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ABSTRACT: Strengthening and rehabilitation of reinforced concrete (RC) beams are essential Review History:

for extending service life and improving structural performance under increased loading demands, Received: Mar. 11, 2026
deterioration, and design deficiencies. Although externally bonded fiber-reinforced polymer (FRP) Revised: Jul. 01,2026
systems have been widely used for flexural strengthening, their application is often associated with  Accepted: Jul. 14, 2026
brittle failure modes, bond-interface sensitivity, and durability concerns under severe environmental ~Available Online: Jul. 17,2026

conditions. This study proposes an alternative strengthening system based on high-performance fiber-

reinforced cementitious composite (HPFRCC) sheets containing wollastonite powder and reinforced  Keywords:

with GFRP bars. The research consisted of material development, experimental characterization, and  {prrcc

numerical investigation. Different wollastonite replacement ratios were considered to identify the
optimum mixture. The mechanical behavior of the selected HPFRCC was then evaluated through tensile
and flexural tests. A finite element model was developed in ABAQUS and validated against experimental
results. After validation, a parametric study was conducted to assess the influence of sheet thickness and
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GFRP reinforcement arrangement on the flexural response of strengthened beams. The results showed — Finite Element Modeling
that the mixture containing 20% wollastonite provided the best overall performance due to improved
matrix densification and fiber-matrix interaction. The proposed strengthening system significantly
enhanced both load-carrying capacity and energy absorption. The maximum load increased from 120.05
kN for the control beam to 267.41 kN for the strengthened specimen, while energy absorption increased
from 1479.35 J to 2921.84 J. The numerical results also showed that increasing sheet thickness and
reinforcement ratio generally improved structural performance, although the efficiency gain became
less pronounced at higher reinforcement levels. The proposed system can therefore be considered a

compatible and effective cement-based alternative for flexural strengthening of RC beams.

1- Introduction

Reinforced concrete beams often require strengthening
because of increased service loads, changes in structural use,
aging, construction defects, or environmental deterioration
[1]. In recent decades, FRP-based strengthening systems have
been widely adopted as an efficient solution for upgrading RC
beams because of their high strength-to-weight ratio and ease
of installation [2]. However, the relatively brittle behavior
of these materials, the sensitivity of adhesive bonding, and
their reduced performance under severe temperature or
moisture exposure have limited their long-term reliability.
Consequently, the use of advanced cementitious composite
materials has attracted increasing attention [3].

Among these materials, HPFRCC has emerged
as a promising option because of its strain-hardening
response, multiple microcracking behavior, and improved
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compatibility with concrete substrates [4]. Previous studies
have demonstrated the potential of cement-based and
fiber-reinforced composite laminates for strengthening
RC members under flexural loading [5,6]. Nevertheless,
limited research has addressed the structural application of
wollastonite-containing HPFRCC sheets combined with
GFRP bars as a hybrid strengthening system for RC beams.
Wollastonite, owing to its acicular microstructure and
beneficial physicochemical interaction with cementitious
matrices, can improve packing density, crack resistance, and
fiber-bridging efficiency. The present study aims to develop
an HPFRCC sheet containing wollastonite powder and to
evaluate its effectiveness for flexural strengthening of RC
beams through experimental and numerical investigations.
The main contribution of this research is the introduction and
assessment of a hybrid cement-based strengthening system
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that combines a wollastonite-modified HPFRCC matrix with
GFRP bar reinforcement, together with a validated finite
element framework for predicting its structural behavior.

2- Methodology

The study was carried out in three main stages: material
design, experimental characterization, and numerical
simulation. First, several HPFRCC mixtures were prepared
using Type II Portland cement, silica fume, silica sand, quartz
powder, superplasticizer, and hybrid fibers consisting of
micro-steel fibers and PVA fibers. Wollastonite powder was
introduced as a partial replacement for cement at different
ratios to identify the optimum mixture.

The mechanical properties of the developed material
were then evaluated experimentally. Direct tensile tests
were performed on dog-bone specimens to assess tensile
strength, strain-hardening behavior, and cracking response
in accordance with JSCE recommendations [7]. Four-point
bending tests were also conducted to examine the flexural
behavior of the selected composite mixture. Based on the
experimental results, the optimum mixture was adopted for
the strengthening layer.

In the numerical phase, finite element models of the
control and strengthened beams were developed in ABAQUS
using the Concrete Damaged Plasticity model for concrete
[8]. The constitutive relationships were defined using
established stress-strain models for concrete in compression
and tension [9,10]. After calibration and validation against the
experimental response of the reference beam, the numerical
model was employed for a parametric study. The investigated
parameters included HPFRCC sheet thickness and the number
and diameter of embedded GFRP bars.

