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Reinforced concrete (RC) structures may be damaged seriously when subjected to impact
loading, and it is necessary to strengthen existing structures to improve their impact
resistance. Large-rupture-strain fiber-reinforced polymer (LRS-FRP) is a promising
material to strengthen RC structures under impact because of its good deformation
capacity. This article shows experimental studies on performance of LRS-FRP
strengthened RC beams under static and impact loads. The effects of FRP types,
loading rate, and the usage or nonusage of end-anchorages on the strengthening
efficiency were investigated. The experiment demonstrates LRS-FRP laminate with
end-anchorage (EA) to be an appropriate strengthening technique for RC beams
under both static and impact loading. The beams strengthened with end-anchored
LRS-FRP presented greater ductility than their carbon fiber-reinforced polymer
counterpart under static loading, and the end-anchored LRS-FRP strengthening
system reduced the maximum deflection and damage of strengthened beam under
impact significantly. However, the end-anchorage was more susceptible to damage
and failure when the loading rate increased from static to impact. Therefore, the end-
anchorage and the end-anchorage-FRP connection should be designed with caution for
impact condition.

Keywords: dynamic response, large-rupture-strain fiber-reinforced polymer, drop-weight test, impact loading,
strengthened reinforced concrete beam

INTRODUCTION

Fiber-reinforced polymer (FRP) is widely accepted as an excellent material in structural
strengthening and retrofitting because of its high strength-to-weight ratio, good corrosion
resistance, and ease of installation (Teng et al., 2002, Teng et al., 2012; Baji et al.,, 2016; Nie
et al., 2020; Zhou et al., 2020a). Externally bonded (EB) FRP technique was used for flexural and
shear strengthening (Bencardino et al., 2005; Bencardino et al., 2006; Chen et al., 2018; Benzeguir
et al, 2020; Chen et al, 2020; Li et al., 2020). Generally, FRP laminates are used for flexural
strengthening, and transverse FRP sheets are used for shear strengthening. Conventional types of
FRP include carbon-FRP (CFRP), glass-FRP (GFRP), and aramid-FRP (AFRP), etc. A great number
of studies show that FRP strengthening can effectively enhance the bearing capacity and stiffness of
RC beams (Bencardino et al., 2005; Bencardino et al., 2006; Oller et al., 2019; Benzeguir et al., 2020;
Sayed, 2020), and detailed procedures have been established to guide the design of FRP strengthened
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RC beams (ACI 440.2R-17, 2017; CNR-DT 200 R1/2013, 2013).
However, the bearing capacity and ductility of FRP strengthened
RC structures are commonly controlled by the debonding of FRP,
which limits the utilization efficiency of FRP materials and makes
the mechanical behavior of strengthened beam more brittle
(Bencardino et al.,, 2006). Therefore, the allowable strain of
FRP is strictly restricted in design codes to prevent the
FRP-concrete interface failure (CNR-DT 200 R1/2013, 2013;
ACI 440.2R-17, 2017; CAN/CSA S806-12 (R2017), 2017).
Many studies (Bencardino et al., 2005; Bencardino et al., 2006;
Dai et al., 2009; Kalfat and Al-Mahaidi, 2011; Zhou et al., 2017;
Zhou et al., 2018; ) show that applying additional mechanical
anchors on the EB-FRP laminate can improve the collaboration
ability of the FRP strengthening system with the RC beam greatly,
and thus inhibits or prevents the failure induced by FRP
debonding. For strengthened beams with EB-CFRP laminates,
the end-anchorage design plays an important role in restoring a
substantial part of the lost ductility property, but is unable to
restore the strengthened beams to the original levels of ductility
(Bencardino et al., 2006). Different types of anchorage have been
developed, such as mechanical fastener, end-anchorage, U-wrap
FRP, and FRP spike anchor (Kalfat et al, 2013). With the
appropriate arrangement of anchorage, the bearing capacity of
the strengthened beam can be enhanced significantly (El
Maaddawy and Soudki, 2008; Zhang and Smith, 2012; Zhang
and Smith, 2017; Zhou et al., 2018). Therefore, the anchorage
techniques are recommended by many design codes to address
the FRP debonding issue (CECS-146, 2003; GB 50608-2010,
2010; GB 50367-2013, 2013; ACI 440.2R-17, 2017).

