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� Progressive collapse risk of strengthened precast RC beam-column joints was studied.
� Three frames (single story with two bays) were tested under middle column-loss scenario.
� Test frames included one monolithic and two precast (one control and one strengthened).
� For strengthened frame, innovative FRP/steel hybrid technique was used.
� Nonlinear 3D FE analysis with rate-dependent material models was conducted.
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This study aims at investigating the efficacy of using an innovative hybrid strengthening technique com-
posed of near-surface mounted (NSM) steel rebars along with fiber reinforced polymer (FRP) sheets to
prevent (or diminish) the risk of progressive collapse in precast reinforced concrete (RC) beam-column
joints. The study details tests involving one control specimen that is a half-scale single-story precast
RC beam-column assembly having two bays. One monolithic test specimen with continuous longitudinal
beam rebars was employed for comparison. The third specimen was similar to the control one, but it was
retrofitted using FRP sheets combined with NSM steel rebars within the beam-column joint zone. The
base of the center column was released, and a dynamic load was applied in the vertical direction on this
column for simulating the column-removal scenario of progressive collapse. The proposed strengthening
technique was efficient at enhancing the peak load and dissipated energy of the upgraded specimen by
about 16.9 and 12.4 times, respectively, of control precast specimen. Three dimensional (3D) finite ele-
ment (FE) models that consider rate-dependent material nonlinearity and bond behavior at FRP-to-
concrete interface were also devised to predict the behavior of test specimens. Good agreement was
obtained between the experimental and FE results with prediction errors ranging from 0% to 4%, 1% to
17%, and 3% to 10% for peak load, center column displacement at peak load, and dissipated energy at ulti-
mate state. The validated FE models were employed for parametric studies of practical interest for inves-
tigating the impact of different strengthening parameters on the behavior of test specimen under the
middle column-loss scenario.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The precast reinforced concrete (RC) building frames are in use
for the past few decades. The primary reasons for their popularity
in building construction are: (i) better quality control through the
manufacture of structural elements in factories under controlled
conditions, (ii) saving time by speeding up the construction, and
(iii) saving money by reducing the material wastages and reduc-
tion in formwork cost. However, the joints in the precast construc-
tion are the weakest element, which is mainly responsible for the
progressive collapse failures of these structures, such as the pro-
gressive collapse of Ronan Point building in the U.K. [1,2]. The
weakness of joints in precast buildings causes a lack in continuity
between structural members and hence the absence of redundancy
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in the load paths. Thus, there is a need for retrofitting the beam-
column connections in the existing RC buildings built using precast
elements for mitigating (or minimizing) the risk of progressive
collapse.

The behavior of different types of precast RC beam-column
joints in buildings has been studied by many researchers [3–9].
The load–displacement response of these buildings was compared
with the conventional cast-in-situ RC buildings.

The column-loss scenario is one of the common approaches
adopted for checking the robustness of structures against progres-
sive collapse. Some of the major studies in the area of progressive
collapse are covered in Refs. [10–18]. Although significant research
has been performed on upgrading the cast-in-situ RC beam-
column connections using various methods [19–24], studies on
strengthening of precast RC beam-column joints are limited
[25–27].

Da Fonseca et al. [25] investigated experimentally the behavior
of unstrengthened (control) as well as strengthened precast RC
frames. The test assembly was a single-story and one-bay frame.
The retrofitting of the beam-column connection was done through
the use of near-surface mounted (NSM) carbon fiber reinforced
polymer (CFRP) strips embedded in the concrete cover of the
beam-column connection region. The test specimens were tested
under two-point loads applied to the beam till failure. The behavior
of the upgraded test specimen was found to be semi-rigid, which
reduced the beam displacement substantially as compared to the
control specimen.

Al-Salloum et al. [26] presented an effective technique to
strengthen precast RC beam-column joints for minimizing the risk
of progressive collapse in multistory buildings. Three half-scale 2D
beam-column assemblies were tested. The first assembly was
unstrengthened control precast specimen simulating the most
common types of existing precast RC beam-column joints. The sec-
ond specimen was monolithic, having continuous beam rebars. The
third assembly was similar to the control one; however, it was
upgraded using steel plates bolted in the joint region. It was con-
cluded that upgrading of precast RC beam-column joints using
bolted steel plates was efficient in enhancing the load resistance
of the 2D assembly under column-removal scenario.

Pan et al. [27] conducted laboratory investigation on two half-
scale precast RC frame sub-assemblages under a pushdown loading
regime simulating column-loss scenarios in real progressive col-
lapse conditions. One of the specimens was control (i.e.,
unstrengthened), whereas the second specimen was retrofitted
using CFRP sheets on the side faces of the beams. Hybrid FRP
anchors were used to anchor the middle portions of the CFRP
sheets. The strengthening was proven to be effective up to the
early catenary action (CA) stage (corresponding to the maximum
pushdown displacement of 0.2L, where L = beam span). However,
when the deformation exceeded 0.2L, rupture of CFRP occurred
gradually, and the CFRP sheets no longer contributed to the load
capacity. No shearing failure was developed in the hybrid FRP
anchors, which proves the efficiency of the anchorage method.

The review of available literature reveals that most of the
research done on precast RC beam-column connections was in
two main directions. Some researchers [28–33] developed new
beam-column connections for improved seismic resistance. Other
researchers [7,18,34–37] studied the progressive collapse risk of
precast RC frames having either conventional or newly developed
beam-column joints. However, studies on the strengthening of
existing precast RC beam-column joints for improving the progres-
sive collapse robustness of buildings are scanty [26,27]. Since pre-
cast buildings are widely used worldwide, there is an urgent need
to develop methods to upgrade these buildings to increase their
progressive collapse robustness. This is so crucial to avoid loss of
life and property in the event of partial or total collapse. It is due
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to these reasons that it is required to carry out research on the pro-
gressive collapse potential of unstrengthened as well as strength-
ened precast RC frames.

The focus of the present research is to study the performance of
an innovative hybrid strengthening scheme composed of CFRP
sheets together with NSM steel rebars to upgrade precast RC
beam-column joints for mitigating (or minimizing) the progressive
collapse risk in multistory buildings. The novelty of this research is
originated from the fact that this strengthening technique has not
been used before in upgrading of precast RC beam-column joints
for reducing the risk of progressive collapse due to column-loss
events. Three specimens of 2D beam-column assemblages were
tested for simulating the progressive collapse due to the loss of a
column. Two test specimens were precast, whereas the third spec-
imen was monolithic, having continuous longitudinal rebars in
beams. One of the precast specimens was control, and the other
one was strengthened using the hybrid scheme. In addition to
the tests, 3D finite element (FE) models that take into account
the rate-dependent material nonlinearity and contact behavior at
FRP-to-concrete interface were devised using LS-DYNA package
[38] for predicting the behavior of test specimens under column-
loss scenario. The validated FE models were employed for paramet-
ric studies of practical interest for investigating the impact of dif-
ferent strengthening parameters on the behavior of test
specimen under the middle column-missing scenario.
2. Experimental program

2.1. Test matrix

Three test specimens of beam-column assemblages (single
story with two bays) were tested for the loss of the middle column.
The test specimens – with regard to reinforcement detailing and
geometric dimensions – were selected to be half scale of a two-
bay prototype perimeter frame, which was taken as a portion from
an existing precast RC building in Saudi Arabia. One of the speci-
mens was precast control (PC-C), which was detailed to simulate
the prevalent precast construction practices in Saudi Arabia. The
second specimen (MC-SMF) had the same dimensions, but it was
built with monolithic beam-column connection having continuous
beam rebars. The remaining test specimen (PC-S) was the strength-
ened precast assembly. Strengthening of the beam-column joints
was done using a combination of CFRP sheets and NSM steel
rebars.
2.2. Details of test specimens

