concrete and UHPC mixtures, a 
non-contacting thermometer was utilized in tandem with infrared thermography, as shown in Figure 
3.2(a) 

K =
Qd
A∆T

 (1) 

where Q is the supplied heat energy (Q = 3 W [10.2 BTU/hr]); d and A are, respectively, the depth and 
cross-sectional area of the specimen (d = 0.08 m [3.15 in.] and A = 0.002 m2 [3 in.2]); and ΔT is the 
difference in temperature. The physical significance of measuring the thermal conductivity is that it 
dominates the formation of temperature gradients, thereby affecting the thermal strains of the ordinary 
concrete and UHPC (the conductivity of thin CFRP composites is negligible relative to that of concrete 
[Adamczyk et al. 2018]). A thermal camera monitored the temperature variation of the concrete 

                                            

 

 
 

 

 



specimens, as seen in the inset of Figure 3.2(a). The camera, built upon the multi-spectral dynamic 
imaging technology, generated images at a 19,200-pixel resolution with a sensitivity of less than 0.06oC 
(0.11oF) and a 9-Hz frame rate (FLIR 2019). The temperature-sampling frequency was every five minutes 
for a three-hour period, which was sufficient to cover structural examinations (to be described), and the 
test was replicated three times.  

Figure 3.2  Laboratory testing: (a) thermal conductivity; (b) setup of CFRP-strengthened cantilever beam; 
(c) thermomechanical loading and instrumentation; (d) displacement-controlled loading 
scheme based on FEMA 461 (FEMA 2007); (e) thermocouple readings 

Thermomechanical loading—all beams were cantilevered with a custom-made fixture; and the distance 
from the fixed end to the center of the loading bracket was 700 mm (27.5 in.), as shown in Figures 3.2(b) 
and (c). The fixture was composed of two hollow steel sections (100-mm [4 in.] wide by 100-mm [4 in.] 
deep by 16-mm [0.625 in.] thick), ASTM A325 threaded steel rods (16 mm [0.63 in.] in diameter), and a 
rigid support that was anchored to the strong floor. The portion of each beam, embedded in the fixture 
with a length of 300 mm (11.8 in.), was confined by the CFRP sheets to preclude premature failure. For 
the application of heat, the retrofitted part of the beams was wrapped with a glass-reinforced silicon 
rubber pad and steel wires, as seen in Figure 3.2(c). The pad was electrically powered and 
perfluoroalkoxy lead wires generated thermal energy; this system is frequently used to simulate heat 
transfer in laboratory research (Zhou et al. 2020; Jahani et al. 2021). Given that the temperatures of 
insulated CFRP-strengthened members subjected to a fire are below 150oC (302oF) over a two- to three-
hour exposure period on many occasions (Altunisik et al. 2023; Turkowski 2023), the present study’s 
investigation range was set from 25oC (77oF) to 175oC (347oF) with an assumption that the members were 
adequately insulated. The heating pad’s preset temperature was automatically adjusted by a digital 
controller [Figure 3.2(c), inset]. Subsequently, the prepared beams were loaded mechanically and 
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thermomechanically [Figures 3.2(b) and (c), respectively] in conformity with the FEMA 461 loading 
protocol (FEMA 2007) [Figure 3.2(d)].  
 

 
 
 

Instrumentation—A load cell and a displacement sensor, which were built in the servo-actuator unit, 
recorded the behavior of the test beams. Temperatures on the CFRP surface (inside the heating pad) were 
logged by thermocouple wires. A 10-minute preheating period was required for all thermomechanically 
loaded beams, and the target temperatures were maintained until the beams failed, as shown in Figure 
3.2(e).  



4. RESULTS AND DISCUSSION 

Diverse technical aspects are expatiated from material and structural points of view to comprehend the 
performance of retrofitted cantilever beams subjected to thermomechanical loadings. Emphasis is placed 
on the thermal properties of ordinary concrete and UHPC, as well as their conceptual performance 
reliability, and on the hysteretic responses and flexural characteristics of the beams. 

