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Abstract: Impact tests on post-fire concrete confined by Carbon Fiber-Reinforced Polymer/Plastic
(CFRP) sheets were carried out by using Split Hopkinson Pressure Bar (SHPB) experimental setup in
this paper, with emphasis on the effect of exposed temperatures, CFRP layers and impact velocities.
Firstly, according to the measured stress-strain curves, the effects of experiment parameters on
concrete dynamic mechanical performance such as compressive strength, ultimate strain and energy
absorption are discussed in details. Additionally, temperature caused a softening effect on the
compressive strength of concrete specimens, while CFRP confinement and strain rate play a hardening
effect, which can lead to the increase in dynamic compressive strength by 1.8 to 3.6 times compared
to static conditions. However, their hardening mechanisms and action stages are extremely different.
Finally, nine widely accepted Dynamic Increase Factor (DIF) models considering strain rate effect were
summarized, and a simplified model evaluating dynamic compressive strength of post-fire concrete
confined by CFRP sheets was proposed, which can provide evidence for engineering emergency
repair after fire accidents.
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1. Introduction

Fiber-Reinforced Polymer (FRP) is a novel strengthening material composed of continu-
ous polymer fibers impregnated in a synthetic resin matrix. Depending on the use-oriented
type of polymer continuous fiber material, FRP can be roughly categorized into three
dominating types: Carbon Fiber Reinforced Polymer (CFRP), Glass Fiber Reinforced Poly-
mer (GFRP), and Aramid Fiber Reinforced Polymer (AFRP). Among these FRP materials,
CFRP exhibits the highest elastic modulus and tensile strength [1]. FRP is considered as a
typical elastic material and offers excellent mechanical performance such as higher specific
strength and excellent elastic modulus compared to traditional reinforcement materials like
steel plates. In recent years, FRP is utilized on a large scale in the reinforcement of concrete
structures, and one commonly engineering application of reinforcement is to externally
confine concrete structural components with FRP along the direction of its fibers to enhance
compressive strength as well as ductility [1].

Concrete structures damaged by fire can continue to be on active service after reason-
able repair and reinforcement. In addition, building structures may experience an impact
effect such as explosions, collisions and other dynamic loads during their service life. These
complex dynamic loads have the features of instantaneous nature, randomness, and high
strain rates compared to typical static loads. Such load conditions pose significant threats to
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conventional concrete structures and are particularly challenging for fire-damaged concrete
structures. However, existing studies on this field have only focused on one separated
aspect, in terms of the static mechanical performance of post-fire concrete, the dynamic me-
chanical performance of concrete, and the static mechanical performance of FRP-confined
concrete, and so forth [2].

The mechanical performance of post-fire concrete is influenced by a complex interplay
of various influencing factors, but there is a relatively consistent consensus regarding the
attenuation law and mechanisms. For ordinary-grade plain concrete, the one of most
crucial influencing factors on its residual compressive strength is the temperature of fire.
High temperature caused the evaporation of water within the concrete, leading to a looser
overall structure and weakened bond between aggregates. As the temperature increased,
the residual compressive strength and elastic modulus of concrete generally showed a
decreasing trend. Concrete experienced minimal compressive strength loss when subjected
to temperatures below 300 °C. Between 200 °C and 300 °C, a phenomenon similar to
secondary hydration due to steam curing may occur, leading to a slight increase in the
residual compressive strength of concrete. Between 300 °C and 400 °C, there was a decrease
in compressive strength by 10% to 20%. Beyond 400 °C, the compressive strength of
concrete declined rapidly, with surface cracks appearing. At around 600 °C, surface cracks
penetrated through, bond failure of the concrete protective layer occurred, and strength
decreased significantly. At temperatures between 700 °C and 900 °C, the compressive
strength of concrete was almost entirely lost [3]. Several studies have proposed a post-fire
deterioration model for concrete compressive strength [2-6].

For experimental research on the dynamic mechanical performance of concrete, accord-
ing to the experimental techniques commonly used to measure the rate-related properties
of the material, the strain rate is roughly divided into three regions: low rate, which in-
cludes static and quasi-static states (below 102 s71), intermediate rate (10! to 102 s1),
and high rate (103 to 10° s~!). Typically, hydraulic testing machines or similar devices
are used to test the mechanical properties of materials at low strain rates, a high-speed
testing machine or drop hammer impact testing system are used to test the mechanical
properties at an intermediate rate, while SHPB or Gas gun devices are usually used to
estimate the mechanical properties at high strain rates, as shown in Figure 1 [7,8]. Due
to several prominent advantages in terms of the simplicity of operation, low cost, and
excellent testing accuracy, the SHPB test setup has gained widespread application in the
field of research on the dynamic mechanical performance of concrete materials [9,10]. In
the theoretical study of the dynamic mechanical performance of concrete, one of the hot
topics primarily focuses on the Dynamic Increase Factor (DIF), which represents the ratio
of dynamic to static compressive strength of concrete. Some scholars propose an exponen-
tial relationship between DIF and strain rate, while others suggest a linear or quadratic
relationship between the logarithm of DIF and strain rate. There are also theoretical studies
stating that the relationship between DIF and strain rate is not fixed, where a critical strain
rate at which the form of the DIF model undergoes a change [11-19].

Concrete confined by FRP exhibits significant similarities to concrete confined by
steel in terms of stress mechanics. However, there are substantial differences in material
properties between FRP and steel. FRP displays typical linear elasticity and is considered as
a brittle material, whereas steel is an elastic-plastic material. Therefore, substituting FRP for
steel in strength directly is not appropriate, and research on the compressive strength model
for concrete confined by FRP is indispensable [2]. Teng et al. validated the accuracy of the
Lam & Teng model using their own database [1,20,21]. Ozbakkaloglu et al. collected a total
of 88 compressive strength models for concrete confined by FRP, comprising more than
2000 test results from about 200 experiments. The mathematical and statistical methods
were used to assess the models proposed by previous researchers [22]. The assessment
results confirmed the high accuracy of the Lam & Teng model [20,22-30].
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Figure 1. Typical classification of strain rates.

Few researchers have investigated the dynamic mechanical performance of concrete
confined by FRP [31-41]. Zhang et al. conducted dynamic mechanical performance tests
on concrete confined by FRP using an electro-hydraulic servo test setup with a strain
rate range of 0 to 0.4 s~! [31,32]. Yang et al. used SHPB test setup to investigate the
dynamic mechanical performance of concrete confined by FRP with the strain rate range
from 50 to 100 s~! [33]. Guedes et al. conducted dynamic mechanical performance tests
on concrete confined by FRP at three strain rate levels including 0.0001, 0.07, and 400 s 1
using universal testing machine and SHPB test setup [34]. Swesi et al. and Liu et al. used
a drop hammer test setup to investigate the performance of concrete columns confined
by CFRP under impact loads with strain rates up to 10 s~! [35,36]. These studies have
demonstrated that FRP confinement effectively improves the compressive strength and
ductility of concrete under dynamic loading conditions [36—41]. However, research on
the dynamic mechanical performance of post-fire concrete confined by FRP sheets is still
lacking in-depth and comprehensive research.

The SHPB test setup was utilized in this paper to investigate the dynamic mechan-
ical performance of post-fire concrete confined by CFRP, with emphasis on the effect of
temperatures, CFRP layers and impact velocities on the dynamic mechanical performance
of concrete. In addition, this paper proposes a simplified model evaluating the dynamic
compressive strength of post-fire concrete confined by CFRP sheets. The research aims to
provide experimental evidence for the rational assessment of the mechanical performance
of post-fire concrete confined by FRP sheets under complex dynamic loads such as impact
and explosion in practical engineering.
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2. Experimental Program
2.1. Test Specimens

The plain concrete specimens were designed for the static test as a comparison group,
as shown in Table 1. Besides, in order to minimize the dispersion of waveforms in the
SHPB test and achieve a constant strain rate and uniform stress during loading, the opti-
mum length-diameter ratio for SHPB specimens is generally 0.5 [42]. Therefore, a total of
48 concrete specimens with dimensions of $94 x 50 mm were designed and fabricated. In
order to reduce the dispersion of concrete tests, repeated tests were performed two times
per series, as shown in Table 2. In this experiment, the main parameters included the
maximum temperature experienced by the core concrete (20 °C, 200 °C, 300 °C, 400 °C,
500 °C, 600 °C), the number of CFRP layers used for external confinement (0 layers, 1 layer,
and 2 layers), and the impact velocities (7.5 m/s, and 11.5 m/s), as shown in Table 2.
The designed strength grade of concrete was C30, whose mix design was conducted in
accordance with Chinese standard [42]. The mechanical performances of the concrete and
CFRP were tested according to Chinese standards, respectively [43,44], whose results are
shown in Tables 3 and 4. Carbon fiber reinforcement special adhesive was used between
CFRP and concrete.