Compared with rich research results at static loading, only a
few studies have been performed to investigate the dynamic
behavior of FRP strengthened RC beams under impact
loading. The experiments performed by Pham and Hao (2017)
showed that FRP strengthening enhanced the impact resistance of
RC beam remarkably, decreased the maximum mid-span
deflection, and prevented the development of concrete cracks.
However, it is also found that the strengthening beams under
impact loading were prone to failing in FRP debonding, and the
debonding strains were generally lower than those in static tests
(Pham and Hao, 2016; Pham and Hao, 2017). To inhibit the FRP
debonding failure under impact, Pham and Hao (2017)
performed drop-weight tests to RC beams strengthened by
longitudinal FRP strips and FRP U-wraps, where the FRP
U-wraps were designed to apply confinement on longitudinal
FRP laminate. The experimental results showed that the lateral
confinement can effectively enhance the capability of longitudinal
FRP strips, although it cannot completely prevent the FRP
debonding phenomenon. Moreover, drop-weight tests of CFRP
strip-wrapped RC beams without stirrups also demonstrated that
the lateral FRP confinement effectively reduced the deflection and
damage (Liu and Xiao, 2017). Specifically, the retrofit with CFRP
wrap equal to a reinforcement ratio half of that required by the
ACI specification (ACI 440.2R-17, 2017) was able to prevent
shear failure up to impact loading with more than four times the
energy as static energy-dissipation capacity (Liu and Xiao, 2017).
However, at the initial stage of the impact, the stress and
deformation concentrated at the impacting point due to the
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strong influence of inertial force. The shear deformation
concentrating at the impact point created inclined cracks with
large widths, forming a shear plug, and the lateral CFRP strips at
this zone were prone to rupturing because of the small rupture
strain of CFRP material (Liu and Xiao, 2017).

Large rupture strain FRP (LRS-FRP), as an emerging
strengthening material, has a much larger rupture strain
(>5%) than conventional FRPs. It is also a recyclable and
environmental friendly material because it is woven from
polyethylene naphthalene (PEN) or polyethylene terephthalate
(PET) fibers, which can be manufactured from waste products
such as plastic bottles. The excellent deformation capability of
LRS-FRP offsets the weakness of conventional FRPs, and thus,
strengthening RC members with LRS-FRP can enhance the
ductility and energy-absorption capacity significantly (Dai
et al, 2011; Yu et al,, 2017; Baasankhuu et al., 2020). Existing
researches indicated that concrete columns confined with LRS-
FRP presented ample ductility and thus are especially suitable for
high seismic regions (Anggawidjaja et al., 2006; Liu and Li, 2018;
Zhao et al., 2019; Zhou et al., 2020b). Saleem et al. (2017)
investigated the influence of corner radius on LRS-FRP
confined concrete column by conducting compressive tests of
specimens with different cross-sectional shapes (circular, square,
and rectangular), and the experimental results showed that owing
to the low elastic modulus and large rupture strain properties of
LRS-FRP, the stress concentration of sharp corners in noncircular
columns was efficiently relieved and resisted. The experiment of
PET fully wrapped RC beam also indicated that strengthening RC
members with PET-FRP increased the ductility of shear failure
and prevented the beam from failing by FRP rupture
(Jirawattanasomkul et al., 2014). The outstanding deformation
capacity of LRS-FRP makes it a potential material for anti-impact
retrofitting, but the studies in this field are scarce. Bai et al. (2020)
conducted dynamic tension tests of PET fiber bundles and found
that the tensile strength of PET fiber bundle was sensitive to the
strain rate, which was attributed by the authors to the change of
failure modes at varying loading rates. Moreover, the concrete
column confined by LRS-FRP also presented much-improved
ductility under impact loading compared to the CFRP confined
counterparts (Bai et al., 2019).

To further investigate the impact-resistance performance of
LRS-FRP strengthened RC structures, this study conducted drop-
weight tests of PEN-FRP strengthened RC beams, and
investigated the influences of FRP types, loading rate, and the
effectiveness of end-anchorages on the strengthening system.
Dynamic response characteristics and failure mechanisms of
the strengthened beams were analyzed and discussed based on
the experimental data. The results presented here can provide
references for evaluation and improvement of the anti-impact
performance of LRS-FRP strengthened RC structures.

EXPERIMENTAL PROGRAM: SPECIMEN
DESIGN

The experimental program includes four static-loading
specimens and three impact-loading specimens. All specimens
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FIGURE 1 | Details of tested specimens. (A) Configuration and reinforcement details. (B) FRP strengthening system. (C) Details of end-anchorage and mechanical

Front view Side view

Detail of end anchorage Detail of Mechanical fasteners

had identical dimensions and reinforcements. As shown in
Figure 1, the dimensions of the specimens were 150 x 250 x
3,000 mm, and the clear span of the beam was 2,500 mm. Details
of the specimens are listed in Table 1. Based on the strengthening
methods, the specimens were classified into control specimen

without strengthening (C), specimens strengthened with
externally bonded PEN-FRP plates (EP), specimens
strengthened with end-anchorage PEN-FRP system (AP), and
specimens strengthened with end-anchorage CFRP system (AC).
The PEN-FRP laminate had two plies of FRP with a width of
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TABLE 1 | Details of specimens.