Figure 4.1  Thermal conductivity: (a) ordinary concrete with non-contacting thermometer; (b) UHPC 
with non-contacting thermometer; (c) average conductivity of ordinary concrete and UHPC; 
(d) predicted temperature ratio at interface between UHPC and ordinary concrete  

4.1 Thermal Conduction 

The thermometer-measured conductivities of the concrete specimens are shown in Figures 4.1(a) and (b). 
Also shown are comparative plots against the conductivities quantified by the infrared spectroscopy. 
While the thermal response of the ordinary concrete was consistent [coefficient of variation = 0.05, Figure 
4.1(a)], that of UHPC was somewhat irregular [coefficient of variation = 0.12, Figure 4.1(b)]. This 
observation is explained by their different mineralogical compositions: the crystallinity of densely packed 
quartz sands in the UHPC mixture enabled a rapid flux of heat in multiple directions (Khan 2002). The 
average conductivity of UHPC was higher by up to 62.9% relative to the case of the ordinary concrete 

Coefficient of variation = 0.05 Coefficient of variation = 0.12 
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[Figure 4.1(c)], which aligns with the fact that the vulnerability of high-strength concrete to fire (thermal 
spalling) is higher than its low-strength counterpart (Neville 1996). 
 

 

 

 

 

 

 

 

 

 

     

Considering that heat currents in materials sharing contact surfaces are equal (Young and Freedman 2019), 
the conductivity test results were utilized to estimate temperatures at the interface between the beam 
concrete and UHPC, as depicted in Figure 3.1(c)  

Tinterface = 
αT Tapplied + 0

1+α
(2)

α =
KUHPCtconcrete

KconcretetUHPC

 (3) 

where Tinterface is the interface temperature; Tapplied and T0 are the applied and initial temperatures of the 
beam system, respectively (T0 in the beam concrete was assumed to be 25oC [77oF]); tconcrete and tUHPC are 
the thickness of the ordinary concrete and UHPC, respectively (for demonstration purposes, tconcrete = 82.5 
mm [3.25 in.] and tUHPC = 30 mm [1.2 in.] were used), as seen in Figure 3.1(c). When the applied 
temperature was increased, the ratio of Tinterface to Tapplied dwindled and stabilized [Figure 4.1(d)]. 
Therefore, practically speaking, the proposed UHPC-retrofit system would not experience premature 
delamination as long as the beam was properly insulated. Previous research (Chen et al. 2021) reports that 
interfacial deterioration can take place between ordinary concrete and UHPC at a temperature above 
300oC (572oF).  

Figure 4.2  Entropy: (a) change with time; (b) development 

4.2 Suitability of UHPC as a Retrofit Material 

The amount of disorder in the concrete composition was appraised by the change of entropy (ΔS)  

∆S =
Q
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where TL and TH are the temperatures at the top and bottom of the specimen [Figure 3.2(a)], respectively. 
In statistical physics (Gould and Tobochnik 2021), entropy is regarded as a representative metric to 
determine the degree of randomness in a system (tantamount to disorder). As shown in Figure 4.2(a), 
entropy change of the concrete mixtures precipitously rose when the heat energy was applied and ebbed 
with time. The positive values of the entropy (ΔS > 0) impart that the elevated temperatures incurred an 
irreversible process in the mixtures (Chabay and Sherwood 2015), including chemical and physical 
alterations in the microstructures (Kim et al. 2013). The ordinary concrete reacted more quickly than 
UHPC, meaning that the composition of the ordinary concrete possessed a higher likelihood for 
variability in terms of material stability. Examples can be found in the literature (Wang et al. 2015). 
Compared with UHPC, the compressive strength and bond of ordinary concrete degrade swiftly in 
aggressive environments. The development of entropy is portrayed in Figure 4.2(b). Even if the tangent of 
the ordinary concrete’s curve was remarkably stiff within a time period between 0 and 25 minutes, the 
difference against the UHPC tangent disappeared after 100 minutes. Part of the water in the mixtures 
commenced to release and evaporate when the applied temperature exceeded 100oC (212oF), as marked in 
Figure 4.2(b), which is believed to be a driving force for making the mixtures’ internal composition stable 
through a phase transformation (Lee et al. 2008; Zhang 2011). Contemplating the equivalence of entropy 
and uncertainty (Mishra and Ayyub 2019), the low-entropy UHPC was notionally confirmed as a suitable 
material for upgrading existing structural members with high reliability. 
 