Table 1. Static test results of plain concrete.

Specimen Size

Sﬁs;%‘l::l ®D(mm) X L(mm) (OTC) (L:yer) (I:/S) (sfl) fs (MPa) (];31'31}'5) &s Esave (Msf’a) (%ﬁ;’;)
C000—-1 D94.1x279 6 x 1074 28.34 0.0020 0.030
C000—-2 D94.6x280 20 0 0 6 x 1074 27.77 2806 0.0023 00022 0.038 0.0034
Note: 1. In the specimen number, the first letter “C” represents concrete; the first digit “0” represents the
temperature as 20 °C; the second digit “0” represents the number of CERP layers as 0; the third digit “0” represents
the impact velocity as 0; the last digit “1”, “2” represents the number of repeated specimens. 2. In the specimen
size, D and L represent the outer diameter and length of the specimen, respectively. 3. In the experimental results,
T represents the temperature experienced by the specimen;  represents the number of external CFRP layers; v
represents the impact velocity; ¢ represents strain rate; fg represents static compressive strength, which refers to
the highest peak point of the stress-strain curve; eg represents static ultimate strain, which refers to the strain at
the compressive strength; S represents the static energy dissipation capacity, which refers to the area enclosed by
the stress-strain curve before the highest peak point and the coordinate axis; the subscript “ave” represents the
average value.
Table 2. SHPB impact test results of post-fire concrete confined by CFRP sheets.
Specimen Size fcrp (MPa) £CTD
Specimen ————————— T n v & Scrp fctpave!  ectpave!  ScrD,ave!
Number q)ll??;l;; % (°C) (Layer) (m/s) (s-1) fero fctp2  fcTDave  €cTD1 £CTD2 ectpave  (MP2) S.ave s,ave Ss,ave
C00b—1 $93.2 x 50.4 0 115 178 85.49 - 85.49 0.0047 - 0.0047 0.283 3.05 2.14 83.24
C00b—2 993.7 x 51.1 0 115 187 82.74 - 82.74 0.0045 - 0.0045 0.265 2.95 2.05 77.94
Cola—1 ©96.1 x 44.3 1 75 84 54.04 81.13 67.59 0.0026 00155  0.0091 0.950 241 4.11 279.41
C0la—2 D96.1 x 46.6 1 7.5 86 52.22 75.79 64.01 0.0035 0.0119 0.0077 0.667 2.28 3.50 196.18
C01b—1 996.5 x 51.1 2 1 115 160 89.27 81.55 85.41 0.0049 0.0111 0.0080 0.813 3.04 3.64 89.12
C01b—2 D95.8 x 48.8 1 115 167 85.79 71.10 78.45 0.0062 0.0149 0.0106 1.013 2.80 4.80 110.29
C02b—1 ©97.0 x 51.4 2 115 144 90.89 111.19 101.04 0.0051 0.0183 0.0117 1.592 3.60 5.32 468.24
C02b—2 ©96.7 x 50.3 2 115 144 88.21 105.62 96.92 00064 00177  0.0121 1473 3.45 5.48 433.24
C20b—1 ©93.5 x 49.5 0 115 182 79.15 - 79.15 0.0065 - 0.0065 0.369 2.82 2.95 108.53
C20b—-2 ©94.0 x 50.3 0 115 172 77.98 - 77.98 0.0063 - 0.0063 0.324 2.78 2.86 95.29
C2la—-1 ©95.7 x 50.3 1 7.5 69 57.98 81.61 69.80 0.0045 0.0167 0.0106 1.023 2.49 4.82 300.88
C2la-2 ©95.6 x 49.7 1 7.5 68 63.24 82.18 7271 0.0043 0.0175 0.0109 1.125 2.59 4.95 330.88
C21b—-1 $96.3 x 50.3 200 1 115 164 73.08 72.90 72,99 0.0069 0.0162 0.0116 1.006 2.60 5.25 107.65
C21b-2 ©96.2 x 50.2 1 115 161 67.70 76.40 72.05 0.0104 0.0181 0.0143 0.954 2.57 6.48 280.59
C22b—-1 96.8 x 52.5 2 115 136 75.66 102.27 88.97 0.0067 0.0197 0.0132 1.570 3.17 6.00 461.76
C22b—-2 ©96.5 x 50.4 2 115 144 66.76 104.92 85.84 0.0068 0.0211 0.0140 1.526 3.06 6.34 448.82
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Table 2. Cont.