Figs. 1–3 show the dimensions and detailing of reinforcement in
the tested specimens, which were the same for the two precast
specimens PC-C and PC-S. The beams and columns had the same
section dimensions (350 � 350 mm). The column height, measured
to the soffit of the beam, was 1050 mm. The test specimens were
resting on steel stubs supported on steel I-sections attached to
the strong lab floor (see Figs. 4 and 5). The beams were reinforced
with 4 a16 mm rebars in tension as well as compression. The shear
reinforcement was in the form of two-legged shear stirrups of a8
mm rebars provided at a center-to-center spacing of 100 mm.
The RC columns were reinforced with 8 a16 mm longitudinal
rebars, with a8 mm ties provided at a center-to-center spacing of
100 mm (Fig. 1). The complete details of casting and fabrication
of precast connection can be seen in Refs. [26,39]. The longitudinal
beam rebars were continuous in the connection region of mono-
lithic specimen MC-SMF (see Fig. 2), whereas other details were
the same as specimen PC-C.
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Fig. 1. Details of precast specimen PC-C (Note: All dimensions are in mm): (a) Test specimen; (b) Reinforcement details.
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Details of the strengthening scheme for specimen PC-S are
shown in Fig. 3. Specimen PC-S had 4 /12 mm NSM steel rebars
placed in grooves that were filled with epoxy adhesive mortar.
There were four grooves on each side of the connection zone.
Two grooves were located at 40 mm from the top and bottom of
the beam, and the middle two grooves had a clear spacing of
50 mm, as seen in Fig. 3. These grooves had dimensions of
30 � 25 mm along the connection region in the lateral concrete
cover. The NSM rebars were covered with two layers of externally
bonded CFRP composites (one horizontal and one vertical) on each
side of the connection region. The approach adopted to come up
with this innovative design of using NSM steel rebars in combina-
tion with externally bonded CFRP sheets can be explained as
follows.
3

Once a column is abruptly removed in an extreme case, such as
the blast load, the load carried by such a column should be redis-
tributed to the neighboring columns via the beam-column connec-
tion. The vertical dynamic load will then be transferred to the
beam through the direct shear at the column face. Since the CFRP
sheets cannot be relied upon for resisting the direct shear trans-
mitted at the beam-column interface, NSM steel rebars were used
for this purpose. The horizontal CFRP sheets combined with NSM
steel rebars were designed to have a beam section with flexural
capacity approximately the same as that of the beam section of
monolithic specimen MC-SMF. Ignoring concrete contribution to
shear strength, the vertical CFRP reinforcement was designed to
give shear strength of beam at the connection region that exceeds
the flexural capacity of the upgraded section. Owing to the
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Fig. 2. Details of monolithic specimen MC-SMF (Note: All dimensions are in mm): (a) Test specimen; (b) Reinforcement details.
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presence of corbels at beam ends, the vertical CFRP reinforcement
was only provided at the sides of the beam until it became in the
form of U-shape beyond the corbel face (see Fig. 3). In order to
comply with the requirements of the ACI 318–19 code [40] for spe-
cial moment resisting frames, the plastic hinge regions were cov-
ered by extending the strengthening layers over a distance equal
to twice the beam depth beyond the column face. This also satis-
fied the tension development length of the NSM rebars.

The assembly of the precast RC specimen PC-S was performed
as it is done in the construction field [26,39]. After the assembly,
the surfaces of the beam-column regions were roughened using
sandblasting to have a sound bond between CFRP sheets and con-
crete substrate. Three beam-column connections were strength-
ened using NSM steel rebars placed in grooves that were cut
along each side of the connection region in the lateral concrete
cover. A special concrete saw was used to cut the grooves on the
lateral surfaces of the beams and columns. The grooves were
cleaned by removing dust with the help of compressed air and
cleaned subsequently using acetone. Fig. 4(a) shows grooves for
the three connections. The steel rebars were then introduced in
the grooves, which were filled with epoxy mortar, as seen in
4

Fig. 4(b). After curing of the mortar within the grooves, CFRP sheets
were bonded to the concrete surface with two-part epoxy. The
steps involved for the strengthening of the test specimen PC-S
are shown in Fig. 4.

2.3. Material properties

The properties of different materials employed in the prepara-
tion of test specimens are listed in Table 1. The average concrete
strength obtained by testing standard cylinders (150 � 300 mm),
according to ASTM C39 [41], on the day of testing the specimens
was 37.3 MPa. The locally available material, Sika Grout 214, was
used for grouting. The compressive strength of the grout was found
by testing 50-mm cubes according to the test standard in Ref. [42].
The steel rebars of all diameters were tested in tension following
the test standard in Ref. [43], and the mechanical properties
obtained through these tests are listed in Table 1. CFRP sheets
employed in this research were unidirectional. Tensile tests,
according to the relevant test standard [44], were performed on
test coupons of the CFRP sheet. Table 1 provides properties of the
CFRP composite system. The structural two-part epoxy mortar
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(Sika 31) was used for filling the grooves of NSM rebars. Table 1
lists the compressive strength of the epoxy adhesive mortar as
given by the manufacturer.

2.4. Test protocol

Fig. 5 shows the test setup used for testing the specimens. The
progressive collapse of building frames was simulated by taking
out the support of the middle column and applying a dynamic
5

downward load on such a column using a high-speed servo-
control MTS actuator. The actuator was utilized to apply the load
on the middle column in cycles of incremental vertical displace-
ment, as seen in Fig. 6. Unloading of test specimens was conducted
by taking the middle column from its displaced position to its ini-
tial position prior to the onset of the test. The rest period was used
for marking the cracks and recording observations. It is worth
mentioning that the actuator load was applied at a rate of
100 mm/s, while the unloading was conducted at a much slower



Fig. 4. Steps involved in strengthening of specimen PC-S: (a) Grooves along
connection region; (b) Affixing NSM steel rebars and filling up grooves with epoxy
adhesive mortar; (c) Installation of CFRP sheets.
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rate of 5 mm/s. The test data were collected at a frequency of 1 k/s.
The instrumentation of test specimen includes: (i) strain gages to
measure strains in steel rebars and CFRP sheets at critical locations,
(ii) laser transducers to measure beam displacements, (iii) incli-
nometers to measure joint rotations, and (iv) load cell to measure
actuator load. The details of the instrumentation of the precast
specimen PC-C are shown in Fig. 5.

3. Discussion of experimental results

Table 2 provides a summary of the key parameters of the exper-
imental results of the tested specimens. It is important to note that
the ultimate limit state is taken as the post-peak state when the
drop in load reaches 20% of the peak load [45].

3.1. Modes of failure

Fig. 7(a) to (c) show the final failure modes of the test speci-
mens PC-C, MC-SMF, and PC-S, respectively. The failure of the con-
trol test specimen PC-C was through concrete crushing at beam
ends, which was caused by the rotation of beam ends, as shown
6

in Fig. 7(a). However, the failure of test specimen MC-SMF was
through the development of plastic hinges (denoted by wide flex-
ural cracks in the tension zone and concrete crushing in the com-
pression zone) at beam ends, as seen in Fig. 7(b). The flexural
cracks were also observed in the end columns, which was due to
the rotation of end columns. The catenary action could not be
developed due to: (i) insufficient restraint provided by the end col-
umns, (ii) discontinuity of beams at the ends, (iii) discontinuity of
columns due to the consideration of a single story, and (iv) absence
of column axial load. These limitations helped in representing the
worst-case scenario of progressive collapse in existing multistory
buildings.