 

 

 

 

Figure 4.3  Capacity ratio: (a) cyclic strengthened vs. monotonic control beams; (b) cyclically loaded 
beams; (c) contribution of retrofit elements; (d) contribution of UHPC 
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4.3 Load-Bearing Capacity 

Figure 4.3 exhibits the flexural capacity of the test beams. The capacities of the CF and UC series under 
the cyclic loading without thermal exposure (the absolute maximum values at 25oC [77oF] in Table 3.1) 
were 1.94 and 2.12 times higher than the capacity of the monotonically loaded unstrengthened control 
beam, as shown in Figure 4.3(a). With the increased temperature, the efficacy of the retrofit systems 
decreased by degrees and the capacity of the strengthened beams fell below the level of the 
unstrengthened beam at 175oC (347oF). Figure 4.3(b) illustrates the thermal distress repercussions for the 
capacity of the periodically loaded CF and UC beams. The heat-induced capacity reduction of the beams 
was prominent when the applied temperature went over the glass transition temperature of the epoxy resin 
(Tapplied > Tg = 71oC [163oF]). The almost identical reduction rates of the CF and UC beams imply that the 
CFRP sheets were the major constituent from a load-carrying standpoint; scilicet, the role of CFRP was 
greater than that of UHPC in resisting the sinusoidal mechanical load.  
 

 

 

 

 

To further investigate the individual contribution of CFRP and UHPC under the cyclic load environment, 
the relative capacity of the strengthened beams at elevated temperatures [ΔPrc(T)] was extracted from the 
capacity of the unstrengthened beam tested at 25oC (77oF) 

P (T P) − (25o C )
∆ =P T( ) u− −str . .u unstr

rc P C. (25o
u−unstr )

(5)

where Pu-str.(T) and Pu-unstr.(25oC) are the capacities of the strengthened and unstrengthened beams at a 
temperature T and 25oC (77oC), respectively. As graphed in Figure 4.3(c), the effects of the retrofit 
elements were clearly distinguishable. The synergistic combination of UHPC and CFRP better raised the 
beams’ capacity in comparison with the case involving CFRP alone; nonetheless, the average fraction of 
UHPC was 8.8% in the increased capacity, as seen in Figure 4.3(d). This fact reaffirms that the CFRP 
confinement accounting for the rest (91.2%) was the primary component of the strength gain.  

4.4 Flexural Behavior 

Hysteresis of beams with CFRP—The load-deflection diagram of the CF series beams is described in 
Figure 4.4. For reference purposes, the behavior of the monotonically loaded beams (M25NO and 
M25CF) is also visible in the inset of Figure 4.4(a). The strengthened beam subjected to the mechanical 
loading at 25oC (77oF) revealed steady responses until the 26th cycle, as shown in Figure 4.4(a), after 
which a sudden increase in deflection was noted with successively decrementing post-peak loads. This 
was ascribed to the occurrence of local CFRP debonding in C25CF, which was related to the wet-layup 
process that could entail nonuniform bond quality (Ghosh and Karbhari 2011). During the course of 
increasing deflection amplitude in compliance with FEMA’s test protocol [Figure 3.2(d)], the repeated 
slippage between the concrete substrate and CFRP caused internal friction that exacerbated the dissipation 
of excitation energy (Zhang et al. 2021).  
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Figure 4.4  Load-deflection behavior of beams strengthened with CFRP under cyclic loading: (a) 25oC; 
(b) 75oC; (c) 125oC; (d) 175oC 

As shown in Figure 4.4(b), the transmitted heat above the glass transition temperature of the epoxy 
accelerated the synergistic degradation of the CFRP-strengthened beam; consequently, the loading slope 
of the hysteretic loops gradually descended with the increased cycle. The unloading curves of C75CF in 
the first and third quadrants were deemed elastic because the reversal of the mechanical loading released 
the accumulated stresses of the beam; hence, the post-peak slopes were nearly parallel to the pre-yield 
slopes. Unlike the occasion of C25CF, the residual deflection of C75CF regularly developed with respect 
to the number of cycles, as seen in the Figure 4.4(b) inset, indicating that the partly flawed wet-layup of 
the C25CF beam was merely an unintended experimental fault. 