Specimen Size fcrp (MPa) £CTD
Specimen T n v & Scrp fcrpave!  ectpave!  ScTD,ave!
Number lezmm; x O (Layen @m/s) (1)  ferpy fcp2  fctpave  £cTD1 £CTD2 ectpave  (MPa) S,ave &s,ave S,ave
C30b—1 $94.2 x 49.7 0 11.5 180 7142 - 71.42 0.0064 - 0.0064 0.324 2.55 291 95.29
C30b—2 $94.0 x 51.1 0 11.5 174 74.71 - 74.71 0.0049 - 0.0049 0.246 2.66 2.23 72.35
C3la—1 $95.7 x 49.4 1 75 67 62.16 80.99 71.58 0.0037 0.0164 0.0101 1.045 2.55 4.57 307.35
C3la—2 $95.8 x 50.6 1 75 67 57.05 83.01 70.03 0.0031 0.0147 0.0089 0.893 2.50 4.05 262.68
C31b—1 $96.6 x 51.3 300 1 11.5 158 70.77 76.85 73.81 0.0052 0.0142 0.0097 0.869 2.63 441 255.59
C31b—2 $96.0 x 49.4 1 11.5 162 75.29 80.05 77.67 0.0083 0.0155 0.0119 0.925 2.77 5.41 272.06
C32b—1 $97.2 x 49.4 2 11.5 153 74.81 93.17 83.99 0.0073 0.0184 0.0129 1.302 2.99 5.84 382.94
C32b—2 $97.8 x 48.8 2 11.5 149 80.80 102.64 91.72 0.0052 0.0190 0.0121 1.544 3.27 5.50 454.12
C40b—1 $93.7 x 51.5 0 11.5 172 67.01 - 67.01 0.0046 - 0.0046 0.226 2.39 2.09 66.47
C40b—2 $93.7 x 51.7 0 11.5 171 68.33 - 68.33 0.0040 - 0.0040 0.196 244 1.82 57.65
C4la—1 $95.8 x 49.5 1 75 69 54.27 77.01 65.64 0.0053 0.0151 0.0102 0.856 2.34 4.64 251.76
C4la-2 $95.6 x 49.3 1 75 67 57.91 79.94 68.93 0.0053 0.0137 0.0095 0.826 246 4.32 24294
C41b—1 ®96.1 x 50.7 400 1 11.5 161 75.57 80.31 77.94 0.0049 0.0133 0.0091 0.885 2.78 4.14 260.29
C41b—-2 $95.7 x 50.3 1 11.5 157 78.06 81.84 79.95 0.0049 0.0141 0.0095 0.945 2.85 4.32 277.94
C42b—1 ®98.1 x 50.5 2 11.5 138 73.38 97.39 85.39 0.0061 0.0167 0.0114 1.196 3.04 5.18 351.76
C42b—2 $97.2 x 50.1 2 11.5 144 60.54 104.56 82.55 0.0063 0.0198 0.0131 1.414 294 5.93 415.88
C50b—1 $93.4 x 52.4 0 11.5 167 68.35 - 68.35 0.0042 - 0.0042 0.202 244 191 59.41
C50b—2 $93.6 x 50.2 0 115 169 69.24 - 69.24 0.0058 - 0.0058 0.280 247 2.64 82.35
C5la—1 $96.3 x 51.4 1 7.5 69 36.87 75.49 56.18 0.0038 0.0153 0.0096 0.753 2.00 4.34 22147
C5la—2 D95.8 x 49.9 1 7.5 82 41.31 69.64 55.48 0.0032 0.0161 0.0097 0.820 1.98 439 241.18
C51b—1 $95.9 x 51.8 500 1 11.5 152 66.67 82.14 7441 0.0044 0.0122 0.0083 0.712 2.65 3.77 209.41
C51b—2 $95.5 x 51.8 1 11.5 154 69.39 82.67 76.03 0.0055 0.0144 0.0100 0.914 271 4.52 268.82
C52b—1 $96.8 x 51.8 2 11.5 136 72.24 107.34 89.79 0.0046 0.0190 0.0118 1.516 3.20 5.36 445.88
C52b—2 $97.5 x 49.9 2 11.5 123 74.15 119.12 96.64 0.0045 0.0232 0.0139 2.048 3.44 6.30 602.35
C60b—1 $93.7 x 49.4 0 11.5 179 51.70 - 51.70 0.0055 - 0.0055 0.203 1.84 2.50 59.71
C60b—2 $93.5 x 51.3 0 11.5 171 56.69 - 56.69 0.0044 - 0.0044 0.182 2.02 2.00 53.53
Cé6la—1 $96.4 x 51.5 1 75 76 32.51 68.95 50.73 0.0040 0.0177 0.0109 0.814 1.81 4.93 239.41
Cé6la—2 $95.9 x 51.4 1 75 75 35.76 72.71 54.24 0.0032 0.0167 0.0100 0.845 1.93 4.52 248.53
Cé61lb—1 $96.8 x 51.1 600 1 11.5 162 53.62 66.98 60.30 0.0047 0.0178 0.0113 0.937 2.15 5.11 275.59
C61b—2 $96.0 x 50.3 1 11.5 159 60.04 76.89 68.47 0.0054 0.0164 0.0109 0.963 244 4.95 283.24
C62b—1 $97.7 x 48.6 2 11.5 140 65.47 110.48 87.98 0.0054 0.0193 0.0124 1.452 3.14 5.61 427.06
C62b—2 $98.1 x 50.3 2 11.5 136 62.17 111.60 86.89 0.0069 0.0241 0.0155 1.824 3.10 7.05 536.47
Note: 1. In the specimen number, the first letter “C” represents concrete; the first digit “0”, “2”, “3”, “4”, “5”,
“6” represents the temperature as 20 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C; the second digit “0”, “1”, “2”
represents the number of CFRP layers as 0 layers, 1 layer, 2 layers; the second letter “a”, “b” represents the
impact velocity as 7.5 m/s and 11.5 m/s; the last digit “1”, “2” represents the number of repeated specimens.
2. Specimen size refers to the size of concrete specimens confined by CFRP sheets, which means the sum of
original size and the thickness of CFRP sheets. 3. In the experimental results, fcrp and ectp represent the dynamic
compressive strength and the dynamic ultimate strain of specimen, respectively; Scrp represents the dynamic
energy dissipation capacity, which refers to the area enclosed by the stress-strain curve before the second highest
peak point and the coordinate axis; the subscript “1”, “2” represent two peak points of the stress-strain curve; the
subscript “ave” represent the average value of two peak points.
Table 3. Mix proportion and mechanical properties of concrete.
Mix Proportion (kg/m®) feu (MPa) fc (MPa)
Strength Grade —_—— Cement Sand Stone Average Standard Average Standard E. (MPa)
Value Deviation Value Deviation
C30 204 402 664 1130 38.4 0.57 29.6 0.98 3.36 x 10*

Note: fo, and f; represent cube crushing strength and cylinder crushing strength, respectively; E. represents

elasticity modulus.
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Table 4. Mechanical properties of CFRP.
ft (MPa)
Model Fiber Weight (g/m?) t¢ (mm) — E¢ (MPa) 5¢(%)
Average Value Standard Deviation
HITEX—-C300 300 0.167 3587 5.72 2.36 x 10° 1.52

Note: t; represents nominal thickness; f represents tensile strength; Ey represents elasticity modulus; ¢ represents
elongation at break.

2.2. Experimental Method

Polyvinyl chloride (PVC) round pipes with outer diameter of 110 mm and inner
diameter of 94 mm were used as the molds for specimen concreting. The concrete was
manually compacted and cured by water sprinkling at room temperature for 28 days.
Afterward, the specimens were cut to the desired length, and the outer layer of PVC
pipes was removed. The specimens were then left to stand at room temperature for
14 days to allow for sufficient evaporation of surface moisture. In order to achieve the
high-temperature test, the specimens were placed in a high-temperature furnace test setup
with a temperature controller at Hunan University. For cylindrical ordinary concrete
specimens with a height of up to 200 mm and a diameter of up to 100 mm, -there is no
temperature gradient on cross-section of concrete after being held at a constant temperature
for 3 h [4,45]. Therefore, the temperature was increased automatically at a rate of 10 °C/min
until reaching the targeted temperature, which was then maintained for 3 h. After the
high-temperature test, the specimens were naturally cooled to room temperature inside
the furnace, then taken out and left to stand for 7 days. Following the cooling period, the
specimens underwent CFRP wrapping. To prevent premature failure due to insufficient
overlap length, the overlap length of CFRP was set to 100 mm according to the Chinese
standard [46]. After CFRP wrapping was completed, the specimens were left to stand for
an additional 14 days to allow for complete solidification of the bond between CFRP and
concrete before specimens subjected to SHPB impact testing.

2.3. Test Setup

The experiment was conducted using the self-developed 100 mm diameter SHPB test
setup at Hunan University, as shown in Figure 1. Different impact velocities were achieved
by adjusting the pressure of the impact gas. The impact stress waves were measured
using the resistance strain gauges attached to the incident and transmission bars. For a
large-diameter SHPB test setup, the transverse contraction and expansion of the bars can
cause more significant waveform dispersion [9]. To avoid the waveform dispersion caused
by large-diameter bars, a layer of soft cloth was placed at the impacted end of the incident
bar to achieve cushion and energy absorbed [9,11,47-49].

According to the measured reflected and transmitted waves during the test, stress
and strain as well as strain rate of the specimen can be obtained using the two-wave
method [11,50-53]. In addition, the good overlap between typical waveforms of each
series of specimens confirms the validity and reliability of the experimental results in
the SHPB test, by aligning the incident wave, reflected wave, and transmitted wave at
the wavefront [46].

3. Experimental Results
3.1. Failure Modes

During the SHPB impact tests, upon the bullet’s launch, the specimens experienced
a rapid and intense impact, resulting in a loud noise. Simultaneously, the concrete has
completely shattered, unable to maintain its form, leaving only scattered aggregates. The
failure mode observed in all specimens were concrete fragmentation and CFRP fracture, as
shown in Figure 2. Under the same tested conditions, the degree of concrete fragmentation
increased with higher temperatures. Additionally, more concrete was detached from the
fractured CFRP sheets, indicating that the interfacial bond strength between CFRP and
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concrete exceeded the internal cohesive strength of the concrete due to the high temperature
effects. It is noteworthy that CFRP fractures did not occur at the joints, suggesting that the
overlap length of CFRP was sufficient, owing to effective CFRP confinement.

(b)

Figure 2. Failure mode of concrete specimen: (a) pre-failure specimen; (b) post-failure specimen.

The concrete specimens experience an extremely short duration of loading. As the
impact stress wave propagates through the concrete, cracks instantaneously appear, pene-
trating the internal structure of the concrete. There is no gradual crack propagation process.
Once CFRP starts to provide confinement, it prevents the lateral deformation of the concrete
and maintains its overall integrity. However, when the lateral deformation of the concrete
exceeds the ultimate tensile strain of CFRP, CFRP ruptures and loses its confinement effect,
which leads to the complete fragmentation of the concrete.