Impact Strengthening with LRS-FRP

Specimen Notation Loading method Strengthening system FRP type FRP layer Impact velocity Impact mass
(m/s) (kg)

C-S Static — — 0 — —

EP-S Static Externally bonded FRP system PEN-FRP 2 — —

AP-S Static End-anchored FRP system PEN-FRP 2 — —

AP-D1 Impact PEN-FRP 2 4.6 516

AP-D2 Impact PEN-FRP 2 3.4 1,016

AC-S Static CFRP 4 - -

AC-D1 Impact CFRP 4 4.6 516

TABLE 2 | Mechanical properties of steel bars.

Bar type Diameter (mm) Yield strength Ultimate strength Yield strain Ultimate strain

(MPa) (MPa) (ue) (ue)

Longitudinal bar (bottom) 14 433 570 1818 233,998

Longitudinal bar (top) 8 375 633 2040 136,886

Stirrup 8 315 519 1,062 164,290

60 mm and one-ply thickness of 0.848 mm, whereas the CFRP 4000

strip had four plies of FRP with a width of 50 mm and one-ply ] — — -CFRP

thickness of 0.167 mm. The PEN-FRP and CFRP laminates were 1 —  PEN-FRP .

designed to have equal ultimate tensile forces. The CFRP laminate 3200 | ! e

with a cross-sectional area of 33.4 mm® provided an ultimate = ,I

force of 131 kN, whereas that of PEN-FRP laminate with a cross- E 2400 1

sectional area of 101.8 mm? was 128 kN. The four static-loaded e /

specimens corresponded respectively with the above-mentioned 3 /I I

four strengthening methods, and these specimens were denoted w 100F / e )

by the strengthening method followed by “-S.” Meanwhile, only ! ?

end-anchorage FRP strengthened specimens were tested by drop- 800 - / E;~18.3GPa

weight impact. Two specimens were tested with a 516 kg drop- /I -

weight with an impact velocity of 4.6 m/s (impact condition 1), Y Za E;=33.1GPa .

whereas the other one was impacted by a 1,016 kg drop-weight 0 15000 30000 45000 60000 75000

with 3.4 m/s velocity (impact condition 2). The naming rule of the Strain (pe)

impact-loaded specimens was “strengthening method-D-impact

condition.” For example, the specimen AP-D2 denotes that the FIGURE 2 | Stress-strain relationships of CFRP and PEN-FRP sheets.

beam was strengthened with end-anchorage PEN-FRP laminate,
and the impact weight and velocity were 1,016 kg and 3.4 m/s,
respectively. For all strengthened specimens with end-anchorage,
an overlapping area of length 300 mm was designed to firm the
connection between FRP and end-anchorage. Preliminary tests
found that stress concentration at the end-anchorage may cause
failure in this area, so additional mechanical fasteners were
mounted at overlap sections of the FRP laminate for specimen
AC-D1 and AP-D2 to enhance the anchoring effect, as illustrated
in Figure 1. The details of the end-anchorage and the mechanical
fasteners are illustrated in Figure 1C.

Material Properties
The average 28-day compressive strength of three 100 mm

concrete cubes was obtained as 33.6 MPa, per ASTM C39/39M
(2005). Table 2 lists the measured material properties of three
samples of each type of rebars according to ASTM E8/E8M-11
(2011). The yield strengths of longitudinal rebars at the bottom
(14 mm diameter) and top (8 mm diameter) were 433 and
375 MPa, respectively, whereas that of the 8 mm stirrup was

315 MPa. Low-carbon soft steel (Q235) was used to make the end-
anchorage and mechanical fasteners, whose yield strength was 268 MPa.
The material properties of the CFRP and PEN-FRP collected from
coupon testing are summarized in Table 3. The tensile coupon tests of
CFRP and PEN-FRP sheets were conducted according to ASTM
D3039-18 (2017), and the obtained stress—strain curves are shown
in Figure 2. The CFRP presented a linear elastic behavior with the elastic
modulus of 248.9GPa and the ultimate strain of 15359u¢, whereas the
PEN-FRP has a bilinear stress—strain relationship, similar to what had
been reported in a previous study (Dai et al, 2011). The tangential
modulus of PEN-FRP of the first and second segments was 33.1 and
18.3 GPa, respectively, and the ultimate strain was 65,274 pe. The
modulus and tensile strength of epoxy resin provided by the
manufacturer were 3.1 GPa and 41.4 MPa, respectively.

Experimental Setup and Instrumentation
The static tests were conducted with an electrohydraulic servo

system with a loading rate of 0.5mm/s. The arrangements of
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TABLE 3 | Mechanical properties of FRPs.

FRP type Tangent modulus Ultimate stress (MPa) Fracture strain (ue)
(GPa)

PEN E, =331 E,=183 1,287 65,274

CFRP 248.9 3,820 15,359

strain gages and linear variable differential transformers (LVDTs)
are illustrated in Figure 3A. Seven strain gages were glued to the FRP
laminate along the longitudinal direction with a spacing of 280 mm.