When the applied temperature was increased to 125oC (257oF) and 175oC (347oF), the influence of the 
thermomechanical distress became obvious, as shown in Figures 4.4(c) and (d). The thermally weakened 
CFRP sheets combined with enlarged concrete cracks after yielding abated the load-carrying ability of the 
beams. The pinching of the reciprocating curves, accompanied by the softened slopes while the beams 
were loaded and unloaded [a schematic illustration is available in Figure 4.4(c)] was noticed. Specifically, 
the pinching effect was negligible prior to the yielding of the rebars, whereas it was prominent in the post-
yield domain of the hysteretic loop. The response of the beams is given in the Figure 4.4(c) inset with 
normalized loads (P/|Pmax|) at the 10th and 20th cycles. Given that the extent of pinching is governed by the 
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progression of a hysteretic slip (Baber and Noori 1985), the thermomechanical loading was certainly 
responsible for expanding the interfacial dislocation of the CFRP-retrofit system.  

Figure 4.5  Load-deflection behavior of beams strengthened with UHPC+CFRP under cyclic loading:  
(a) 25oC; (b) 75oC; (c) 125oC; (d) 175oC  

Hysteresis of beams with UHPC and CFRP—Figure 4.5 displays the hysteretic behavior of the UC 
series beams. The stresses stemming from positive bending should be completely lost when a load 
reversal commenced for negative bending. However, such an ideal circumstance was not seen due to the 
growth of internal damage in the load-bearing system. The stiffness of C25UC was retained until the 24th 
cycle; a reduction in the slope was then observed with a considerable increase in the deflection, as seen in 
Figure 4.5(a). Passing through the surged deflection at the 32nd cycle, the beam failed with localized 
damage outside the retrofitted zone (to be elaborated). When the thermal loading was applied, the pinched 
hysteresis loop of the UC beam became conspicuous, as seen in Figure 4.5(b); the C25UC and C75UC 
loops are compared at the 32nd cycle in the inset of Figure 4.5(b). This fact substantiates that significant 
plasticity arose in the retrofit system owing to the elevated temperature. Comprehensive discussions on 
the relationship between pinching and plasticity are found elsewhere (Yu et al. 2016).  

As the temperature was raised over 125oC (257oF), the configuration of the hysteretic loops altered in the 
positive and negative loading directions, as seen in Figures 4.5(c) and (d). The so-called Bauschinger 
effect can account for this shifting of the loops from the third to the first quadrants in C125UC and 

C25UC 
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C175UC 
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                                          (c)                                                                               (d) 
[1 kN = 0.225 kips; 1 mm = 0.0394 in.] 
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C175UC. According to the Bauschinger mechanism (Zhuang et al. 2019), the cyclic thermomechanical 
loading redistributed the internal stresses of the beams and cumulatively dislocated their constituents in 
conjunction with strain hardening at every load reversal. The degree of damage accrual during the loading 
process was a function of the thermal exposure as well. The backbone curve of C175UC began to 
bifurcate from the curve of C125UC at 5 kN (1.1 kips) and the former’s response slope was consistently 
lower than the slope of the latter, as seen in the Figure 4.5(d) inset. The softening of the backbone curve is 
a clear indication for the unfavorable evolution of plastic damage in the microstructures of the beam 
concrete and the retrofit elements, which provoked non-homogeneous deformations (Placidi et al. 2021).  