3.2. Dynamic Stress-Strain Curves

Figure 3 shows the stress-strain curves of the post-fire concrete specimens confined by
CERP sheets with the same number of CFRP layers and impact velocity but at different tem-
peratures. For the post-fire plain concrete, the initial elastic modulus gradually decreases
and the shape of the stress-strain curve tends to be flat as the temperature increases. For
the post-fire concrete confined by CFRP sheets at low impact velocities, the temperature
mainly affects the initial elastic modulus, which shows a decreasing trend. However, this
decreasing trend becomes less pronounced at high impact velocities. This phenomenon
indicates that the influence of temperature is weakened when the impact load and CFRP
confinement act simultaneously.

Figure 4 shows the stress-strain curves of the post-fire concrete specimens confined
by different numbers of CFRP layers at the same temperature and impact velocity. It is
observed that the stress-strain curve of the post-fire plain concrete shows a single peak,
while the post-fire concrete confined by CFRP sheets shows two peak points. Additionally,
there is a softening stage between the two rising segments of the stress-strain curve. This
behavior can be attributed to the dynamic failure mechanism of concrete under impact
loading. The concrete fractures instantaneously, with cracks appearing directly without
a slow development process. At this moment, CFRP and concrete have not yet come
into contact, and the confinement effect has no time to occur. Subsequently, the concrete
retains its original shape and undergoes lateral expansion under compression. Meanwhile,
CFRP starts to provide confinement, leading to a continued increase in the curve. Hence,
the first peak point coincides with that of the post-fire plain concrete, which is primarily
influenced by the concrete’s own strain rate effect and is independent of the degree of CFRP
confinement. CFRP comes into play during the later stage, corresponding to the point that
turns from falling to rising in the curve. At this stage, the concrete comes into contact with
CFRP, and the lateral deformation of the concrete exceeds which of CFRP. It is evident that
the effect of CFRP confinement becomes more pronounced as the temperature increases.
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Figure 3. Stress-strain curves of concrete specimens with different temperatures: (a) v =11.5m/s,
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Figure 4. Stress-strain curves of concrete specimens with different CFRP layers (v = 11.5 m/s):
(a) T=20"°C, 200 °C, 300 °C; (b) T = 400 °C, 500 °C, 600 °C.

Figure 5 shows the stress-strain curves of the post-fire concrete specimens under the
same temperature confined by one layer of CFRP sheet but under different impact velocities.
It can be observed that the concrete’s sensitivity to strain rate leads to a rapid increase in
compressive strength and the first peak point during the initial stage of impact, when CFRP
has not yet provided confinement. The high impact velocity leads to a higher peak point,
while the low impact velocity leads to a lower peak point. Subsequently, the stress-strain
curve enters a softening stage, which is less pronounced as the temperature increases at
low impact velocities. As the lateral deformation of the concrete develops, CFRP starts to
provide confinement, and the stress-strain curve reaches the second peak point, which are
coincident with each other under both high and low impact velocities. It is indicated that
the first peak point of the stress-strain curve is influenced by the impact velocity. Under
the same CFRP confinement, the second peak point of the stress-strain curve remains
unchanged. Comparing the two peak points of the stress-strain curve under high impact
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velocities, it can be seen that the strain rate effect dominates over CFRP confinement effect
before 200 °C. However, the dominance is reversed after 200 °C.

120
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Figure 5. Stress-strain curves of concrete specimens with different impact velocities (n = 1):
(a) T =20°C, 200 °C, 300 °C; (b) T = 400 °C, 500 °C, 600 °C.

4. Experimental Parameter Analysis

Table 2 presents SHPB impact test results of post-fire concrete confined by CFRP sheets.
How to define dynamic compressive strength, dynamic ultimate strain, and dynamic energy
dissipation is a critical issue. Based on the stress-strain curves of the specimens mentioned
earlier, it is evident that due to the combined effects of CFRP confinement and strain
rate, the stress-strain curves exhibit two stress peak points, namely, fctp; and fcrpp in
Table 2, corresponding to the strains ectp; and ectpy, respectively. To analyze these two
stress peak points, the average of the two values fcTp, ave and ecTp, ave are also provided
in Table 2. As for the energy dissipation Sctp, it is more reasonable to consider the area
enclosed by the curve before the second peak point and the coordinate axes. Therefore,
the following sections will focus on the analysis of three indicators, including fcTp, ave,
€CTD, ave and Scp.

The last three columns in Table 2 also provide the ratios of dynamic to static compres-
sive strength, ultimate strain, and energy dissipation. It is evident that dynamic compres-
sive strength can increase by 1.8 to 3.6 times compared to static conditions, ultimate strain
can increase by 1.6 to 7 times, and energy dissipation has increased by 2 to 3 orders of mag-
nitude. This indicates that under the combined effects of CFRP confinement, temperature,
and strain rate, the strength and ductility of concrete have significantly improved.

4.1. Temperature

Figure 6a shows the effect of temperature on the dynamic compressive strength of
post-fire concrete specimens. It can be indicated that the softening effect of temperature on
the compressive strength of concrete is restricted when subjected to the combined effects
of impact load and CFRP confinement. Even for the post-fire plain concrete, the dynamic
compressive strength at 600 °C reaches 60% of that at room temperature. With confinement
of 2 layers CFRP sheets, the dynamic compressive strength of concrete at 600 °C can even
reaches 90% of that at room temperature.

Figure 6b shows the effect of temperature on the dynamic ultimate strain of concrete
specimens. It can be observed that the dynamic ultimate strain of post-fire concrete tends
to increase with increasing temperature. Post-fire plain concrete under high impact velocity
shows relatively stable dynamic ultimate strains, approximately keep in a level of 0.005.
However, dynamic ultimate strain of post-fire concrete confined by one layer CFRP sheet
under high impact velocity shows a significant upward trend, which is consistent with post-
fire concrete confined by CFRP sheets under low impact velocity in the high-temperature
range after 400 °C (curve 2 and curve 3). This indicates that temperature has a more
pronounced effect on increasing the dynamic ultimate strain of concrete specimens under
CFRP confinement and high impact velocity.
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Figure 6. The effect of temperature on dynamic mechanical performance: (a) dynamic compressive
strength frp; (b) dynamic ultimate strain ectp; (¢) dynamic energy absorption Sctp.

Figure 6¢ shows the effect of temperature on the dynamic energy dissipation capacity
of concrete specimens. It can be observed that the energy dissipation capacity of post-fire
concrete slightly decreases with increasing temperature (curve 1, 2 and 3), and the difference
in impact velocity is not obvious (curve 2 and 3). However, the opposite trend is observed
for post-fire concrete confined by two layers of CFRP under high impact velocity, whose
energy dissipation capacity slightly increasing with temperature (curve 4). This indicates
that the combined effects of CFRP confinement and impact load make the variation of
energy dissipation capacity much more complex with different temperature.

4.2. CFRP Confinement

Figure 7a shows the effect of CFRP confinement on the dynamic compressive strength
of concrete specimens. It can be observed that with an increase in the number of CFRP
layers, the dynamic compressive strength of post-fire concrete significantly increases. The
increase in dynamic compressive strength is attributed to the contribution of CFRP confine-
ment and the strain rate effect. Furthermore, there is a significant difference in the dynamic
compressive strength of post-fire concrete, which decreases noticeably with increasing tem-
perature. However, the difference on dynamic compressive strength of post-fire concrete
confined by CFRP sheets is relatively small. This phenomenon also reflects the weakening
of the temperature effect due to CFRP confinement.
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Figure 7. The effect of CFRP confinement on dynamic mechanical performance: (a) dynamic com-
pressive strength fcrp; (b) dynamic ultimate strain ectp; (¢) dynamic energy absorption Sctp.

Figure 7b shows the effect of CFRP confinement on the dynamic ultimate strain of
concrete specimens. It can be observed that with an increase in the number of CFRP
layers, the dynamic ultimate strain of high-temperature concrete significantly increases.
This indicates that CFRP confinement can effectively enhance the ductility of concrete.
Furthermore, there is no significant difference in the dynamic ultimate strain of post-fire
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plain concrete, as it remains relatively stable. However, there is a remarkable difference
in the dynamic ultimate strain of post-fire concrete confined by CFRP sheets, especially in
the high-temperature range above 400 °C, where it increases noticeably with increasing
temperature. This phenomenon suggests that temperature has a certain amplifying effect
on the ultimate strain.