The dynamic loading specimens were tested with a drop-
weight machine, as shown in Figure 3B. The striking head of the
drop hammer had a hemispherical tip with a radius of 50 mm. A
load cell was mounted at the neck of the drop hammer to measure
the impact force. To prevent the severe local damage at the impact
point, a 150 mm square steel plate with a thickness of 30 mm was

Impact Strengthening with LRS-FRP

placed at the top of the beam mid-span. All the specimens were
tested with the simply supported condition. To prevent the
uplifting movement of the beam ends at impact, a cross beam
was placed on the top of the beam at the support, and two steel
bars connected with the cross beam were bolted on the support.
By applying pretightening forces on the steel bars, the beam was
gripped firmly at the support. The arrangement of strain gages
and LVDTs for the impact specimens was the same as that of
static loading beams. Load cells were placed on the top and
bottom of the specimen at the supports to measure the support
force. Four accelerometers were installed at the beam side face
along the longitudinal direction to obtain the acceleration of the
specimen during the collision. All the signals were collected with a
data acquisition system with a sampling rate of 500 kHz. The
impact process was recorded with two high-speed cameras from
different perspectives: one camera with a frame rate of 5,000 fps
focused on the side face of the beam, whereas the other one with a

A
LVDT-4 LVDT-5
ﬁ &
8
LVDT-2 LVDT-3
c—a | —
| 250 e 2500 il 290 o]
Overlapping zone FRP Overlapping zone &ncharing parts
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FIGURE 3 | Experimental setup. (A) Static loading test. (B) Impact loading test.
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AC-DI1

FIGURE 4 | Overall failure patterns.

frame rate of 1,000 fps focused on the soffit of the beam to record
the failure process of the end-anchorage FRP (EA-FRP) system.

TEST RESULTS AND DISCUSSION

Failure Patterns
Overall Failure Patterns

Figure 4 shows the overall failure patterns of all specimens. The
numbers alongside the cracks of dynamic-loading specimens
indicate the crack width in millimeters. For static specimens
C-S and AP-S, typical flexural failure modes were presented and
the final failure was marked by the concrete crushing and the
buckling of the upper longitudinal bars at the compressive zone
near the loading plate. Specimen EP-S failed due to the debonding
of the PEN-FRP laminate, and at that moment, the specimen had
much less damage and smaller deformation than C-S and AP-§,

indicating that the flexural capacity of the beam was not fully
utilized. The failure of specimen AC-S was controlled by the FRP
rupture at the connection between end-anchorage and CFRP
laminate, and the damage state of the beam was similar to that of
EP-S.

The failure patterns of impact-loading specimens were quite
different from those of static ones. The cracks mainly
concentrated at the impact zone, forming a plastic hinge,
whereas few cracks were observed elsewhere, which coincides
with the experimental observation of Fujikake et al. (2009).
Moreover, it is notable that specimens under impact had tiny
cracks initiating from the top of the beam around the quarter
span, which had not been observed in the static tests. Premature
failure of the end-anchorage occurred in specimen AC-D1 during
the impact process, so the beam had more obvious deformation
and cracks than AP-D1. Moreover, the inclined cracks near the
impact point of AC-D1 had small inclined angles than those of
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FIGURE 5 | Crack propagation. (A) AC-D1, (B) AP-D2.

AP-D1, and the crack near the quarter span seemed to be more
developed. Due to the large deflection, the concrete at the contact
zone of AC-D1 underwent severe damage and eventually was
crushed, whereas AP-D1 had only minor horizontal cracks at the
contact zone. The specimen AP-D2 also had more cracks with
larger widths than AP-D1, which can also be attributed to the
premature failure of the end-anchorage. Besides, the lower impact
velocity of AP-D2 reduced energy consumption at the contact
zone during the local response phase and resulted in more impact
energy being absorbed by the overall deformation of the beam,
which is another reason AP-D2 has more obvious damage than
AP-D1.

Crack Propagation

Figure 5 shows the crack propagations during the impact process
of the AC-D1 and AP-D2 specimens recorded by a high-speed
digital camera. Due to the limitation of the camera resolution,
only the crack propagation near the impact point was recorded.
The arrows in Figure 5 are used to mark the locations of new
cracks emerging in this frame, and the arrowhead is
perpendicular to the crack direction. For specimen AC-D1, the
first inclined crack came out at the middle of the beam side face
(0.4 ms). The inclined crack propagated upward and downward,

and more cracks emerged at the plastic hinge zone and the crack
widths became larger (0.6 m). With the deflection of the beam
increased, cracks were observed at the concrete compressive zone
(11.4 ms), indicating the concrete in this area suffered damage.
With the impact process continuing, the cracks at the
compressive zone developed more obvious (16.6m) and
eventually formed concrete debris falling out of the beam
(88.2 m). For specimen AP-D2, the propagation of the flexural
shear cracks was similar to that of AC-DI, but the cracks at the
concrete compressive zone were much less developed.