3- Results and Discussion

The experimental investigation showed that incorporating
wollastonite powder improved the microstructural quality
and mechanical performance of the HPFRCC matrix, with
the 20% replacement level providing the most favorable
overall response. This mixture exhibited improved tensile
behavior and crack distribution compared with the other
mixtures, indicating more effective fiber-matrix interaction
and improved internal stress transfer.

Figure 1 presents the proposed strengthening
configuration, including the RC beam, the HPFRCC sheet,
the embedded GFRP bars, and the loading arrangement. This
figure is the most suitable choice for the extended abstract
because it clearly illustrates the strengthening concept and
test configuration in a compact format.

The validated numerical model predicted the control
beam behavior with good accuracy, with a peak-load error
of about 2.8%, indicating acceptable agreement with the
experimental results. The parametric study showed that the
proposed strengthening technique significantly enhanced
flexural performance; increasing sheet thickness improved
stiffness, delayed crack propagation, and raised ultimate
load, while increasing the diameter and number of GFRP
bars improved load-carrying capacity and energy absorption,
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Fig. 1. Strengthened RC beam configuration with HP-
FRCC sheet and embedded GFRP bars.

though with diminishing gains at higher reinforcement levels.
Table 1 provides a concise summary of these key structural
results and clearly demonstrates the overall effectiveness of
the strengthening system.

Compared with the control beam, the strengthened
configuration increased the load-carrying capacity by more
than 120% and nearly doubled the absorbed energy. These
findings indicate that the proposed hybrid HPFRCC-GFRP
strengthening layer provides not only higher strength but
also improved deformability and post-cracking performance.
From a practical point of view, the use of a cement-based
strengthening layer may also offer better compatibility with
the concrete substrate than conventional bonded FRP systems

4- Conclusions
Based on the experimental and numerical results, the
following conclusions can be drawn:

* The HPFRCC mixture containing 20% wollastonite
powder as a partial cement replacement exhibited the best
overall mechanical performance among the investigated
mixtures.

* The developed finite element model predicted the flexural
response of the control and strengthened beams with
acceptable accuracy, with a peak-load error of about 2.8%
for the reference beam.

* The proposed HPFRCC-GFRP strengthening system
significantly improved the structural behavior of RC
beams, increasing the maximum load from 120.05 kN to
267.41 kN and the energy absorption from 1479.35 J to
2921.84 J.

* Increasing the thickness of the strengthening sheet and
the amount of GFRP reinforcement generally improved
beam performance; however, the efficiency of additional
reinforcement decreased at higher reinforcement levels.

* The proposed cement-based hybrid strengthening
technique can be considered a durable and compatible
alternative to conventional FRP-based systems for the
flexural rehabilitation of RC beams.
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Table 1. Summary of key structural performance

results.
Peak Energy
Specimen Load Absorption
(kN) Q)
Control beam 120.05 1479.35
Strengthened beam 267.41 2921.84
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Fig. 1. Proportions of HPFRCC constituents based on previous studies and the average of reported values.
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Fig. 3. Test setup and dimensions of the dumbbell-
shaped tensile specimen (mm).
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fibers.

YV kS Cooglie Jolis LI oyl (Sl claseiio cdiiws 2o Lo
2 oS VI IS5 5 JSallSS Ve ¥y Sl
ol xS o 5lu

5 JKWLES ¥Y dtwiwY] Joto (JSwbEo VYO iuiS Cuoglis
Sl polalods (Oned b CaSe plole p eS8 VWA JIS
S & e syonly 513y Ko 1 e joels (slodd g (iod 3)Skos
Caoglio (glyls 3, Ko s odliiw] dsges il > (GFRP) asis
VN S 5 JSWLES Fr atugioY] Jodo ( JSKwbKe Ave iiS
P SFp G oSl ) ) eslitl s ceSe o Sl S
lods 1) Y S > BNy glas

oialesl pll (bg, =Y =V =
osiis (S Ltalofl HPFRCC S s, bl el
sl gy 9 diges colo ad plodl JSS Led sladiged (595
oy Oles Ottt ezsl ety Jadllysion b sillas hlojl
S b SNy lael joliteds [YV] 5,5 plosl (JSCE 2008)
o tslojl s 4l g b Wadiges dwiin b caslize 65V 5b (slacss
S Yo o b U0 Slggp Sl o8l odlizal
gy yte oo 10 ol ons Jlas] oty &5 (¥ USS) 15,5 plos



5o B FRY asmio 00 Jlo & 0)led DA (1S poel (ol yos (susdiges 4y el

pF -
—
7' ;

e
e

<y o Bo e x\YOXY O digod (owivod (53158 \U 0950 9 Wl jupi O JSWS

Fig. 5. Test setup and flexural loading configuration of
the 25 x 125 x 500 mm specimen.