Figure 7c shows the effect of CFRP confinement on the dynamic energy dissipation
capacity of concrete specimens. It can be observed that CFRP confinement significantly
enhances the dynamic energy dissipation capacity of the concrete interface, and show an
evident linear relationship.

4.3. Strain Rate

Strain rate is an important parameter for measuring impact energy. Research has
shown that concrete is a typical strain rate-sensitive material [34]. Currently, there are three
main methods for selecting strain rate: (1) peak strain rate, which refers to the strain rate
corresponding to the peak stress; (2) average strain rate, which represents the average strain
rate during the instantaneous loading process; (3) nominal strain rate, which represents the
average strain rate during the entire stress wave propagation process [54]. The peak strain
rate is not representative. In addition, the stress wave propagation takes longer compared
to the instantaneous impact process, so the nominal strain rate cannot accurately describe
the actual strain rate during the loading process. Therefore, this study adopts the average
strain rate and approximates the experimental process as constant strain rate loading.

Figure 8 present the variations of average strain rate of CFRP-confined concrete with
temperature and the number of CFRP layers, respectively. It can be observed that with
an increase in temperature, the average strain rate of concrete slightly decreases, but not
significant, as shown in Figure 8a. This indicates that as the temperature rises, the sensitivity
of concrete to strain rate gradually decreases. This is mainly attributed to the lateral inertial
effect of concrete within the high strain rate range achieved in the SHPB test [11,49,55].
Elevated temperature leads to an increase in microcracks in concrete, resulting in a gradual
loosening of the structure and a reduction in internal aggregate cohesion, which weakens
the lateral confinement effect and consequently reduces the sensitivity of concrete to strain
rate. Additionally, as the number of CFRP layers increases, the strain rate sensitivity
of concrete significantly decreases, as shown in Figure 8b. This can be attributed to the
strain rate insensitivity of FRP. Previous studies have shown that FRP exhibits negligible
sensitivity to strain rate, with its dynamic strength and ultimate strain being comparable to
its static properties [56,57]. Compared to concrete, FRP has a low sensitivity to strain rate
and can absorb a portion of the energy during the impact process, which can significantly
enhance the energy dissipation capacity at the bonded interface. Moreover, the confinement
effect of CFRP on concrete effectively restrains its lateral deformation, improves its ductility,
and delays its failure time [58].

Figure 9a shows the effect of impact velocity on the dynamic compressive strength of
concrete specimens. It is evident that dynamic compressive strength significantly increases
with the increase in impact velocity. However, this trend is not pronounced at lower
temperatures of 200 °C and 300 °C but becomes more apparent at higher temperatures
above 300 °C. This is because in the low-temperature range below 300 °C, the first peak
point of the stress-strain curve influenced by the strain rate effect is greater than the second
peak point influenced by the CFRP confinement effect under high-velocity impact, while
the opposite trend is observed under low-velocity impact. Furthermore, it is indicated that
the combined effect of the strain rate and CFRP confinement partially mitigates the strain
rate effect.
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Figure 8. Strain rate curves with different parameters (v = 11.5 m/s): (a) temperature; (b) CFRP layers.
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Figure 9. The effect of impact velocity on dynamic mechanical performance: (a) dynamic compressive
strength fc1p; (b) dynamic ultimate strain ectp; (¢) dynamic energy absorption Sctp.

Figure 9b shows the effect of impact velocity on the dynamic ultimate strain of concrete
specimens. It can be observed that impact velocity has an increasing effect in the low-
temperature range below 300 °C and gradually decreases in the high-temperature range
above 300 °C.

Figure 9c shows the impact of impact velocity on the dynamic energy dissipation
capacity of concrete specimens. It can be observed that the pattern of energy absorption
also follows a division at 300 °C. In the low-temperature range below 300 °C, the energy
absorption decreases with increasing impact velocity, while in the high-temperature range
above 300 °C, the opposite trend is observed.

5. Theoretical Analysis
5.1. Summary of DIF Models

Equations (1)-(9) summarize nine widely accepted DIF models in current literature [11-19]:
(1) CEBmodel [13]:

DIF = (i
'ys<§>1/3 ¢ > 305!

1026 ) .
) £< 305"

M

In Equation (1), « = (5 +9fcs/fw)71;fco = 10 MPa; s = 10515642, § = (10+ 6fcs/fco)71'
(2) Tedesco & Ross model [14]:

£ < 63.1s71

_ J0.00965l0g¢ +1.058 > 1.0
DIF = { €>63.1s"! @)

0.758loge — 0.289 < 2.5
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(3) Grote et al. model [15]:
0.0235l0ge + 1.07 e < 266571
DIF = o8t 2 . E= 3)
0.882(loge)” — 4.4 (loge)” +7.22loge —2.64 € > 266s
(4) Li& Meng model [11]:
0.03438(3 + logé) + 1 e < 10051
DIF = (3% loge) +1 o 4)
1.729(loge)” — 7.1372logé + 8.5303 ¢ > 100s
(5) Ngo et al. model [16]:
.\ 1.026a
: .
DIF = (?) £sa (5)
Alln(s) - AZ I3 > él

In Equation (5), A1 = 0.9866 — 0.0044 fs; Ay = 2.1396 — 0.0128fcs; & = 1/(20 + fes/2);
é1 = 0.0022fcs> — 0.1989fos + 46.137.

(6) Katayama et al. model [17]:

DIF = 0.2583 (logé)2 —0.05076loge + 1.021 (6)
(7) Beppu et al. model [18]:

DIF = (i /és)0.006[log(é1 /e @)
In Equation (7), & = 0.0022fs> — 0.1989 fs + 46.137.
(8) Hartmann et al. model [19]:
DIF = 05(¢/é9)*"> 4090 ¢ =15 ®)
(9) Al-Salloum et al. model [12]:
DIF = (3.54¢ +430.6) / (& + 447.3) )

In Equations (1)—(9), fcs represents static compressive strength of concrete; € represents
the strain rate; & is the quasi-static compressive strain rate. & = 3 x 1072s 1.

Figure 10 depicts the curves of various DIF models. It can be observed that despite all
models displaying the same trend of increasing DIF with higher strain rates, the differences
between the curves are quite pronounced. This is primarily attributed to variations in
experimental conditions, such as testing setups, specimen material properties, and spec-
imen dimensions [50]. Research by Al-Salloum et al. indicated that shorter and more
circular specimens yield higher DIF values, while concrete strength has negligible impact
on DIF [12]. Lateral confinement is the dominant factor contributing to increased DIF.
Strain rate effects become prominent when strain rates are around 100 s~!. This apparent
strengthening of strain rate effects might be due to the sensitivity of flow pressures induced
by the lateral restraint, driven by the material strength [11].

Figure 10 also includes data from the CO0b of tests, representing DIF values when
strain rate effects act independently. The considerable data scatter makes it challenging to
straightforwardly identify the DIF model that best fits the experimental data.
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Figure 10. The curves of various DIF models [11-19].

5.2. Simplified Model for Dynamic Compressive Strength

In order to propose a simplified model for the dynamic compressive strength of post-
fire concrete confined by CFRP sheets, this paper takes into consideration the temperature
effect, CFRP confinement effect and concrete strain rate effect, while neglecting the coupling
effects among them. It is assumed that the deformation characteristics of concrete remain
unchanged throughout the entire process of high temperature and impact tests.

The logical sequence for considering these three effects is crucial. Since concrete is
influenced by high temperatures first, the temperature effect should be addressed initially.
The CFRP confinement effect and strain rate effect both come into play during the impact
process. Based on the analysis of failure mechanisms and parameter analysis discussed
earlier, it can be inferred that the concrete strain rate effect begins to manifest in the early
loading stages, while CFRP confinement effect operates in the later loading stages. There-
fore, the strain rate effect should be considered before addressing CFRP confinement effect.

The compatibility of Li and Guo’s model and Lam and Teng’s model with the test
results in this experiment condition has been verified [2,5,20]. In the context of proposing
the dynamic compressive strength of post-fire concrete confined by CFRP sheets, their
model expressions are still utilized. However, as mentioned earlier, due to limited data,
it is not straightforward to determine the DIF model that best fits the experimental data.
Hence, various DIF models are used for separate calculations.