Failure Patterns of End-Anchorage-Fiber-Reinforced

Polymer System

Intermediate crack (IC) debonding of FRP occurred for all
specimens. For statically loaded specimens with PEN-FRP
strengthening, the IC debonding initiated at 150 mm off the
mid-span and propagated toward the ends of FRP laminate
gradually. As shown in Figure 6A, the FRP debonding finally
caused half of the FRP laminate to depart from the soffit of
specimen EP-S, and the strengthening system failed
consequently. For specimen AP-S, the debonded FRP laminate
was held by the end-anchorages, and thus the EA-FRP system still
worked even when the specimen underwent large deformation.
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FIGURE 6 | FRP debonding failure patterns in static tests. (A) FRP debonding process of EP-S and AP-S. (B) FRP debonding process of AC-S.
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For static loaded specimen AC-S, the IC debonding started at
100 mm off the mid-span, and the final failure pattern was the
FRP rupture at the connection front left due to stress
concentration (Figure 6B).

The failure patterns of specimens under impact showed
significant differences with those of static specimens. Under
impact loading, the FRP-concrete interface failed completely
in an extremely short duration, and the tension force in the
FRP laminate transferred to the end-anchorage with a very
high loading rate. The strong dynamic effect induced intense
stress concentration at the end-anchorage position. Figures
7A,C show that under the same impact condition (m = 516 kg,
v = 4.6 m/s), the specimens strengthened by CFRP and PEN-
FRP presented different failure modes of the EA-FRP system.
For the PEN-FRP strengthened specimen (AP-D1), the FRP
laminate debonded along the beam length but the end-
anchorage was kept intact. However, for the CFRP
strengthened specimen (AC-DI1), although the end-
anchorages had been reinforced by additional metallic
fasteners, failure of the end-anchorage occurred. As shown

in Figure 7C, the bolts of the metallic fasteners and the end-
anchorage all presented loosening, and some bolts were even
pulled out of the concrete matrix. For specimen AP-D2, the
failure pattern of EA-FRP system was also controlled by the
loosening of the bolts at the end-anchorage area, but the
damage was less severe than that of AC-D1.

Figure 8 shows the detailed failure process of the EA-FRP
system of specimen AC-D1 recorded by high-speed camera.
The black arrows vertical downward are used to mark the
observed FRP debonding location. It can be seen that the FRP
debonding under impact initiated near the mid-span, where
the flexural-shear cracks at the plastic zone cut through the
bottom of the beam. With the beam moving downward,
the FRP debonding area extended toward the mid-span and
the support. At 16 ms, an inclined crack emerged at the
location of the end-anchorage. At 20 ms, the bolts at the
anchorage zone were pulled outward obviously, indicating
the failure of the EA-FRP strengthening system. Meanwhile, it
was observed that a part of the FRP laminate had already
ruptured at the mid-span.
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FIGURE 7 | FPR debonding failure patterns in drop-weight tests. (A) AP-D1, (B)AP-D2, (C) AC-D1.

Static Performance
The mid-span load-deflection curves obtained from static tests are

illustrated in Figure 9A. The load-deflection curves for all four
specimens were consistent before the yielding load of specimen C-S
(40.8 kN). At this stage, the behavior of the beam was approximately
linear-elastic, and the FRP strengthening system had a slight
contribution. After the yielding point, the load-deflection curve
for specimen C-S became flat, indicating the loss of flexural stiffness
due to the formation of plastic hinge after rebar yielding. The post-
yield stiffness of EP-S was close to that of specimen C-S because the
elastic modulus of PEN-FRP was small and its contribution to the
beam stiffness was insignificant. When the peak load was reached,
debonding of FRP occurred for specimen EP-S, and the resistance of
the strengthened beam dropped to the same level with the control
beam. For specimen AP-S, the presence of end-anchorage inhibited
the slip at the FRP-concrete interface, and the post-yield stiffness of
specimen AP-S was greater than specimen EP-S. Moreover, the end-
anchorages hold the FRP laminate after it was completely debonded,
so the sudden drop of resistance as specimen EP-S was not observed.
The end-anchorages continued to provide tension force to the FRP
strengthening system, and the load-deflection curve showed a
prolonged plateau until the compressive concrete crushing. The
modulus of CFRP laminate was larger than that of PEN-FRP, so

specimen AC-S had a higher post-yield stiffness than AP-S.
However, due to the brittleness of CFRP, the failure of specimen
AC-S was controlled by FRP rupture at the FRP-concrete
connection, and the ductility was much less than that of AP-S.
Not all layers of the CFRP laminate fractured simultaneously, so the
FRP rupture-induced load-deflection curve of specimen AC-S
plummeted twice.