Fig. 7(c) shows the final deformed state and mode of failure for
specimen PC-S. The failure started in the beam around the inner
beam-column connection due to the rupture of horizontal CFRP
sheets at the bottom edge together with fracture of extreme bot-
tom NSM rebars near the column face, as shown in Fig. 7(c). It
should be noted that due to the propagation of flexural cracks
in the maximum-moment zone at column face, the rupture of
horizontal CFRP sheets was initiated at the extreme bottom edge
then extended upward to the extreme top edge, as seen in Fig. 7
(c). In addition, the crushing of concrete was noticed at the top
beam side near the middle connection zone, as depicted in
Fig. 7(c). It should be noted that the single layer of transverse
CFRP U-wrap was about 32% of that required by Eq. (14.1.2) of
the ACI guidelines [46], and it proved to be efficient in inhibiting
the unwanted failure modes in the CFRP sheets around the mid-
dle connection zone such as the delamination of concrete cover
and FRP interfacial end debonding. This was also supported in
an earlier study by Almusallam et al. [47]. Failure of exterior
beam-column connection occurred at a later stage towards the
end of the test due to CFRP end interfacial debonding (see
Fig. 7(c)). This failure took place in the concrete layer close to
the concrete/adhesive interface, and it was thought to be owing
to high normal and interfacial shear stresses close to the CFRP
ends that exceed the concrete strength [48]. Debonding com-
menced at the end of the CFRP sheet and propagated along the
interface of concrete and CFRP towards the beam-column joint
zone without reaching the level of NSM steel reinforcement, as
shown in Fig. 7(c). This debonding failure is less common than
the well-known concrete cover delamination failure, and its
mechanism is complicated [49]. CFRP debonding failure mode
was noticed at exterior joints due to the insufficient anchorage
provided at the ends of CFRP sheets. The provided U-wrapped
CFRP layer could not provide adequate anchorage for the horizon-
tal CFRP layer in the negative-moment region, as the flexural
cracks are initiated at the top edge of the beam at which the ver-
tical CFRP layer is discontinuous. Proper anchorage could have
been achieved by the provision of full wrapping (if possible),
mechanical fasteners, fiber anchors, or bolted steel plates at CFRP
ends, which have been proven in the literature to be successful at
delaying, and sometimes preventing, debonding failure of the lon-
gitudinal FRP layers [50–52]. For example, Bengar and Shahman-
souri [52] have recently proposed a new anchorage system for
CFRP strips in externally strengthened RC continuous beams.
The proposed anchorage system consisted of steel plates and
bolts and has led to a considerable increase in the loading capac-
ity, moment redistribution ratio, and ductility in comparison with
the CFRP-strengthened beams without the anchorage.

For strengthened specimen PC-S, it was noted from the visual
inspection of both interior and exterior joints at failure that
debonding was not noticed at epoxy mortar/concrete and NSM
rebars/epoxy mortar interfaces (see Fig. 7(c)). As seen from Table 1,
the epoxy adhesive mortar has high bond strength with steel
rebars (=12 MPa), which justifies the perfect bond noticed during
the experiment.
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Table 1
Material properties used in the FE modelling.

Concrete & cementitious grout
Material model Type 159 (MAT_CSCM_CONCRETE)
Density (kg/m3) 2320
Uni-axial compressive strength (MPa) 37.3 for concrete & 60 for cementitious grout
Epoxy mortar
Material model Type 159 (MAT_CSCM_CONCRETE)
Density (kg/m3) 2320
Uni-axial compressive strength (MPa) 65
Tensile strength (MPa)* 21
Bond strength with steel (MPa)* 12
Steel rebars, threaded rods & plates a8 a10 a12 a16 Threaded rods Plates
Material model Type 24 (MAT_PIECEWISE_LINEAR_PLASTICITY)
Density (kg/m3) 7850
Young’s modulus (GPa) 200
Poisson’s ratio 0.3
Strain rate parameter, C 250
Strain rate parameter, p 1.6
Yield stress (MPa) 525 489 569 526 350 250
Tangent modulus (MPa) 127 2127 862 1065 0 0
Plastic strain to failure (%) 19.7 11.6 11.7 11.7 19.8 19.9
Neoprene pads
Material model Type 77 (MAT_HYPERELASTIC_RUBBER)
Density (kg/m3) 1100
Poisson’s ratio 0.499
Shear modulus (MPa) 1.38
Limit stress (MPa) 5.52 � 10-3

Constant C10 0.55
Constant C01 0
Constant C11 0
Constant C20 �0.05
Constant C02 0
Constant C30 0.95
CFRP material
Material model Type 54–55 (MAT_ENHANCED_COMPOSITE_DAMAGE)
Density (kg/m3) 1740
Thickness per layer (mm) 1.0
Young’s modulus in long. dir. (GPa) 95.8
Young’s modulus in transverse dir. (GPa) 4.2
Longitudinal tensile strength (MPa) 958
Transverse tensile strength (MPa) 95.8
Steel stubs at base of columns
Material model Type 1 (MAT_ELASTIC)
Density (kg/m3) 7850
Young’s modulus (GPa) 200
Poisson’s ratio 0.3

*This property was not input in the FE modeling; however, it was listed for reference.
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3.2. Load-displacement response

Fig. 8(a) to (c) show the load–displacement hysteresis for the
test specimens PC-C, MC-SMF, and PC-S, respectively. The envel-
opes of the load–displacement hysteresis are also plotted in these
figures. These envelopes are plotted together in Fig. 8(d) for com-
parison. As expected, the vulnerability of the control test specimen
PC-C is evident from Fig. 8(a), as the peak load is very low (12.8
kN). The load–displacement behavior of test specimen MC-SMF
(Fig. 8(b)) can be divided into four different stages, namely, (i) elas-
tic stage (segment AB), (ii) inelastic stage (segment BC), represent-
ing a reduction of secant stiffness, (iii) plastic hinge rotation stage
(segment CD), representing the formation of plastic hinges at ends
of beams until the onset of the drop in progressive collapse resis-
tance, which started to occur after a middle column displacement
of 250 mm (approx.), and (iv) onset of catenary action stage (por-
tion DE) representing the initiation of catenary action through the
development of tensile stresses in the top rebars of beams at mid-
dle column; nevertheless, due to the limitation outlined above,
catenary action was not fully developed. The same results were
confirmed in a previous experimental and FE study conducted by
the authors [53] on progressive collapse risk of RC special moment
resisting frame (SMRF) assemblies. In the previous study, the cate-
nary action phase was not developed in assemblies without col-
umn continuity (single-story specimens). However, the provision
of continuity in beams and columns favored the full development
of the catenary action phase. As compared to the control precast
specimen, the monolithic test specimen MC-SMF resisted a much
Table 2
Comparison of experimental and FE results for test specimens*

Specimen ID Results Pu (kN) Du;c(mm) Py (kN) Dy(mm) Du

PC-C EXP 12.8 145 NY NY 26
FE 12.8 160 NY NY 24
EXP/FE 1.00 0.91 – – 1.0

MC-SMF EXP 228 144 145 26 26
FE 218 145 153 21 33
EXP/FE 1.04 0.99 0.95 1.25 0.8

PC-S EXP 216 94 151 27 14
FE 217 80 146 32 15
EXP/FE 0.99 1.17 1.04 0.85 0.9

*Pu = peak load; Du;c = middle column displacement at peak load; Py & Dy = load and mi
(bottom rebars for specimen MC-SMF & bottom NSM rebars for specimen PC-S); Du = m
Eu = energy dissipated at ultimate state, esb;bot = strain at peak load for beam bottom reba
inner column face; eFRP;bot = strain at peak load for bottom edge of horizontal CFRP she
yielding; NA = not available data.

8

higher load (17.8 times the control specimen PC-C, as seen in
Table 2), and the energy dissipated up to the ultimate state was
also very high.

The load–displacement envelope of the strengthened specimen
PC-S (Fig. 8(c)) also shows four different stages of behavior. The
first stage is the elastic stage represented by segment AB (Fig. 8
(c)). The second stage is the inelastic stage represented by segment
BC. It is observed from the recorded rebar strains at the inner col-
umn face that all NSM steel rebars in the tension side of the beam
had already yielded at point C; however, tension NSM rebars at the
faces of outer columns showed no yielding. The third stage is the
flexural action zone (segment CD), during which crushing of con-
crete occurred in the compression zone of beams near the middle
joint, and it was associated with fracture of bottom NSM rebars as
well as rupture of CFRP sheets near the inner connection. Due to
the fracture of bottom NSM rebars and the rupture of the horizon-
tal CFRP layer near the middle joint, there is no catenary behavior
in the DE segment (fourth stage). Retrofitting of precast beam-
column connections using the innovative CFRP/NSM hybrid tech-
nique was found to significantly enhance the load–displacement
characteristics under the column-removal scenario. The ultimate
load of upgraded specimen PC-S was about 16.9 times of the con-
trol specimen PC-C. Displacement ductility and energy dissipated
were also remarkably increased due to strengthening.