According to Li and Guo’s post-fire deterioration model for concrete compressive
strength [5], the expression for frg, which represents the static compressive strength of
plain post-fire concrete is

frs = atfs (10)
The decay coefficient a; of compressive strength for plain post-fire concrete is:

1
 1424(T —20)° x 10-17

Xt (11)

In Equations (10) and (11), T represents the temperature (°C), and fs; denotes compres-
sive strength of concrete in the room temperature, as shown in Table 1.

The expression for frp, which represents the dynamic compressive strength of plain
post-fire concrete is:

frp = DIF - frs = DIF - asf; (12)

Where DIF is calculated using Equations (1)-(9).

As per Lam & Teng model for FRP-confined concrete compressive strength [20],
the expression for fcrp, which represents the dynamic compressive strength of post-fire
concrete confined by CFRP sheets is:

fCTD:“cfc/o:“chD:DIF'“clxtfs (13)
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The increase coefficient in compressive strength of concrete confined with CFRP after
exposure to high temperatures, denoted as «., is:

ae =1+ 3.31{,’0 (15)
2ft
fi= % (16)

In Equations (15) and (16), f/, represents the compressive strength of the post-fire
concrete core; f) represents the lateral confinement stress of the core concrete; f; and t¢
represent the tensile strength and nominal thickness of CFRP, respectively, as shown in
Table 4; D represents the diameter of the core concrete.

Equations (13)—(16) represent the model for the dynamic compressive strength of
post-fire concrete confined by CFRP sheets.

Figure 11 illustrates the comparison between calculated values using different DIF
expressions substituted into the simplified model and experimental values, denoted as
fcrp,pre and fcrpexp- Table 5 provides statistical indicators for the ratios between cal-
culated and experimental values. It can be observed that the widely used CEB model
demonstrates practicality within the range of medium-to-low strain rates [13]. However, in
the experiments conducted in this study, the calculated values using this model significantly
exceed the experimental values. This suggests that the CEB model is not suitable for the
high strain rate range attainable by SHPB test setup [13]. Through comprehensive compar-
ison of the nine DIF models, it can be noted that Tedesco & Ross model and Al-Salloum
et al. model exhibit good agreement with experimental data [12,14]. The average ratio
of calculated values to experimental values is closest to 1, and the standard deviation is
relatively small, approximately 0.300. Specifically, the Tedesco & Ross model tends to
slightly underestimate the experimental values, leaning towards safety, making it suitable
for simplified assessments in design [14].
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Figure 11. The comparison between calculated values using different DIF models substituted into
the simplified model and experimental values: (a) CEB model [13]; (b) Tedesco & Ross model [14];
(c) Grote et al. model [15]; (d) Li & Meng model [11]; (e) Ngo et al. model [16]; (f) Katayama
et al. model [17]; (g) Beppu et al. model [18]; (h) Hartmann et al. model (2010) [19]; (i) Al-Salloum
et al. model [12].
Table 5. Statistical indicators for the ratios between calculated and experimental values.
Tedesco & Grote Li & Meng Ngo et al. Katayama Beppu Hartmann Al-Salloum
DIF Models  CEBII3l pioccl1a]  etal. [15] [11] [16] etal.[17]  etal.[18]  etal.[19] etal. [12]
Average Value 1.444 0.959 0.897 0.927 1.319 1.208 1.139 1.134 1.039
Standard 0.261 0.306 0325 0.323 0.282 0.298 0.320 0.317 0.299
Deviation

From Figure 11, it can be observed that the proposed simplified model tends to be
conservative for 0 and 1 layers of CFRP confinement. The model overestimates the dynamic
compressive strength of post-fire concrete confined by CFRP while for 2 layers of CFRP con-
finement. It becomes evident that CFRP can significantly enhance the dynamic compressive
strength as well as ductility of concrete. However, this enhancement is not limitless [59].
In practice, it’s crucial to consider factors such as concrete dimensions and the extent of
damage to determine an appropriate number of CFRP layers for external confinement, to
avoid unnecessary redundancy in strengthening efforts. Furthermore, the degree of brittle
failure of concrete confined by CFRP is significantly increased, and the failure is often
sudden without apparent warning, resulting in severe specimen damage [60]. Therefore, in
practical engineering applications, direct utilization of the dynamic compressive strength
of post-fire concrete confined by CFRP is not straightforward and remains an area that
requires further investigation [61]. However, within the parameter range of this experiment,
the proposed model exhibits good accuracy and practicality.

6. Conclusions

Based on the experimental parameters analysis, the dynamic mechanical performance
of post-fire concrete confined by CFRP sheets was investigated in this paper. The following
conclusions are drawn:

1. Temperature exposure leads to a negative effect on the compressive strength and
initial stiffness of concrete, while it results in the increased ultimate strain and the flat
stress-strain curve. In addition, strain rate leads to a positive effect on the compressive
strength and initial stiffness of concrete, with a decreasing effect on the ultimate
strain at low temperatures and an increasing effect at high temperatures, resulting
in a steeper stress-strain curve. Moreover, the number of CFRP layers increases the
compressive strength and ultimate strain of concrete, without significantly affecting
the initial stiffness, and elongates the stress-strain curve, significantly enhancing the
dynamic energy dissipation capacity at the interface.
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2. Owing to combined effects of temperature, strain rate, and CFRP confinement, the
softening effect of temperature has the least influence, while the strain rate strengthen-
ing effect has a secondary influence, and CFRP confinement effect has the tremendous
influence. The mechanisms of the latter two are different and affect different points
on the stress-strain curve. The strain rate effect primarily acts in the early loading
stage, influencing the first peak point of the stress-strain curve. CFRP confinement
effect primarily acts in the later loading stage, influencing the second peak point of the
stress-strain curve. Both CFRP confinement effect and the temperature effect reduce
the strain rate sensitivity of concrete.

3. Based on the existing models, a simplified model for the dynamic compressive
strength of post-fire concrete confined by CFRP sheets is proposed by considering the
temperature effect together with the concrete strain rate effect and CFRP confinement
effect. Through comparison with experimental values, its accuracy and practicality
are verified. The research results of this paper can be used as reference for engineering
emergency repair after fire accidents.

However, the application scope of CFRP-confined concrete columns has certain lim-
itations. For instance, when the temperature is too high, the concrete has already failed.
Therefore, the feasibility and rationality of using CFRP for reinforcement in actual post-fire
engineering repairs need to be further evaluated. Additionally, the durability of post-fire
concrete confined by CFRP sheets also needs further optimization in construction processes
and reinforcement design, such as adding surface coatings and applying prestressing.
These aspects should all be reflected in-depth research endeavors in the future.

Author Contributions: Conceptualization, J.L., ].H. and H.W.; methodology, ].H. and H.W.; investiga-
tion, Z.T. and Q.Z.; writing—original draft, ].L.; supervision, ].H. and HW.,; funding acquisition, J.L.,
H.W., Q.Z. and S.Y.; data curation, J.L. and J.H.; visualization, Z.T., Q.Z. and S.Y.; writing—review
and editing, ]. H. and H.W; resources, Z.T.; project administration, ].L. and J.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by 2022 Construction Research Project (self-funded) of Zhe-
jiang department of housing and urban rural construction (Grant Number 2022K186), 2023 Social
Investment Construction Scientific Research Project of Ningbo (Grant Number 20230103), the Open
Fund Funding by National Engineering Laboratory for Applied Technology of Forestry & Ecology in
South China (Grant Number 2023NFLY02), and 2022 Construction Research Project (self-funded) of
Zhejiang department of housing and urban rural construction (Grant Number 2022K040), as well as
Research Start-up Fund Project of Chuzhou University (Grant Number 2023qd52).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All the data are available within the manuscript.

Acknowledgments: The research work of this paper was carried out at the Center for Integrated
Protection Research of Engineering Structures (CIPRES) of Hunan University, which is the key
Laboratory of Building Safety and Efficiency of the Ministry of Education at Hunan University.
Moreover, special thanks are given to CIPRES for its comprehensive services.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Teng, J.G.; Chen, J.E; Smith, S.T.; Lin, L. Strengthened RC Structures by FRP; China Architecture & Building Press: Beijing,
China, 2005.