The resistance and mid-span deflection at concrete cracking,
tensile steel rebar yielding, and peak load of all specimens are
summarized in Table 4. The yielding loads of FRP strengthened
beams were greater than that of control beams because the action of
FRP slowed down the strain growth in reinforcement. The
load-strain behaviors of steel bars and FRP laminates at mid-
span section are plotted in Figure 9B. It can be seen that the
load-strain relationship between steel rebar and FRP was consistent
before concrete cracking, but the strain growth of FRP after concrete
cracking was greater than that of steel rebar, which can be explained
by the tensile stiffening of rebar in concrete (Belarbi and Hsu, 1994).
All three strengthening methods can enhance the ultimate strength
of RC beams significantly, but only specimen AP-S presented the
best ductility similar to that of specimen C-S, whereas the ductility
factors of EP-S and AC-S were only 41.4% and 39.0% of the
control beam, respectively. Therefore, the PEN-FRP laminate
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Local CFRP fracture

Bolt losening

FIGURE 8 | Failure process of EA-FRP systems at impact loading (AC-
D1).

with end-anchorage is an appropriate strengthening system that can
enhance the bearing capacity while maintaining the deformation
capability of the original structure.

Dynamic Performance Under Impact
Mid-Span Deflection and Fiber-Reinforced Polymer

Strain Histories
The mid-span displacement histories and FRP strain histories
of the impact specimens are illustrated in Figure 10, and

Impact Strengthening with LRS-FRP

characteristic values such as peak mid-span deflection, residual
mid-span deflection, and the mid-span FRP strain at peak
deflection are compared in Figure 11. Among the dynamically
loaded specimens, specimen AP-D1 had the smallest peak
deflection (583 mm) and residual deflection (40 mm),
indicating the damage of the beam was slightest (Figure 11A).
That is because the EA-FRP system of specimen AP-D1 kept
functioning during the whole impact process, and the cooperative
work of the EA-FRP system and the RC beam enabled complete
utilization of the deformation capacity of PEN-FRP and reduced
the damage to RC beam body. By contrast, Figure 10B show that
an obvious strain drop occurred in the FRP laminate before the
peak deflection, which was caused by the pulling out of the end
anchors during the impact process. The failure of the end-
anchorage-induced deformation of the specimen cannot be
restrained by the EA-FRP system during the deformation
process and undermined the strengthening effect to the impact
resistance. The effectiveness of PEN-FRP in improving the
impact resistance of beams strengthened by EA-FRP system
can be demonstrated by comparing the mid-span deflection of
specimens AP-D1 and AC-DI1. As shown in Figure 11A, the
deflection of AP-D1 is 23.9% smaller than that of AC-DI,
indicating that PEN-FRP has more advantages in impact
strengthening than CFRP.

The maximum FRP strains in the mid-span of all specimens
are summarized in Figure 11B. The maximum mid-span strain of
specimen EP-S is only 12,875 ue, whereas the maximum mid-span
strain of specimen AP-S under ultimate load is 19,776 pe, which is
55.1% higher than specimen EP-S. Therefore, the end-anchorage
can increase the utilization efficiency of the PEN-FRP laminate.
The maximum mid-span FRP strain of AP-S and AP-D2 was
quite close, but the impact specimen AP-D2 presented severe
end-anchorage failure, indicating that the end-anchorage was
more susceptible to damage and failure when the loading rate
increased from static to impact. For impact specimens, specimen
AP-D2 underwent larger deformation than AP-DI, and thus
larger tension strain was motivated in the FRP laminate of

A 100 B 70
R : Concrete crushi 60
g0 L Rupture of CFRP oncrete crushing
PEN-FRP debonding Lo11) AR SR SN ; | SN NRIOY S0 )it
Z 6o Z a0}
3 = AP-S:—=— Steel rebar
I T B e AR 2 30 -
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FIGURE 9 | Static performance of specimens. (A) Load—deflection relationship, (B) load—-strain relationship.
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TABLE 4 | Characteristic values of static tests.
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Specimen Concrete cracking Rebar yielding Peak load Ductility factor®  Failure mode®
Mid-span deflection Load (kN) Mid-span deflection Load (kN) Mid-span deflection Load (kN)
(mm) (mm) (mm)
C-S 2.7 16.0 9.0 40.8 73.4 46.3 8.2 C.C
EP-S 2.1 16.9 10.3 46.4 35.3 53.1 3.4 I.C
AP-S 1.7 13.2 8.6 47.4 74.7 65.4 8.7 C.C
AC-S 1.9 13.6 9.4 49.3 29.9 60.9 3.2 F.R
4C.C, compressive concrete crushing; I.C, Intermediate crack debonding; F.R, FRP rupture.
bDucl‘ilil‘y factor, mid-span deflection at peak load/mid-span deflection at tensile rebar yielding.
A35000 0 B 25000 ‘ 0
—a— G4'—o— G3' ——G2'—v—Gl \—*— Mid-span deflection
—4—G2—<+—G3 —»—G4 —_ —a— G4'—o—G2 =
20000 | 4-20 20000 | 4-20
—~— Mid-span deflection g ——G3'——G3 E
R g N —h— G2' ——G4 g
f?i— 15000 -40 ‘§ \ué_ 15000 —v—Gl1 +4-40 ‘§
= 4 ) =
.g 3 .g X ] 5
& 10000 § & 100000 A pr2s g
=N 4 e o
P $ L
k=] °
5000 § 5000 - } i
“‘,,
0 - 0 L L . -100
0 24 48 72 96 120 0 24 48 72 96 120
Time (ms) Time (ms)
C 25000 0
—#*— Mid-span deflection
—a—G4'——QG2 _
20000 Gy —e—a3 1 -20 é
—A—G2'—>—G4 g
% 15000 | —v—Gl 1-40 '§
=
.§ 3
e 10000 | ¥ -60 g
A %
5000 . 80 2
{d X g =
0 Il 1 1 1 - 1 00
0 24 48 72 96 120
Time (ms)
FIGURE 10 | Mid-span deflection and FRP strain histories. (A) AP-D1, (B) AP-D2, (C) AC-D1.