Figure 4.6  Flexural rigidity: (a) characteristic EI under monotonic loading; (b) normalized comparison of 
characteristic EI under thermomechanical loading 

4.5 Bending Characteristics 

The characteristic flexural rigidity of the unstrengthened and strengthened beams under the monotonic 
loading (M25NO and M25CF, respectively) is provided in Figure 4.6(a). The characteristic rigidity (EIch) 
of the cantilever beams derived from their secant stiffness, as show in the Figure 4.6(a) inset, was 
calculated semi-empirically by 

EIch =
P Li max

3

3δ i

(6) 

where Pimax is the maximum load of the ith cycle in either the positive or negative loading direction; δi is 
the deflection corresponding to Pimax; and L is the loading span. Note that the characteristic rigidity is 
intended to comparatively examine the performance of the test beams at elevated temperatures. The 
rigidity of M25CF was higher than that of M25NO, as shown in Figure 4.6(a), except for the early 
loading stage where an abrupt increase in the deflection of M25CF took place at a load of 0.75 kN (0.17 
kips) owing to the initial engaging of the beam with the fixture, as shown in the Figure 4.6(a) inset. The 
effectiveness of the retrofit systems subjected to the thermomechanical loading is studied in Figure 4.6(b), 
where the characteristic rigidity of the CF and UC series beams at high temperatures was normalized by 
the rigidity at 25oC (77oC). The rigidity of both categories at their ultimate loads descended with 
temperature, corroborating the adverse thermal exposure in the matter of lowering the ability to resist 
bending. The slow reaction rate of the UC series against the CF series in Figure 4.6(b) supports the 
efficaciousness of the UHPC jacket as a supplementary retrofit element.  
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4.6 Energy Dissipation 

Figures 4.7(a) and (b) demonstrate the hysteretic energy of the CF and UC beams, respectively, that was 
dissipated with an increase in the loading cycle. The energy dissipation in this context corresponds to the 
release of strain energy stored in the beams when the mechanical loading was reversed; the area under the 
alternating loops in Figures 4.4 and 4.5 was numerically integrated to obtain energy values. Aligning with 
repeated crack-opening-and-closing actions, the periodic iterations of the beams in the positive and 
negative directions led to the up and down trend of the energy curves. The amplification of the energy 
was marginal until the 23rd cycle; afterward, soaring spikes were recorded because of the enlarged 
inelastic deformation of the impaired concrete (Wang et al. 2019). Moreover, the exponentially growing 
energy is attributed to the coalescence of micro-cracks that accrued during the preceding cycles and their 
unstable propagation (Keerthana and Kishen 2020). Figure 4.7(c) plots the energy fraction of the test 
beams (the ith cycle energy [Ei] divided by the maximum energy [Emax] of the respective beams). Contrary 
to the CF series shown in the Figure 4.7(c) inset, the development of the energy fraction in the UC series 
was dependent upon the thermomechanical cycles. It accords with previous research in that thermally 
deteriorated micro-pores can lower the fracture resistance of UHPC by partially decomposing C-S-H gels 
(Zhu et al. 2021); as a consequence, the amount of the dissipated energy increased at elevated 
temperatures. The energy release rate of selected beams with respect to the mechanical cycle is 
graphically assessed in Figure 4.7(d). The presence of heat changed the pattern of energy release in the 
CF beams (similar observations made for the UC beams were omitted due to the page limit). The abrupt 
release rate of the CF beam at 25oC (77oF) subsided as the temperature rose to 175oC (347oF); however, 
this temperature-sensitive rate was not contingent upon the retrofit scheme, as seen in the Figure 4.7(d) 
inset, because the softened CFRP sheets redistributed the applied mechanical stresses, as discussed earlier, 
and the waned interface between the retrofit systems and the beams did not transfer the entire stresses due 
to the loss of bond (Ahmed and Kodur 2011).  
 
 



Figure 4.7  Hysteretic energy: (a) beams with CFRP; (b) beams with UHPC+CFRP; (c) energy fraction;  
(d) rate per cycle 
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5. INELASTIC PERSPECTIVES 

Three major facets associated with the post-yield behavior of the thermomechanically loaded beams are 
of interest: plastic hinges, deformation localization, and potential energy. These inelastic responses are a 
prerequisite for construing the near-failure state of the beams. 