2. Liuw,J.Y,; Huo, ].S,; Liu, Y.Z. Experimental study on the mechanical performance of post-fire concrete confined by CFRP sheets.
Eng. Mech. 2017, 34, 158-166. [CrossRef]

3. Li L, Chen, Y,; He, C; Wang, C.; Zhang, H.; Wang, Q.; Liu, Y.; Zhang, G. Recovery Behavior of the Macro-Cracks in Elevated

Temperature-Damaged Concrete after Post-Fire Curing. Materials 2022, 15, 5673. [CrossRef] [PubMed]


https://doi.org/10.3901/JME.2017.06.158
https://doi.org/10.3390/ma15165673
https://www.ncbi.nlm.nih.gov/pubmed/36013812

Materials 2024, 17, 2076 18 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Yu, ZW.; Ding, EX.; Luo, J.P. Experimental research on mechanical performance of different type of concrete after high temperature.
J. Saf. Environ. 2005, 5, 1-6.

Li, W.; Guo, Z.H. Experimental investigation of strength and deformation of concrete at elevated temperature. J. Build. Struct.
1993, 1, 8-16.

Guo, Z.H.; Shi, X.D. Performance and Calculation of Reinfored Concrete at Elevated Temperatures; Tsinghua University Press: Beijing,
China, 2003.

Hu, S.S. Technique of Split Hopkinson Pressure Bar. Ordnance Mater. Sci. Eng. 1991, 11, 40-47.

Wang, H.T.; Huo, ].S.; Liu, Y.Z. Experimental study on dynamic tensile performance of Q345 structural steel considering thickness
differences. Structures 2023, 47, 891-910. [CrossRef]

Wang, L.L. Foundation of Stress Waves; National Defense Industry Press: Beijing, China, 2010.

Gurbuz, T.; IIki, A.; Thambiratnam, D.P,; Perera, N. Low-Elevation Impact Tests of Axially Loaded Reinforced Concrete Columns.
ACI Struct . 2019, 116, 117-128. [CrossRef]

Li, Q.M.; Meng, H. About the dynamic strength enhancement of concrete-like materials in a split Hopkinson pressure bar test. Int.
J. Solids Struct. 2003, 40, 343-360. [CrossRef]

Al-Salloum, Y.; Almusallam, T.; Ibrahim, S.M.; Abbas, H.; Alsayed, S. Rate dependment behavior and modeling of concrete based
on SHPB experiments. Cem. Concr. Compos. 2015, 55, 34-44. [CrossRef]

CEB Concrete Structures under Impact and Impulsive Loading; Synthesis Report, Bulletin d” information No.187; Comite Euro-
International du Beton: Lausanne, Switzerland, 1988; pp. 205-206.

Tedesco, ].W.; Ross, C.A. Strain-rate dependent constitutive equations for concrete. J. Press. Vessel Technol. 1998, 120, 398-405.
[CrossRef]

Grote, D.L.; Park, S.W.; Zhou, M. Dynamic behavior of concrete at high strain-rates and pressures. Int. J. Impact Eng. 2001, 25,
869-886. [CrossRef]

Ngo, T.; Mendis, P.; Krauthammer, T. Behavior of ultra high strength prestressed concrete panels subjected to blast loading.
J. Struct. Eng. 2007, 133, 1582-1590. [CrossRef]

Katayama, M.; Itoh, M.; Tamura, S.; Beppu, M.; Ohno, T. Numerical analysis method for the RC and geological structures
subjected to extreme loading by energetic materials. Int. ]. Impact Eng. 2007, 34, 1546-1561. [CrossRef]

Beppu, M.; Miwa, K,; Itoh, M.; Katayama, M.; Ohno, T. Damage evaluation of concrete plates by high-velocity impact. Int. J.
Impact Eng. 2008, 35, 1419-1426. [CrossRef]

Hartmann, T.; Pietzsch, A.; Gebbeken, N. A hydrocode material model for concrete. Int. J. Prot. Struct. 2010, 4, 443-468. [CrossRef]
Lam, L.; Teng, ].G. Design-oriented stress-strain model for FRP-confined concrete. Comnstr. Build. Mater. 2003, 17, 471-489.
[CrossRef]

Lam, L.; Teng, J.G. Strength models for fiber-reinforced plastic-confined concrete. J. Struct. Eng. 2002, 128, 612—-623. [CrossRef]
Ozbakkaloglu, T,; Lim, ].C.; Vincent, T. FRP-confined concrete in circular sections: Review and assessment of stress-strain models.
Eng. Struct. 2013, 49, 1068-1088. [CrossRef]

Alhawamdeh, M.; Algam, M. Behaviour Assessment of Reinforced Concrete Columns Externally Rehabilitated with Carbon
Fiber-Reinforced Polymers (CFRPs) Subjected to Eccentric Loadings. Jordan J. Civ. Eng. 2020, 14, 1-13.

Tang, Y.; Lu, X.W.; Wei, Y. Experimental Study on Compressive Behavior of Concrete Cylinders Confined by a Novel Hybrid
Fiber-Reinforced Polymer Spiral. Polymers 2022, 14, 4750. [CrossRef]

Karouche, A.; Hebbache, K.; Belebchouche, C.; Lahbari, N.; Kessal, O.; Czarnecki, S. External Confined Concrete Cylinders
Behavior under Axial Compression Using CFRP Wrapping. Materials 2022, 15, 8232. [CrossRef] [PubMed]

Aman, S.S.; Mohammed, B.S.; Wahab, M.A.; Anwar, A. Performance of reinforced concrete slab with opening strengthened using
CFRP. Fibers 2020, 8, 25. [CrossRef]

Liang, J.F.; Zou, W.J.; Li, W,; Liu, D. Behaviour of CFRP strips confined partially encased concrete columns under axial compressive
load. Compos. Struct. 2021, 275, 114468. [CrossRef]

Liang, J.; Zou, W.; Li, W,; Liu, D. Compressive behavior of CFRP-confined partially encased concrete columns under axial loading.
Compos. Struct. 2019, 229, 111479. [CrossRef]

Babba, R.; Merdas, A. Width Effect of CFRP Strips on the Compressive Behavior of Plain Concrete Cylinders. Iran. J. Sci. Technol.
Trans. Civ. Eng. 2020, 44, 921-929. [CrossRef]

Ismail, R.; Rashid, R.5S.M.; Chan, W.C.; Jaafar, M.S.; Hejazi, F. Compressive behavior of concrete cylinder fully and partially
confined by carbon fibre-reinforced polymer (CFRP). Constr. Build. Mater. 2019, 201, 196-206. [CrossRef]

Zhang, B.C.; Pan, ].L.; Jiang, H.B. Computation of strength for FRP confined concrete under fast loading. J. Harbin Inst. Technol.
2003, 35, 958-961.

Zhang, B.C.; Pan, J.L. Stress-strain relation of FRP confined concrete subjected to fast load. Explos. Shock Waves 2003, 23, 466—471.
Yang, H.; Xiao, Y.; Yuan, L. Experimental study on dynamic compressive mechanic properties for AFRP confined concrete. Earthg.
Resist. Eng. Retrofit. 2012, 34, 17-21.