specimen AP-D2, which finally induced the failure of one of the
end-anchorages. Besides, the maximum mid-span FRP strain of
AC-D1 was much lower than that of AP-DI, and the cross-
sectional area of CFRP laminate was also much smaller than that
of PEN-FRP laminate. However, as shown in Figure 11C, due
to the high elastic modulus of CFRP material, the tensile force
of the CFRP laminate was 84.3% larger than that of AP-D1, which
induced the end-anchorage failure of AC-D1. In addition, the
comparison between specimens AC-S and AC-D1 shows that the
maximum mid-span FRP strain of AC strengthened beam
increased significantly under impact while the FRP at the
connection did not rupture, demonstrating the effectiveness of
the mechanical fasteners on avoiding stress concentration and
FRP fracture at the connection between FRP and end anchors.

Fiber-Reinforced Polymer Strain Distribution

The PEN-FRP strain distributions at different deflection for all
strengthened specimens are illustrated in Figure 12, where the
x-axis starts from the mid-span, and the positive direction is
toward the right support. The strain distributions in
Figure 12A correspond to three deflection levels (d.., d,,
and d,), which indicates the static deflections of concrete
cracking, tensile steel bar yielding, and peak load, respectively.
The PEN-FRP strain reached its maximum value in the mid-span
and decreased toward the ends of FRP laminate. When the peak
load was reached, the PEN-FRP strain of the right span
significantly increased and the distribution curve at the right
half-span was relatively flat. This indicates that the PEN had
already been debonded from concrete cover.
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FIGURE 11 | Mid-span deflection and FRP strain analysis. (A) Maximum and residual mid-span deflections, (B) maximum mid-span FRP strain, (C) maximum
tensile force in FRP laminate at mid-span.

To analyze the characteristics of FRP strain distribution
under static load and impact load, FRP strain distributions of
dynamic-loaded specimens at different characteristic states are
illustrated in Figures 12B-D. The FRP strain distributions of
the dynamic-loaded specimen and its static-loaded
counterpart are compared at static deflection levels of d,,
dy, and d,,. Note that the mid-span deflection of specimen AP-
D1 did not reach the static ultimate deflection d, as AP-S, so
the strain distribution of d, is not given in Figure 12B.
Moreover, for dynamic-loaded specimens, PEN-FRP strain
distributions at the maximum deflection d, and the peak
strain deflection d,, are also plotted in Figures 12B-D,
respectively. Because the EA-FRP system of specimen AP-
D1 kept functioning during the whole impact process, the FRP
strain distribution curves of d, and d,, are consistent.
However, for specimen AP-D2 and AC-DI is reached d,
stress relaxation occurred in the FRP laminate due to the
failure of the end-anchorage, thus the strain distribution
curve of d,, is generally lower than that of d,,.

The dynamic characteristics of FRP strain distributions
under impact can be identified by comparing the FRP strain

distributions of static and impact specimens at d,, dy, and d,..
For static specimen, FRP strain at d., was very small and the
FRP was hardly stretched. However, for dynamic loaded
specimens, the FRP strain at d. was developed obviously
and mainly concentrated at the mid-span, whereas at the
quarter span, the FRP strain even became negative
(compressive). The differences between the FRP strain
distribution of static and impact specimens at d., are caused
by the shear wave propagating in the beam at the initial stage of
impact (Saatci and Vecchio, 2009; Zhao et al., 2017). During
the process of the deflection increasing from d.. to d, the mid-
span deflection strain under impact increased little and the
FRP strain increased mainly at the shear span. By contrast, for
the static specimens, the FRP strain along the span grew
uniformly at the d.,-d, stage. When the deflection increased
to d,, the FRP strain distributions under static load and impact
load were consistent overall.