5.1 Formation of Plastic Hinges 

Figure 5.1 illustrates the typical failure mode of the unstrengthened and strengthened beams. Although the 
elastic moment of the cantilever was maximum at the fixed end, the flexural and flexure-shear cracks of 
the unstrengthened beam were 80 mm (3.1 in.) to 420 mm (16.5 in.) away from the support, as seen in 
Figure 5.1(a), where substantial rotations ensued to form a plastic hinge. Regarding the strengthened 
beams, shown in Figures 5.1(b) and (c), concentrated cracking occurred immediately outside the 
retrofitted region and the longitudinal rebars did not buckle because of the closed stirrups, as seen in the 
Figure 5.1(b) inset. With the onset of steel-yielding, the plastic deformation of the cracked beams was 
aggravated, the width of the cracks widened, and finally the concrete spalled, as shown in Figures 5.1(b) 
and (c). The heated retrofit system preserved its conformational integrity under the incremental load 
reversals; as such, no visual damage was noticeable at the surface level.  

Figure 5.1  Failure mode: (a) M25NO; (b) C175CF; (c) C175UC 

5.2 Localized Deformation 

A relationship between the thermal loading and the maximum deflection range (δmax) of the strengthened 
beams is shown in Figure 5.2(a). The declining propensity of the deflection range with temperature points 
out that the progressive breakdown of the interfacial bond in the retrofit system influenced the 
translational response of the cantilevers under the displacement-controlled loading condition. In other 
words, the heat energy degraded the structural adequacy of CFRP; accordingly, the ability to withstand 
the external excitation diminished alongside the reduced quantity of elastic recovery (Hamad et al. 2019). 
As charted in Figure 5.2(b), where the drift ratio of the beams (λ = δmax/L) at 75oC (167oF) to 175oC 
(347oF) was normalized by that of the beams at 25oC (77oF), the drift ratio of the UC series was 
positioned below the ratio of the CF series because the UHPC jacket played a role as a stress-transfer 
medium between the concrete substrate and CFRP with retained adhesion at the elevated temperatures 
(Baloch et al. 2023).  

Figure 5.2(c) illustrates the effective curvature of the test beams (ψ) at failure  

ψ =
(δ δup L Lun + down un )

Lpe

(7) 
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where δup and δdown are the upward and downward deflections of the beam, respectively (δmax = δup + 
δdown); Lun is the length of the unstrengthened zone; and Lpe is the length of the effective plastic hinge (Lpe 
= 85 mm [3.35 in.] was measured, on average). In contrast with the conventional assumption on the 
rotation of a beam at the center of a plastic hinge (Lp/2) (Priestly and Park 1987), the pivot of rotation in 
Lpe was right next to the CFRP termination where stresses were concentrated [Figure 5.2(c) inset]. The 
magnitude of the effective curvature was inversely proportional to the temperature, as shown in Figure 
5.2(c); the deteriorated retrofit system alleviated the degree of bending so that the cantilever beams tended 
to straighten with the lessened flexural rigidity. Additionally, the effective curvature of the beams was 
distributed under the thermomechanical loading, as seen in Figure 5.2(d). The importance of these 
curvature distributions is that the hinged region underwent appreciable deterioration, arising from the 
large inelastic deformations, and considerable strain energy was dissipated over the strengthened portion 
of the beams (Lst) subjected to the heat.  
 

 

 

 

 
 

Figure 5.2  Localized deformation of strengthened beams: (a) deflection range; (b) drift ratio; 
(c) effective curvature; (d) distributed effective curvature  
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Figure 5.3  Single-degree-of-freedom system: (a) rotational stiffness of the CF series; (b) rotational 
stiffness of the UC series; (c) potential energy of the CF series; (d) maximum potential 
energy 

5.3 Potential Energy 

The conformation of the cantilever may be idealized as a single-degree-of-freedom (SDOF) system with a 
rotational spring, as Figure 5.3(a) shows. This simplification cannot accurately reflect localized 
deformations in the vicinity of the CFRP termination; however, the SDOF representation is appropriate to 
holistically analyze the detrimental features of the thermomechanical loadings. The spring characterizes 
the total strain energy absorbed by the beam. The potential energy of the cantilever (Π) is expressed by  