It should be noted that the displacement ductility listed in
Table 2 is defined as the ratio of middle column displacement at
the ultimate state to the middle column displacement at first yield-
ing of bottom beam rebars at the inner joint. Due to the disconti-
nuity of beam rebars at joint regions for control specimen PC-C,
the recorded strain at peak load for beam bottom rebars at the
inner column face was 74 le (see Table 2), which is significantly
less than the yield strain (=2630 le). Consequently, there is no
yield displacement and hence no displacement ductility for speci-
men PC-C. A displacement ductility of 5.4 was calculated for spec-
imen PC-S compared with no ductility at all for control test
specimen PC-C. The energy absorbed at the ultimate state of spec-
imen PC-S was about 12.4 times the control test specimen PC-C. As
compared with monolithic specimen MC-SMF, strengthened spec-
imen PC-S had a peak load of about 95% of that of specimen MC-
SMF. Yet, displacement ductility and energy dissipated at the ulti-
mate state of test specimen PC-S were 51% and 53%, respectively, of
those for monolithic specimen MC-SMF.
4. Numerical FE modeling

LS-DYNA software [38] was employed for the numerical model-
ing of RC test specimens. Only one-half of the specimen was mod-
eled due to its symmetry.
(mm) lD Eu (kN.m) esb;bot (le) eNSM;bot (le) eFRP;bot (le)

5 – 2.5 74 – –
3 – 2.6 58 – –
9 – 0.97 1.28 – –
9 10.5 59 94,921 – –
5 16.3 65 81,911 – –
0 0.64 0.90 1.16 – –
5 5.4 31 NA 12,625 11,133
4 4.9 29 1393 13,184 10,785
4 1.11 1.06 – 0.96 1.03

ddle column displacement at first yielding of main beam steel at inner column face
iddle column displacement at ultimate state; lD= displacement ductility = Du=Dy;
rs at inner column face; eNSM;bot = strain at peak load for bottom NSM steel rebars at
ets at inner column face; EXP = experimental; FE = finite element; NY = No steel
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4.1. FE mesh

Fig. 9(a), 9(b), and 10 show FE mesh discretization of the three
test specimens, namely, PC-C, MC-SMF, and PC-S, respectively. The
concrete in all test specimens, neoprene pads in specimens PC-C
and PC-S, and epoxy adhesive mortar in specimen PC-S were mod-
eled using eight-node solid elements. The steel rebars used in dif-
ferent structural elements were modeled using two-node beam
elements. The CFRP sheets of specimen PC-S were modeled using
four-node shell elements [54]. The size of the beam, solid and shell
elements varied from 2.5 to 50 mm. The mesh size was decided
9

based on the mesh sensitivity study. It was found that any further
refinement was not practically useful, as it may increase the solu-
tion time significantly. Some highlights on size calibration for steel
elements are given in the following subsection.

4.2. Material models

The strain-rate effect arising due to the application of dynamic
load was incorporated in the material models. Concrete, cementi-
tious grout, and epoxy mortar were modeled using model type
159 [55]. For model type 159, the viscoplastic rate effects were



Fig. 8. Load-displacement curves for tested specimens: (a) Hysteresis loops for
specimen PC-C; (b) Hysteresis loops for specimen MC-SMF; (c) Hysteresis loops for
specimen PC-S; (d) Load-displacement envelope comparison.
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included in the FE analysis. The stress at each time step Dt is
updated from the strain-rate increments using an incremental
10
form of Hooke’s Law. This updated stress is termed as the trial elas-
tic stress rT

ij , and if it lies on or inside the yield surface, the perfor-
mance is considered elastic, and the plasticity algorithm is evaded.
Nevertheless, if the trial elastic stress state lies outside the yield
surface, the performance is considered elastic–plastic (with possi-
ble hardening, damage, and rate effects), and the stress state goes
back to the yield surface via the plasticity algorithm. This elastic–
plastic stress is termed as inviscid stress rp

ij. The viscoplastic stress

(including rate effects) at each time step, rvpij , is calculated from

rvpij ¼ ð1� cÞrT
ij þ crp

ij ð1Þ
with

c ¼ Dt=g
1þ Dt=g

ð2Þ

where g is the effective fluidity factor, which is internally computed

in LS-DYNA using the strain rate e
�
.

The steel rebars of different members as well as the NSM rebars
of specimen PC-S were simulated with the help of material model
type 24. The following Cowper-Symonds formulation was
employed for modeling strain-rate effect in the yield stress of steel
rebars:

y ¼ 1þ e
�

C

 !1=p

ð3Þ

where y is the magnification factor for the yield stress, and C (=250
taken in the study), and p (=1.6 taken in the study) are the model
parameters. For modeling of CFRP sheets of strengthened specimen
PC-S, the enhanced composite damage model type 54–55 was
employed along with Chang and Chang failure criteria [56]. The
neoprene pads of precast specimens PC-C and PC-S were modeled
using the hyperelastic rubber material model type 77 (described
by Christensen [57]). Table 1 lists the properties of different mate-
rials employed in the numerical analysis.

The material failure of concrete, cementitious grout, and epoxy
mortar was simulated with the help of erosion, which was based
on the strain-dependent criteria. The threshold maximum princi-
pal tensile strain for the erosion of elements was adopted as 5%
[55,58]. This helped in avoiding severe element distortions and
deformations. The failure of steel rebars was represented by failure
plastic strain. For the assessment of the input parameters for mate-
rial model type 24 (presented in Table 1), standard tests were car-
ried out on tensile coupons of steel rebars of different diameters as
per Ref. [43]. The results of each test are engineering stress versus
strain relationships. LS-DYNA [38] was utilized to develop FE mod-
els for the standard tests of tensile steel coupons using two-node
beam elements. For such elements, the engineering stress versus
strain curve in the models cannot be directly transformed to the
true stress versus effective plastic strain relationship as the
cross-sectional area of the beam element remains unchanged (true
stress is the same as engineering stress in this case). The size of the
beam elements was calibrated by the iterative analysis, and it was
adjusted until a quantitative match of the experimental and
numerical engineering stress–strain relationship was obtained.
The observed steel fracture in the coupons was modeled by ele-
ment erosion via the plastic strain to failure. The calibrated ele-
ment size was then utilized in the 3D FE modeling of the test
specimens, especially at critical locations of plastic hinges.

4.3. Contact modeling

For all test specimens, the bond between steel rebars and sur-
rounding concrete was assumed as perfect. In testing of specimen
PC-S, debonding was neither noticed between epoxy mortar and
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NSM rebars nor between epoxy mortar and surrounding concrete.
Thus, the bond between NSM rebars and epoxy mortar as well as
between epoxy mortar and concrete was also assumed as perfect.
For precast specimens, PC-C and PC-S, the interaction at contact
surfaces between beam and columns, and neoprene pad and
beams/corbels were modeled using general automatic surface-to-
surface contact definition of LS-DYNA. The friction coefficient
between concrete surfaces was taken as 0.6 [40], whereas the fric-
tion coefficient between neoprene pads and concrete surfaces was
taken as 0.4 [59]. For specimen PC-S, bond at FRP-to-concrete
interface was modeled using the tiebreak surface-to-surface con-
tact of LS-DYNA, as per the following bond strength failure
criterion:

rsj j
rs;F

� �2

þ rnj j
rn;F

� �2

P 1 ð4Þ
11
where rs and rn are, in turn, the shear and normal stresses. Yet, rs,F

and rn,F are the shear and normal stresses at failure, respectively,
calculated from [60,61]:

rs;F ¼ 1:5bwrn;F ð5Þ
rn;F ¼ 0:62
ffiffiffiffi
f 0c

q
Units : MPað Þ ð6Þ

where f 0c is the specified concrete strength and bw is a width correc-
tion factor estimated from

bw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:25� bf =bc

1:25þ bf =bc

s
ð7Þ

where bc is the beam width, and bf is the width of CFRP sheet. It
should be noted here that the contact model utilized in this
research has been calibrated in previous work [47,58,62].
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4.4. Loading strategy and boundary conditions

Taking advantage of the symmetry in geometry, loading and
support conditions, one-half of the test specimen was modeled.
The column bases were fixed against the three translations and
three rotations (Figs. 9 and 10). The symmetry boundary condi-
tions were assigned to the nodes on the symmetry plane. The Z-
displacement at the top nodes of the middle column was con-
trolled to match with the loading strategy followed in the experi-
mental program (see Figs. 9 and 10).
Steel I-beam

Steel plate

Steel plates

Outer column

Outer corbel

Fixed support at this level(a)

(b)

(c)

(d)

Fig. 10. FE model for one-half of specimen PC-S: (a) All parts; (b) NSM steel rebars;
(c) Epoxy adhesive mortar; (d) FRP sheets.
5. Validation of FE models

The experimental results of the three tested specimens were
used to validate the FE modeling techniques detailed previously
in Sec. 4. The model validation is discussed below.