Recorded Impact and Reaction Forces
The recorded impact and reaction force histories had similar
characteristics as those described by previous researchers
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(Zhao et al., 2017; Liu et al., 2020). The impact force history
consisted of two half-sine waves: an accessory wave with an
extremely short duration and a large peak at the beginning of
impact, and a main wave with a long duration and a small peak.
By contrast, the reaction force history was a single half-sine
wave with a small peak. Figure 13A shows the impact histories
curves of all impact specimens. The specimens with greater
maximum mid-span deflection had relatively smaller
maximum impact peaks, and the duration of the main wave
was longer. As shown in Figure 13B, the reaction force
oscillated several times before stabilizing at a positive value,
and the oscillation may cause negative values of reaction force.
The reaction force histories differed little except for the
different duration, which was consistent with the histories
of the impact force.

An obvious time lag between the impact force and the
reaction forces was observed, which indicates the influence
of stress wave propagation. The time delay for three
dynamically loaded specimens varied from 0.67 to 0.79 m
with an average of 0.71ms, as shown in Figure 14.
Furthermore, the propagation velocity of stress wave in
concrete can be calculated by dividing the length of half
span by the time difference. The calculated value 1,753 m/s

is slightly less than the theoretical transverse wave velocity
within concrete medium 2,400 m/s. The possible reason is that
the stress wave took longer time to propagate in the concrete
due to the accumulation of damage during the impact process,
which reduced the propagation velocity. However, due to the
limited number of specimens and low impact velocity in the
test, the conclusion of stress wave propagation still needs to be
verified by more experimental and theoretical studies.

CONCLUSIONS

In this study, static tests and drop-weight tests of PEN-FRP and
CFRP strengthened RC beams were conducted, and the
influences of FRP types, loading rate, and end-anchorages on
the static and dynamic performances of strengthened beams were
investigated. Static and dynamic response characteristics and
failure mechanisms of the strengthened beams were analyzed
and discussed based on the experimental data. The following
conclusions can be drawn:

(1) Compared with externally bonded PEN-FRP and end-
anchorage CFRP strengthening methods, the PEN-FRP
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laminate with end-anchorage is proven to be an appropriate
strengthening technique that can enhance the bearing capacity
while maintaining the deformation capability of the original RC
beam. Under impact loading, the end-anchorage PEN-FRP
strengthening system can also reduce the maximum
deflection and damage of strengthened beam significantly.
Under static loading, the failure of CFRP strengthened beam
was caused by FRP rupture at the connection between CFRP
and end-anchorage, whereas PEN-FRP was not cut off due to
its small elastic modulus and large rupture strain properties.
The application of mechanical fasteners at the overlap area
can effectively prevent stress concentration at the CFRP end-
anchorage connection, thereby preventing the CFRP rupture
failure at this zone.

When the mid-span deflection is small (d = d.), the FRP
strain distributions of specimens under static and impact
loading were apparently different. Under static loading, the
FRP is hardly stretched at d., and the FRP strain is very small.
However, under impact loading, the FRP strain was obvious
and concentrated at the mid-span, whereas at quarter span,
the FRP strain even became negative. The differences of FRP
strain distribution between static and impact loading
specimens were caused by the stress wave propagation at
the initial stage of impact.

3)
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APPENDIX

In this paper, the data and failure modes recorded in static and
impact tests are summarized in Table Al

TABLE A1 | Key data recorded during the test.

Specimen P (kN)®> R (kN)® dy/dy, di (mm)® dp (mm)® d, (mm)® G4 (ug)® G3 (ue)® G2 (ueg)® G1 (ue)® G2’ (ug)® G’ (ue)® G4’ (ue)® Failure mode®

(mm) ®

c-s 46.3 232 734 40.2 415 — - - — - — - - cc
EP-S 53.1 266 353 18.3 18.7 — 8683 7,619 8777 12875 8,722 7618 8613 IC

AP-S 654 327 747 415 422 — 5249 16,898 16,330 19,976 19,867 17,459 1492 C.C
AC-S 609 305 299 18.1 17.0 - 2,465 8275 - 8,121 4810 6812 1,112 FR
AP-D1 506.6 163.2  58.3 31.6 - 38.6 6,618 14,408 15165 16,409 12,002 12,351 2637 C.C
AP-D2 3985 1992  86.7 47.3 - 70.7 5218 16,938 18,206 20,531 19,246 17,676 6,007 EF
AC-D1 4317 1982 766 40.6 — 56.9 797 10,676 10,299 10,867 11,855 10,156 1,070 EF

P, peak load; R, peak reaction forces; d, static deflections of peak load;; d,,,, maximum deflection at impact; d+, left quarter span deflection at peak load; d,, right quarter span deflection at
peak load; d,, residual deflection; G4, G3, G2, G1, G2', G3', and G4', peak strain values recorded in strain gages on FRP laminate.
bC.C, compressive concrete crushing; I.C, Intermediate crack debonding; F.R, FRP rupture; E.F, end-anchorage failure.
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