Guedes, RM.; Moura de MF, S.F; Ferreira FJ, F. Failure analysis of quasi-isotropic CFRP laminates under high strain rate
compression loading. Compos. Struct. 2008, 84, 362-368. [CrossRef]

Swesi, A.O.; Cotsovos, D.M.; Val, D.V. Effect of CFRP strengthening on response of RC columns to lateral static and impact loads.
Compos. Struct. 2022, 287, 115356. [CrossRef]


https://doi.org/10.1016/j.istruc.2022.11.107
https://doi.org/10.14359/51710862
https://doi.org/10.1016/S0020-7683(02)00526-7
https://doi.org/10.1016/j.cemconcomp.2014.07.011
https://doi.org/10.1115/1.2842350
https://doi.org/10.1016/S0734-743X(01)00020-3
https://doi.org/10.1061/(ASCE)0733-9445(2007)133:11(1582)
https://doi.org/10.1016/j.ijimpeng.2006.10.013
https://doi.org/10.1016/j.ijimpeng.2008.07.021
https://doi.org/10.1260/2041-4196.1.4.443
https://doi.org/10.1016/S0950-0618(03)00045-X
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1016/j.engstruct.2012.06.010
https://doi.org/10.3390/polym14214750
https://doi.org/10.3390/ma15228232
https://www.ncbi.nlm.nih.gov/pubmed/36431716
https://doi.org/10.3390/fib8040025
https://doi.org/10.1016/j.compstruct.2021.114468
https://doi.org/10.1016/j.compstruct.2019.111479
https://doi.org/10.1007/s40996-019-00282-y
https://doi.org/10.1016/j.conbuildmat.2018.12.095
https://doi.org/10.1016/j.compstruct.2007.10.001
https://doi.org/10.1016/j.compstruct.2022.115356

Materials 2024, 17, 2076 19 of 19

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Liu, YH.; Dong, A.R; Zhao, S.C.; Zeng, Y.; Wang, Z. The effect of CFRP-shear strengthening on existing circular RC columns
under impact loads. Constr. Build. Mater. 2021, 302, 124185. [CrossRef]

Xu, J.J.; Demartino, C.; Shan, B.; Heo, Y.A ; Xiao, Y. Experimental investigation on performance of cantilever CFRP-wrapped
circular RC columns under lateral low-velocity impact. Compos. Struct. 2020, 242, 112143. [CrossRef]

Ali, J.; Yehya, T.; Jamal, K.; Osama, B.; Said, K. The behavior of CFRP strengthened RC beams subjected to blast loading. Mag. Civ.
Eng. 2021, 103, 10309.

Yan, ].B.; Liu, Y.; Xu, Z.X,; Li, Z.; Huang, F.L. Experimental and numerical analysis of CFRP strengthened RC columns subjected
to close-in blast loading. Int. J. Impact Eng. 2020, 146, 103720. [CrossRef]

Hu, Y.; Chen, L.; Fang, Q.; Kong, X.Z.; Shi, Y.C.; Cui, J. Study of CFRP retrofitted RC column under close-in explosion. Eng. Struct.
2021, 227,111431. [CrossRef]

Khalil, A.B.; Liu, Y.H.; Zhao, S.C.; Hussein, A.; Han, D.G.; Xu, N.; Yang, L.; Yan, X.Y. Effect of the axial load on the dynamic
response of the wrapped CFRP reinforced concrete column under the asymmetrical lateral impact load. PLoS ONE 2023,
18,0284238.

JGJ 55-2011; Specification for Mix Proportion Design of Ordinary Concrete. General Administration of Quality Supervision,
Inspection and Quarantine & Standardization Administration of China: Beijing, China, 2011.

GB/T 50081-2002Standard for Test Method of Mechanical Performance on Ordinary Concrete, General Administration of Quality
Supervision, Inspection and Quarantine & Standardization Administration of China: Beijing, China, 2002.

GB/T 3354-1999; Test Method for Tensile Properties of Oriented Fiber Reinforced Plastics. General Administration of Quality
Supervision, Inspection and Quarantine & Standardization Administration of China: Beijing, China, 1999.

Wu, Y.P; Wu, B. Residual compressive strength and freeze-thaw resistance of ordinary concrete after high temperature. Constr.
Build. Mater. 2014, 54, 596—604. [CrossRef]

T/CECS 146-2003; Technical Specification for Strengthening Concrete Structures with Carbon Fiber Reinforced Polymer Laminate.
General Administration of Quality Supervision, Inspection and Quarantine & Standardization Administration of China: Beijing,
China, 2003.

Shang, B.; Wu, L.P,; Zhuang, Z. The effect of stress heterogeneous on test data of concrete using SHPB. Eng. Mech. 2011, 28, 33-37.
Naghdabadi, R.; Ashrafi, M.].; Arghavani, ]. Experimental and numerical investigation of pulse-shaped split Hopkinson pressure
bar test. Mater. Sci. Eng. A 2012, 539, 285-293. [CrossRef]

Li, X.B.; Zou, Y.; Zhou, Z.L. Numerical simulation of the rock SHPB test with a special shape striker based on the discrete element
method. Rock Mech. Rock Eng. 2014, 47, 1693-1709. [CrossRef]

Zhou, ] K.; Chen, X.D. Stress-strain behavior and statistical continuous damage model of cement motar under high strain rates. J.
Mater. Civ. Eng. 2013, 25, 120-130. [CrossRef]

Zhang, M.; Wu, H.J.; Li, Q.M.; Huang, EL. Further investigation on the dynamic compressive strength enhancement of concrete-
like materials based on split Hopkinson pressure bar tests. Part 1: Experiments. Int. ]. Impact Eng. 2009, 36, 1327-1334.
[CrossRef]

Wang, S.; Zhang, M.H.; Quek, S.T. Effect of specimen size on static strength in dynamic increase factor of high-strength concrete
strength from SHPB test. J. Test. Eval. 2011, 39, 898-907. [CrossRef]

Wang, J.; Ren, Z.; Yang, S.; Ning, J.; Zhang, S.; Bian, Y. The influence of the strain rate and prestatic stress on the dynamic
mechanical performance of sandstone—A case study from China. Materials 2023, 16, 3591. [CrossRef]

Yang, H.; Song, HW.; Zhang, S. Experimental investigation of the behavior of aramid fiber reinforced polymer confined concrete
subjected to high strain-rate compression. Constr. Build. Mater. 2015, 95, 143-151. [CrossRef]

Ning, ].G.; Shang, L.; Sun, Y.X. The developments of dynamic constitutive behavior of concrete. Adv. Mech. 2006, 3, 389-405.
Xia, YM.; Yuan, ] M.; Yang, B.C. Theory of the statistical constitutive model of strain rate dependence of the fiber and its
experimental study. Acta Mater. Compos. Sin. 1993, 10, 17-24.

Pan, J.L.; Zhang, B.C.; Jin, X.N. Axial stress-strain relation of FRP confined concrete under rapid loading. Ind. Constr. 2004, 8,
155-162.

Huo, J; Liu, J.; Dai, X.; Yang, J.; Lu, Y.; Xiao, Y.; Monti, G. Experimental Study on Dynamic Behavior of CFRP-to-concrete interface.
ASCE J. Compos. Constr. 2016, 118, 04016026. [CrossRef]

Tin, H.X,; Thuy, N.T.; Seo, S.Y. Structural behavior of RC column confined by FRP sheet under uniaxial and biaxial load. Polymers
2022, 14, 75. [CrossRef] [PubMed]

NadimiShahraki, K.; Reisi, M. Stress-strain based method for analysis and design of FRP wrapped reinforced concrete columns.
Structures 2020, 28, 1818-1830. [CrossRef]

Al-Nimry, H.S.; Al-Rabadi, R.A. Axial-flexural interaction in FRP-wrapped RC columns. Int. ]. Concr. Struct. Mater. 2019, 13, 1-19.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.conbuildmat.2021.124185
https://doi.org/10.1016/j.compstruct.2020.112143
https://doi.org/10.1016/j.ijimpeng.2020.103720
https://doi.org/10.1016/j.engstruct.2020.111431
https://doi.org/10.1016/j.conbuildmat.2013.12.089
https://doi.org/10.1016/j.msea.2012.01.095
https://doi.org/10.1007/s00603-013-0484-6
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000570
https://doi.org/10.1016/j.ijimpeng.2009.04.009
https://doi.org/10.1520/JTE103370
https://doi.org/10.3390/ma16093591
https://doi.org/10.1016/j.conbuildmat.2015.07.084
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000677
https://doi.org/10.3390/polym14010075
https://www.ncbi.nlm.nih.gov/pubmed/35012098
https://doi.org/10.1016/j.istruc.2020.10.002
https://doi.org/10.1186/s40069-019-0366-8

	Introduction 
	Experimental Program 
	Test Specimens 
	Experimental Method 
	Test Setup 

	Experimental Results 
	Failure Modes 
	Dynamic Stress-Strain Curves 

	Experimental Parameter Analysis 
	Temperature 
	CFRP Confinement 
	Strain Rate 

	Theoretical Analysis 
	Summary of DIF Models 
	Simplified Model for Dynamic Compressive Strength 

	Conclusions 
	References