5.1. Mode of failure

Figs. 11–13, respectively, show the FE failure modes for test
specimens: PC-C, MC-SMF, and PC-S. These figures present con-
tours of maximum principal strain in concrete elements, contours
of X-stress (for CFRP sheets), and damage contours – effective plas-
tic strain – ranging from 0 to 1 (for concrete and CFRP sheets), with
0 indicating no damage and 1 designating full damage. The failure
modes shown in these figures compare well with those observed in
experiments, as shown earlier in Fig. 7. As expected, the beam ends
of the control specimen PC-C had an obvious rotation, and the
upper edge of the inner end of the beam was in contact with the
center column. The crushing of concrete in the middle column con-
nection zone caused the final failure of the test specimen (Fig. 11).
The failure modes of specimenMC-SMF obtained from FE modeling
(Fig. 12) also compare well with the experimental results (Fig. 7
(b)). The flexural cracking of concrete in the tension zone and sub-
sequent concrete crushing at the beam ends indicate the develop-
ment of the plastic hinges observed in the test. As noted from the
maximum principal strain contours shown in Fig. 13(a) for speci-
men PC-S, plastic hinge formation has been predicted for the
strengthened beam near the middle joint due to the fracture of bot-
tom NSM rebars and the rupture of horizontal CFRP sheets (see
Fig. 13(b)) followed by concrete crushing at the top side of the
beam. Also, at a later stage and as shown in Fig. 13(c), the FE pre-
dicted plastic hinge formation in the strengthened beam close to
the outer columns, and it was due to the yielding of NSM steel
rebars followed by interfacial end debonding of CFRP sheets (see
Fig. 13(d)) and then the concrete crushing in the beam. The pre-
dicted end debonding of the CFRP sheets was almost the same as
that observed in the experiment, as seen earlier in Fig. 7(c), which
may validate the tiebreak contact parameters used for the FRP-to-
concrete interface.

5.2. Load-displacement characteristics

The numerically obtained load–displacement envelopes for the
middle column are compared with the experimental ones in
Fig. 14. The two curves (numerical and experimental) for each test
specimen are close to each other, and the peak load also matches
very well. The numerical and experimental results of the load–dis-
placement response are summarized in Table 2. The error in the
prediction of peak load varies from 0% to 4%. Yet, the errors in
the prediction of center column displacement at peak load, center
column displacement at ultimate state, and energy dissipation at
the ultimate state are 1%�17%, 6%�20%, and 3%�10%, respectively.
As depicted in Fig. 14, the numerically obtained stiffness of the test
specimens compares well with the experiments. Fig. 14 clearly
12
illustrates that the numerical models simulated the softening
behavior very effectively, which verifies the precision of the consti-
tutive models used in this work. The FE analysis showed that com-
pared with the monolithic specimen MC-SMF, the precast control
specimen PC-C had a very high risk of progressive collapse. The
FE analysis confirmed the significant peak load enhancement pro-
vided by the innovative NSM/FRP strengthening technique of spec-
imen PC-S, for which the predicted peak load was about 17 times
that of specimen PC-C and almost the same as that of specimen
MC-SMF. The numerically predicted energy dissipation in speci-
men PC-S was substantially higher than the control one (~11
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Fig. 11. FE mode of failure for specimen PC-C: (a) Whole specimen; (b) Middle joint.
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times). Yet, numerically predicted energy dissipation and displace-
ment ductility ratio in specimen PC-S were about 45% and 30%,
respectively, of the monolithic specimen MC-SMF. This is because
of the rupture of CFRP sheets followed by fracture of bottom
NSM rebars, which resulted in significant loss of vertical load at a
displacement level smaller than that of specimen MC-SMF.
5.3. Strain gage analysis

Figs. 15 and 16 illustrate the comparisons between the numer-
ical and measured values of peak strains in steel rebars for speci-
mens MC-SMF and PC-S, respectively. Table 2 presents numerical
and experimental values of strains at peak load for bottom rebars
of beams at the interior column face. For specimen PC-S, a compar-
ison between experimental and FE strain at peak load for the bot-
tom and top NSM steel rebars at the inner and outer column face,
respectively, is illustrated in Table 2. In addition, for specimen PC-
S, Table 2 enlists a comparison between experimental and FE strain
at peak load for the bottom edge of horizontal CFRP sheets at the
inner column face. The numerical results are in good conformity
with experiments. The results of specimen MC-SMF, shown in
Fig. 15 and Table 2, indicate yielding of bottom rebars of the beam
13
at the center column and top rebars at outer columns. It may be
noted that the stress level in these rebars significantly exceeds
the yield limit, which indicates the formation of plastic hinges at
the beam ends, as previously discussed. However, the level of
stress in the bottom beam rebars at the middle column in speci-
mens PC-C and PC-S were low due to the discontinuity of these
rebars (Table 2). For specimen PC-S and as shown in Table 2 and
Fig. 16, large strains (significantly exceeding the yield strain) were
both recorded and predicted at peak load for the extreme tension
NSM steel rebars at inner and outer column faces, which confirms
the development of plastic hinges in the strengthened portion of
the beams near inner and outer columns, as discussed previously.
As seen in Fig. 16(c), both experimental and FE strain curves
revealed rupture of the bottom edge of horizontal CFRP sheets at
the inner column face. However, at the outer column face, CFRP
interfacial end debonding occurred, as presented in Fig. 16(d).

In order to aid in understanding the contribution of each
strengthening part in enhancing the progressive collapse resis-
tance of specimen PC-S, Table 3 was created. It lists the FE stresses
in different strengthening parts at the critical section of the middle
joint of strengthened specimen PC-S at peak load level. As seen
from the table, three of the four side NSM rebars had tensile stres-
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ses at peak load level, with the first two rebars from the bottom
side (rebar 1 and rebar 2) going into the post-yield zone by having
stresses of 1.02 times the yield stress. This reveals the contribution
of NSM rebars in resisting the flexural capacity at the critical sec-
tion. In addition, as presented in Table 3, tensile stresses in the
extreme bottom edge of the horizontal CFRP layer (predicted at
critical section) reached 98% of the ultimate tensile strength of
the CFRP sheet. This indicated the full utilization of the horizontal
CFRP layer in increasing the flexural resistance of the specimen at
14
the inner column face. Moreover, at maximum load, the peak stress
in the vertical CFRP layer (in the Z-direction) was predicted at mid-
depth of the beam section close to the inner column face, with a
value of about 69% of the effective tensile stress in the CFRP layer
at ultimate shear strength (calculated as per ACI 440.2R-17 [46]).
This indicates that as per the intended design, the full shear
strength capacity of the strengthened beam section was not
reached owing to flexural failure at the critical section. As per
ACI 440.2R-17 [46], this predicted stress (=183 MPa) corresponded
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Fig. 13. FE mode of failure for specimen PC-S: (a) Middle joint; (b) FRP sheets at middle joint; (c) End joint; (d) FRP sheets at end joint.
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Fig. 14. Comparison of experimental and FE load-displacement envelopes for: (a)
Specimen PC-C; (b) Specimen MC-SMF; (c) Specimen PC-S.
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Fig. 15. Comparison of experimental and FE load vs. rebar strain curves for
specimen MC-SMF: (a) Bottom rebars of beam at face of inner column; (b) Top
rebars of beam at face of outer column; (c) Outer rebars of exterior column near
connection zone.
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to shear strength enhancement provided by the vertical CFRP layer
of Vf = 108 kN. Since beams of test specimens had large displace-
ment combined with significant damage (wide flexure cracking
and concrete crushing in the compression zone), the contribution
of concrete to the shear strength of the strengthened beam portion
could be neglected [26]. The shear capacity was then assumed as
Vu = Vf = 108 kN. The ultimate load of the test specimen corre-
sponding to the predicted value of stress in the vertical CFRP
layer = 2 � 108 = 216 kN, which is almost the same as the numer-
ically predicted peak load of specimen PC-S (=217 kN). In conclu-
sion, predicted stresses in the different parts of the strengthening
system (NSM rebars as well as horizontal and vertical CFRP layers)
revealed that each part contributed efficiently in enhancing the
progressive collapse resistance of specimen PC-S as per the
intended purpose.
16
6. Parametric study