21 sin
2

k PLθ θΠ = −  (8)

where θ is the angle of rotation in radians and k is the rotational stiffness, which is attained from the 
equilibrium condition of Eq. 8 (dΠ/dθ = 0) 
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cosPLk θ
θ

=     (9) 

When the angle of rotation ascended, the stiffness k went down asymptotically and the gap between the 
thermally conditioned and unconditioned cases decreased as well [Figures 5.3(a) and (b)]. These 
responses clarify that the influence of the heat-generated distress was more pronounced during the early 
stage of the mechanical loading (θ ≤ 0.02 radians). Regarding the retrofit method, the UHPC jacket 
intensified the rotational stiffness regardless of temperature, as seen in the inset of Figure 5.3(b). Figure 
5.3(c) shows the experimentally quantified potential energy of the beams. With the exception of C25CF 
suffering the wet-layup debonding, the potential energy of all other specimens rose in a linear manner up 
to failure. The temperature-dependent variation of the potential energy signifies that the thermal loading 
controlled the buildup of the internal strain energy linked with the work done by the mechanical load. The 
uncertain distinction of the maximum potential energy in the CF and UC series above 125oC (257oF) 
accentuates the reliance of the retrofit system on the performance of CFRP that was vulnerable to the high 
temperatures, as shown in Figure 5.3(d).  
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6. SUMMARY AND CONCLUSIONS 

This report has dealt with the thermomechanical behavior of reinforced concrete beams strengthened with 
CFRP sheets and UHPC jackets. The beams were cyclically tested in a cantilever condition as per the 
protocol of FEMA 461 (FEMA 2007) at elevated temperatures varying from 25oC (77oF) to 175oC 
(347oF). After performing ancillary experiments, the hysteretic responses of the retrofitted beams were 
investigated with a focus on load-deflection relationships, flexural rigidity, energy dissipation, and 
inelastic failure states. The following are concluded:  
 

 

• The thermal conductivity of UHPC was over 62% higher than the conductivity of the ordinary 
concrete. The predicted temperature variation at the interface between the ordinary concrete and 
UHPC indicated that premature delamination would not occur. The entropy-based inference of 
UHPC corroborated its adequacy as a retrofit material with low uncertainty. 

• The superior load-carrying capacity of the retrofitted beams to that of the unstrengthened beam 
decreased when applied temperatures exceeded the glass transition temperature of the CFRP 
sheets. While the synergy of UHPC integrated with CFRP was apparent in flexural resistance, the 
contributive portion of UHPC and CFRP was 8.8% and 91.2%, respectively, on average.  

• On the hysteretic behavior of the retrofitted beams, the thermomechanical loading degraded the 
stiffness and capacity. An obvious difference was noticed between the loading and unloading 
curves under cyclic load reversals, including damage propagation and stress release. Elevated 
temperatures raised the extent of pinching, especially in the post-yield domain of the response 
loops, which signifies the developed plasticity and redistributed stresses of the load-bearing 
system.  

• Although the characteristic rigidity of all strengthened beams declined owing to the thermal 
exposure, those with UHPC+CFRP outperformed their CFRP-only counterparts. The amount of 
energy dissipation leaped when the inelastic deformation of the beams went beyond a threshold 
limit. The applied heat altered the beams’ energy release patterns from abrupt to gradual. 

• The plastic hinge length of 350 mm (13.8 in.) calculated by ACI 440.2R-17 (ACI 2017) was 
reasonable for the unstrengthened cantilever showing a cracked region of 80 mm (3.1 in.) to 420 
mm (16.5 in.) from the support. For the strengthened beams, the plastic hinge formed right 
outside the retrofit zone with an average pivot length of 85 mm (3.35 in.).  

• As definitized by simplified single-degree-of-freedom cantilevers, the effects of the thermal 
distress on rotational stiffness were more detrimental during the early loading stage of the beams, 
and the efficaciousness of UHPC was notable for intensifying the stiffness. 
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