6.1. Effect of end anchorage of CFRP sheets at outer joints

As discussed earlier, the interfacial end debonding for CFRP
sheets at the outer joints of specimen PC-S could have been allevi-
ated by the provision of proper end anchorage through: full FRP
wrapping (if possible), mechanical fasteners, fiber anchors, or
bolted steel plates at CFRP ends. The effect of providing bolted steel
plates at the end of CFRP sheets of the outer beam-column connec-
tions was studied numerically. In this regard, another strengthened
specimen called ‘‘PC-S-EA” was modeled. This specimen was
exactly the same as PC-S except that the CFRP sheets at outer con-
nections were extended by 100 mm – to avoid anchoring in the
NSM area – and then anchored using two ASTM A36 steel plates



Fig. 16. Comparison of experimental and FE strain curves for specimen PC-S: (a) Bottom NSM rebar at face of inner column; (b) Top NSM rebar at face of outer column; (c)
Bottom edge of horizontal CFRP sheets at inner column face; (d) Top edge of horizontal CFRP sheets at outer column face.

Table 3
FE stresses in different strengthening parts at peak load of strengthened specimen PC-S*

Strengthening part Location Stress component Stress value (MPa)**, "

NSM steel rebars

NSM rebar 1

NSM rebar 2

NSM rebar 3

NSM rebar 4
Rebar 1 Axial stress 582

(=1.02fy)
Rebar 2 579

(=1.02fy)
Rebar 3 362

(=0.64fy)
Rebar 4 �112

(=-0.2fy)
Horizontal CFRP layer Extreme bottom edge Stress in X-direction 1033

(=0.98ffu)
Extreme top edge �348

Vertical CFRP layer Mid-depth of beam section Stress in Z-direction 183
(=0.69ffe)

* Stresses were predicted at critical section of middle beam-column connection.
** Positive value means tensile stress and negative value means compressive stress.
" fy = yield strength of NSM steel rebars; ffu = ultimate tensile strength of CFRP sheet; ffe = effective tensile stress in the CFRP shear reinforcement (vertical CFRP layer) at
ultimate shear strength, as calculated from ACI 440.2R-17 [46].
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with dimensions of 350 � 100 � 5 mm. These plates were con-
nected via 4 /10 mm high strength threaded rods at a center-to-
center spacing of 80 mm, as seen in Fig. 17(a). As seen in Fig. 17
(b), steel plates were modeled using eight-node solid elements,
whereas two-node beam elements were used to represent
threaded rods. The perfect bond was assumed between the steel
plates and the CFRP sheets. The FE output results of specimen
17
PC-S-EA are illustrated in Table 4 and Fig. 18. The failure mode at
the inner joint was the same as that described for specimen PC-S,
and it was thus not shown in Fig. 18. However, the mode of failure
of the CFRP sheets at the outer joints changed from interfacial end
debonding at a predicted CFRP strain of about 4620 le to debond-
ing mode at a predicted CFRP strain of about 6800 le (see Table 4
and Fig. 18(c)). This debonding mode is commonly found in RC
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beams and slabs tested in flexure and having FRP sheets externally
bonded to the tension side – known as intermediate crack (IC)
debonding [47,62,63] as seen in Fig. 18(a). As depicted in Fig. 18
(b) and Table 4, the provision of end anchorage at the end of CFRP
sheets of outer joints enhanced the peak load resistance by about
10% due to the delay of the CFRP debonding at the outer joints.

6.2. Effect of strengthening parameters

The FE modeling presented in Sec. 4 was also extended to inves-
tigate the impact of different strengthening parameters on the per-
formance of upgraded specimens. In addition to specimens PC-S
and PC-S-EA, the matrix for parametric analysis consisted of 34
specimens with different strengthening parameters such as the
area of NSM reinforcement and the thickness of CFRP sheets (see
Table 4). Six different NSM reinforcement areas ranging from 4
a6 mm per side to 4 a16 mm per side were studied. However,
for CFRP sheets, six different thicknesses varying from 1 to 6 mm
were investigated, in addition to the case of no FRP sheets, as illus-
trated in Table 4. It is worth to note here that in all specimens
employed in the parametric study (except for the case of no FRP),
the end CFRP sheets at outer connections were anchored using
18
bolted steel plates, which were the same as those used for speci-
men PC-S-EA (see Fig. 17). It should also be noted that in the anal-
ysis of specimens listed in Table 4, the material properties of
specimen PC-S were utilized. It is observed from Table 4 that the
thickness of transverse CFRP U-wraps was kept the same as the
thickness of longitudinal CFRP sheets. As mentioned previously,
the area of the transverse CFRP U-wraps was about 32% of that
required by Eq. (14.1.2) of the ACI 440.2R-17 [46], which, as per
both Almusallam et al. [47] and the test results of specimen PC-S,
was found enough to inhibit the unwanted debonding modes such
as the delamination of concrete cover and interfacial end
debonding.

The numerical analysis results of the 34 specimens employed in
this parametric study are summarized in Table 4. FE modes of fail-
ure for representative strengthened specimens employed in the
parametric study are displayed in Fig. 19. For specimens without
FRP sheets, tension-controlled flexural failure was anticipated in
the beams at both inner and outer joints due to steel yielding fol-
lowed later by crushing of concrete, as shown in Fig. 19(a) for spec-
imen PC-S-No-FRP-D6. For all 6 specimens with one layer of CFRP
sheets, failure was similar to specimen PC-S-EA (same as specimen
PC-S-EA-1L-D12 in Table 4), and it was in the following order: steel



Table 4
Details and FE results of specimens used in the parametric study*

Specimen ID Hybrid strengthening scheme FE results

NSM strengthening / side No. of CFRP layers / side Pu (kN) Du;c(mm) Py (kN) Dy(mm) Du(mm) lD Eu (kN.m) eNSM;bot(le) eNSM;top(le) eFRP;bot(le) eFRP;top(le) Failure mode
of middle joint(nh = nv)

PC-S 4 a12 mm 1 217 80 146 32 154 5 29 13,184 5071 10,785 4623 SY-FR-CC
PC-S-EA 4 a12 mm 1 240 90 146 32 130 4 32 19,676 24,827 10,952 6795 SY-FR-CC
PC-S-No-FRP-D6 4 a6 mm 0 72 130 27 10 164 16 10 103,929 133,852 – – SY-CC
PC-S-No-FRP-D8 4 a8 mm 0 102 150 41 11 231 21 21 91,505 104,197 – – SY-CC
PC-S-No-FRP-D10 4 a10 mm 0 134 170 87 20 291 15 35 81,613 83,702 – – SY-CC
PC-S-No-FRP-D12 4 a12 mm 0 172 140 102 22 288 13 43 61,447 60,710 – – SY-CC
PC-S-No-FRP-D14 4 a14 mm 0 210 150 135 31 281 9 52 56,443 46,014 – – SY-CC
PC-S-No-FRP-D16 4 a16 mm 0 250 150 171 40 245 6 53 22,879 32,484 – – SY-CC
PC-S-EA-1L-D6 4 a6 mm 1 136 80 60 12 80 7 9 46,718 55,139 10,678 6428 SY-FR-CC
PC-S-EA-1L-D8 4 a8 mm 1 150 70 98 21 81 4 10 42,785 42,916 10,207 6426 SY-FR-CC
PC-S-EA-1L-D10 4 a10 mm 1 185 70 118 26 83 3 12 20,458 24,391 10,642 5980 SY-FR-CC
PC-S-EA-1L-D12" 4 a12 mm 1 240 90 146 32 130 4 32 19,531 24,827 10,952 6795 SY-FR-CC
PC-S-EA-1L-D14 4 a14 mm 1 266 90 182 40 195 5 41 13,991 12,481 10,529 6755 SY-FR-CC
PC-S-EA-1L-D16 4 a16 mm 1 307 110 209 44 223 5 55 9809 8328 10,771 5950 SY-FR-CC
PC-S-EA-2L-D6 4 a6 mm 2 143 60 106 20 69 3 9 22,215 55,157 6038 6469 SY-DB-CC
PC-S-EA-2L-D8 4 a8 mm 2 167 60 129 27 76 3 11 20,458 35,596 6533 6765 SY-DB-CC
PC-S-EA-2L-D10 4 a10 mm 2 214 80 151 32 93 3 16 15,392 39,628 7187 8110 SY-DB-CC
PC-S-EA-2L-D12 4 a12 mm 2 251 90 186 40 106 3 20 9901 26,419 7513 6693 SY-DB-CC
PC-S-EA-2L-D14 4 a14 mm 2 281 90 209 44 170 4 41 7622 15,731 7780 4638 SY-DB-CC
PC-S-EA-2L-D16 4 a16 mm 2 327 110 241 51 155 3 44 6431 14,818 7531 5097 SY-DB-CC
PC-S-EA-3L-D6 4 a6 mm 3 172 60 119 22 65 3 8 19,720 43,816 5181 7075 SY-DB-CC
PC-S-EA-3L-D8 4 a8 mm 3 186 60 151 31 91 3 14 16,870 36,526 5334 7476 SY-DB-CC
PC-S-EA-3L-D10 4 a10 mm 3 230 70 182 36 77 2 16 11,857 29,601 5578 7690 SY-DB-CC
PC-S-EA-3L-D12 4 a12 mm 3 269 80 206 42 99 2 19 7769 25,637 5670 5759 SY-DB-CC
PC-S-EA-3L-D14 4 a14 mm 3 306 90 240 50 99 2 23 6909 19,309 5950 5194 SY-DB-CC
PC-S-EA-3L-D16 4 a16 mm 3 338 110 261 55 125 2 34 6011 15,366 6171 4203 SY-DB-CC
PC-S-EA-4L-D6 4 a6 mm 4 192 60 135 31 70 2 9 14,407 44,532 4525 4318 SY-DB-CC
PC-S-EA-4L-D8 4 a8 mm 4 219 60 168 36 72 2 12 10,614 53,299 4783 3635 SY-DB-CC
PC-S-EA-4L-D10 4 a10 mm 4 231 70 207 42 75 2 15 8058 26,275 4816 3007 SY-DB-CC
PC-S-EA-4L-D12 4 a12 mm 4 282 80 224 50 84 2 17 7240 23,770 4736 5154 SY-DB-CC
PC-S-EA-4L-D14 4 a14 mm 4 301 100 263 54 106 2 24 6209 27,051 5337 4456 SY-DB-CC
PC-S-EA-4L-D16 4 a16 mm 4 340 110 283 63 130 2 35 4080 14,992 5210 3387 SY-DB-CC
PC-S-EA-5L-D6 4 a6 mm 5 171 60 157 32 66 2 9 13,514 86,701 3874 4108 SY-DB-CC
PC-S-EA-5L-D16 4 a16 mm 5 332 90 305 69 140 2 37 3832 9687 4483 3812 SY-DB-CC
PC-S-EA-6L-D6 4 a6 mm 6 194 70 151 42 75 2 11 7657 63,445 3945 3125 SY-DB-CC
PC-S-EA-6L-D16 4 a16 mm 6 327 80 NY NY 140 – 37 2787 5604 3977 2561 DB-CC

* nh = No. of horizontal CFRP layers per side within connection region; nv = No. of vertical CFRP layers per side within connection region; Pu = peak load; Du;c= middle column displacement at peak load; Py &Dy = load and middle
column displacement at first yielding of bottom NSM rebars at inner column face; Du= middle column displacement at ultimate state; lD= displacement ductility = Du=Dy; Eu = energy dissipated at ultimate state, eNSM;bot = strain at
peak load for bottom NSM steel rebars at inner column face; eNSM;top = strain at peak load for top NSM steel rebars at outer column face;eFRP;bot = strain at peak load for bottom edge of horizontal CFRP sheets at inner column face;
eFRP;top = strain at peak load for top edge of horizontal CFRP sheets at outer column face; NY = No steel yielding; SY-FR-CC = flexural failure of strengthened portion of beam at inner column face due yielding of NSM rebars followed
by rupture of horizontal CFRP layers and then crushing of concrete in the compression zone of beam; SY-CC = flexural failure of beam at inner column face due yielding of NSM rebars followed by crushing of concrete in the
compression zone of beam; SY-DB-CC = flexural failure of strengthened portion of beam at inner column face due yielding of NSM rebars followed by intermediate crack debonding of horizontal CFRP layers and then crushing of
concrete in the compression zone of beam; DB-CC = flexural failure of strengthened portion of beam at inner column face due to intermediate crack debonding of horizontal CFRP layers followed by crushing of concrete in the
compression zone of beam.
" Same as specimen PC-S-EA.
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yielding at the inner joint, steel yielding at outer joints, rupture of
CFRP sheets at the inner joint, IC debonding of CFRP sheets at outer
joints, crushing of concrete in beams at the inner joint, and finally
crushing of concrete in beams at outer joints. However, for speci-
20
mens strengthened with two to five layers of CFRP sheets, failure
was almost identical – an example is given in Fig. 19(b) for the
inner joint of specimen PC-S-EA-4L-D12. It was in the following
order: steel yielding at the inner joint, steel yielding at outer joints,



Failure of middle joint Failure of outer joint

(a)
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Fig. 19. FE mode of failure for representative strengthened specimens used in the parametric study: (a) Specimen PC-S-No-FRP-D6; (b) Specimen PC-S-EA-4L-D12.
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IC debonding of CFRP sheets at the inner joint, IC debonding of
CFRP sheets at outer joints, crushing of concrete in beams at the
inner joint, and ultimately crushing of concrete in beams at outer
joints. The same failure mode was predicted for specimen PC-S-
EA-6L-D6, strengthened with 6 layers of CFRP sheets combined
with 4 a6 mm NSM steel rebars per side. However, for specimen
PC-S-EA-6L-D16, strengthened with 6 layers of CFRP sheets com-
bined with 4 a16 mm NSM steel rebars per side, failure was differ-
ent, as steel yielding was not predicted for the NSM rebars at the
middle joint (strain at the peak load was 98% of the yield strain,
as shown in Table 4). However, for the outer joints, the top NSM
rebars reached a strain of about twice the yield strain at peak load,
as depicted in Table 4. Load-displacement envelopes for represen-
tative samples of studied specimens are shown in Fig. 20. The influ-
ence of the number of CFRP layers on the load–displacement
characteristics can be studied from Fig. 20. The enhancement in
the number of CFRP layers from 1 to 4 did not have a significant
effect on the pre-yield stiffness of the specimens. However, it has
a considerable effect on the peak load resistance for specimens
strengthened with a small area of NSM rebars as the peak load
increased by about 42%, 46%, and 25% for /6, /8, and /10, respec-
tively, when the number of CFRP layers increased from 1 to 4, as
seen in Table 4 and Fig. 20. However, the number of CFRP layers
has less effect on the enhancement in the peak load of specimens
strengthened with a larger area of NSM rebars. The increase in
21
peak load was limited to 18%, 13%, and 11% for /12, /14, and /
16 NSM rebars, respectively, when the number of CFRP layers
increased from 1 to 4, as illustrated in Table 4 and Fig. 20.

As seen from Table 4, 22 specimens failed due to IC debonding
of the bottom edge of horizontal CFRP sheets at the middle joint.
For these 22 specimens, the debonding strain predicted by the FE
analysis was compared with the debonding strain efd of the ACI
440.2R-17 [46] given by:

efd ¼ 0:41

ffiffiffiffiffiffiffiffiffiffiffiffiffi
f 0c

nEf tf

s
Units : N; mmð Þ ð8Þ

where f 0c = specified concrete strength; n = number of plies of FRP
reinforcement; Ef = modulus of elasticity of FRP material; tf = thick-
ness of one ply of FRP reinforcement. Fig. 21 shows this comparison.
It is evident that the ACI equation underestimated the IC debonding
strain of all specimens with an average ratio of 0.83 for the FRP
strain predicted by the ACI model with respect to the strain pre-
dicted by the FE analysis. Thus, the equation of the ACI 440.2R-17
[46] can be used conservatively to anticipate the IC debonding
strain at the bottom edge of horizontal FRP sheets at the middle
joint of strengthened specimens.

In order to help in assessing the effectiveness of the CFRP/NSM
strengthening technique in enhancing the response of precast RC
beam-column connections under column-loss scenario, a new
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strengthening parameter (ks) was presented in this work. This
parameter can be expressed as follows:

ks ¼ MNSM þMFRP

Ms
ð9Þ

whereMNSM = moment capacity (at interior column face) of pre-
cast RC beam section strengthened by NSM steel rebars alone;
MFRP = moment capacity (at interior column face) of precast RC
beam section strengthened by horizontal FRP sheets alone; and
Ms = moment capacity (at interior column face) of beam section
of the corresponding monolithic specimen having continuous lon-
gitudinal beam rebars (specimen MC-SMF). For simplicity, these
moments can be estimated by assuming a reasonable value for
the neutral axis depth ofc ¼ 0:2h; where h ¼overall beam depth.
The three moments can be then approximately assessed from

MNSM ¼
XnNSM
i¼1

Abif si dsi � b1c
2

� �
ð10Þ

MFRP ¼ 0:4ntf efdEf h
2 ð11Þ

Ms ¼ Asf y d� b1c
2

� �
ð12Þ
22
where Abi = area of single NSM rebar; dsi = depth of ith NSM rebar;
fsi = stress in ith NSM rebar, given by

f si ¼
0:003 dsi � cð Þ

c
Es 6 f y;NSM ð13Þ
Fig. 21. Comparison of IC debonding strain of bottom edge of horizontal CFRP
sheets at middle joint of strengthened specimens predicted by ACI 440.2R-17 model
with FE analysis.
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where fy,NSM is the yield stress of NSM rebars and Es is the modulus
of elasticity of steel rebars. The other parameters in the above equa-
tions are defined as: b1 = factor relating depth of rectangular stress
block, as provided by the ACI 318–19 code [40]; efd= FRP debonding
strain, as given by the ACI 440.2R-17 [46] (Eq. (8)); As = area of ten-
sion beam reinforcement of monolithic specimenMC-SMF; fy = yield
stress of tension rebars of monolithic specimen MC-SMF;
d = effective depth to the centroid of tension rebars of monolithic
specimen MC-SMF. Another new parameter called ‘‘peak load effi-
ciency (gp)” was also developed in this study, and it is expressed
as follows:

gp ¼
Pu;precast

Pu;monolithic
� 100% ð14Þ

where Pu;precast is the ultimate load of the strengthened specimen;
Pu;monolithic is the ultimate load of specimen MC-SMF having continu-
ous longitudinal beam rebars. For the 34 specimens employed in
this parametric study, the strengthening parameter was calculated
and plotted versus the strain of bottom NSM rebars at the middle
Fig. 22. Effect of strengthening parameter ks on: (a) Strain of bottom NSM rebars at
middle joint; (b) Peak load efficiency (gp).

23
joint (eNSM;b), as shown in Fig. 22(a). The strain, shown in Fig. 22
(a), was normalized by the tension control limit of 0.005 [40]. The
regression analysis gives the following best-fit model:

eNSM;b

0:005
¼ 24:66e�2:15ks ð15Þ

As depicted in Fig. 22(a), the strengthening parameter ks should
not exceed 1.49 in order to have a tension controlled beam section
at the interior column face of the strengthened specimen.

Considering only the numerical results for the specimens hav-
ing tension controlled beam section at interior beam-column inter-
face (31 specimens), the strengthening parameter ks was also
plotted against the peak load efficiency (gp), as presented in
Fig. 22(b). It should be noted that the data point for ks = 0 (taking
the peak load of control unstrengthened specimen PC-C) was also
added to the scatter plot of Fig. 22(b). The best-fit regression trend-
line has the following equation:

gp ¼ �17:74k2s þ 121:15ks þ 5:87 ð16Þ
The R2 value for the above equation is 0.97 (for all 32 data

points). From Fig. 22(b) and Eq. (14), it is clear that in designing
of CFRP/NSM retrofitting scheme for the continuity at precast
beam-column joints, the strengthening parameter ks should not
be less than 0.9 in order to achieve a 100% peak load efficiency.
In conclusion, it is recommended to design the CFRP/NSM
strengthening system with 0.9 � ks � 1.49.

7. Conclusions

The main conclusions of this work can be briefly outlined as
follows:

1. Although the ultimate load and energy dissipated in monolithic
specimen MC-SMF having continuity of longitudinal beam
rebars were substantially higher compared to existing precast
specimen PC-C, the catenary action could not be developed
because of: (i) insufficient restraint provided by the end col-
umns, (ii) discontinuity of beams at the ends, (iii) discontinuity
of columns due to the consideration of single story, and (iv)
absence of column axial load.

2. The retrofitting of precast RC beam-column joints using the
innovative CFRP/NSM technique significantly enhanced the
load–displacement characteristics under column-loss scenario.
The proposed technique was efficient at enhancing the peak
load – representing the progressive collapse resistance in the
flexural action phase – by about 16.9 times of the control pre-
cast specimen. However, the strengthened specimen had a peak
load of about 95% of that of the monolithic specimen. Conse-
quently, the suggested strengthening technique was successful
at reducing the risk of progressive collapse of precast RC frames,
especially at the flexural action phase. However, displacement
ductility and energy dissipated at the ultimate state of the
strengthened specimen were 51% and 53%, respectively, of
those for the monolithic specimen. Therefore, in the post-
flexural action phase, due to the brittle nature of FRP compos-
ites (low rupture strain), enhancement provided by this system
is limited, as compared with the monolithic specimen.

3. Comparison of the FE and the experimental results demonstrates
therelevanceoftheFEmodelingfortheestimationoftheload–dis-
placement response for existing precast, monolithic, and
strengthened precast RC frames under column-loss scenarios.
Good agreementwas obtained between the experimental and FE
results with prediction errors ranging from 0% to 4%, 1% to 17%,
and 3% to 10% for peak load, center column displacement at peak
load,anddissipatedenergyatultimatestate.Thisshowstheappli-



H.M. Elsanadedy, Y.A. Al-Salloum, M.A. Alrubaidi et al. Construction and Building Materials 268 (2021) 121130
cability of the FE modeling procedures that may be employed in
future research about the performance of precast RC beam-
column joints for progressive collapse prevention.

4. The provision of end anchorage of bolted steel plates at the end
of CFRP sheets of outer joints of strengthened specimen PC-S
not only altered the failure mode from interfacial end debond-
ing to IC debonding but also enhanced the peak load resistance
by about 10% due to the delay of the CFRP debonding at outer
joints.

5. It is recommended that the strengthening layers of the CFRP/
NSM retrofitting system should cover the plastic hinge region,
which can be achieved by extending the strengthening layers
to at least twice the depth of the beam beyond the column face.
This extension should not also be less than the tension develop-
ment length of NSM rebars.

6. In this work, two parameters have been proposed: (i) strength-
ening parameter (ks) and (ii) peak load efficiency (gp). These
parameters were employed in comparing the behavior of
strengthened precast RC beam-column joints under column-
loss scenario with monolithic RC joint having continuous longi-
tudinal beam rebars. In designing of strengthening scheme, the
strengthening parameter ks should not be less than 0.9 in order
to achieve a 100% peak load efficiency. In order to ensure the
tension-controlled flexural failure of the strengthened beam
portion, it is recommended to design the CFRP/NSM strengthen-
ing system with ks � 1.49.
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