-]
SANTAM

o uo) FoxFoxIFo cavod digod dlasl g (yiisbojl O jupas .F JSCi

Fig. 4. Test setup and dimensions of the 160 x 40 x 40
mm flexural specimen.

<y o 1O+ 43 VDo x YD diged (owivod (5,135, 0950 g Ol japad W& S

Fig. 6. Test setup and flexural loading configuration of the 25 x 125 x 500 mm specimen.

@ (gwyp =Y ) Y
o LIS gy s S Lhod aiged A [IY-YA] e il
oalCusdty G AT slaszie By )8 e 1S (0]
o ol L ¥ SS 5d diged ya Jlon] amie HUS )5 laioles] ]
il Jre yd lotg Cuenl I S HLd) Jlow) otie s ol
Gl o] Sl @l ol 058 (Slog Cajpels sladdyg oe
oy Vo gl bS] g 5 (WO) gy 156 b3ls) )b o

F il JSi 0 Lind slaiolejl (6538 )b 0950 5 el jaas iyl 5,5
Cjgpels (5)Lid Canglie nni jolateds (uleg 5> el 02l L) 2L
g 4l ylo Lo Ve exVeexVer slal b xS dges @y HPFRCC
s st el Jaallygion b e alojl ol 505 Sloj]
26,5 plos) [YA] BSI BS EN 12390 5,5l 4 [¥Y] (JSCE) 113
oishS Yoo b lo b i oSty odlitl b (5Lt bl

£



12 4 W20-1
11 W20-2
10 4 W20-3
9 4 [ cal

— 8 A

S

2]

£

2

w 4 4

0 1 2 3 4
Strain (%)

Stress (MPa)

12
11

-1 D o o

=T N O I PN . =21

Yo U FYY aian NF-0 JL» &y Q)Lo.w DA 0,93 4)2..5)“0‘ LJ‘)‘"’C L;u)._\a.@(a 4.1).»&.’

W15-1

W15-2

W15-3
[ cleal

1 2 3 4
Strain (%)

12 - W10-1 12 Wi-1 12 4 Wio-1
11 4 W10-2 11 W3i-2 11
10 4 W10-3 10 Wi-3 10
—Ideal —
9 | ea 0 Ideal 9
25 z; 2]
4 ’? ’] 4
E [ E 6 :'2-' 6
2 <] 7 5 £
w4 4 w4 w4 4
3 A 3 34
2 1 2 2 4
1 1 1
0 1 T T ) ) 0 T 1 04 T T T 1

0 1 2 3 4
Strain (%)

Strain (%)

0

1 2 3 4
Strain (%)

oS 35 g 61 o] (S5 ol ped i (inlS Codd JSWS Jed (gLdige T (i 5S-G 15905 Y UKW

Fig. 7. Stress-strain curves of the dumbbell-shaped specimens under direct tension, together with the idealized curve,

for the five mixtures.
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Fig. 8. Stress-displacement curves of the 160 x 40 x 40 mm prismatic specimens under flexure for different wol-
lastonite replacement ratios.
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Fig. 9. Load-displacement curve from the flexural test.
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Fig. 10. Load-displacement curve of the specimen reinforced with two 8 mm diameter GFRP bars and
dimensions of 25 x 150 x 1500 mm.
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Table 2. Sensitivity analysis results of mesh size for the reinforced concrete beam.

¥l o il 0 sl () e (e Bl) R o5l S5l
VEN - Ve \
By 5 Y
YI0 ¥
¥ VYD ¥
oY \ 5

R Sy A e gl il Y Jgu

Table 3. Parameters of the concrete damage plasticity model.

viscosity  Shape factor (Kc)

Stress ratio (6b0/ 6c0)

Eccentricity (¢)  Dilation angle (y) (degree)
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Fig. 15. Stress-strain curve of the steel reinforcing bar.
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Fig. 16. Comparison of the load-displacement curves.
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Fig. 13. Compressive stress-strain curve of concrete.
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Fig. 14. Tensile stress-strain curve of concrete.
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Fig. 17. Tensile damage in concrete.
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Table 4. Parameters of the HPFRCC plastic damage model.

viscosity Shape factor (Kc)

Stress ratio (6b0/ 6c0)

Eccentricity (g) Dilation angle () (degree)
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Fig. 18. Load-displacement curve of the 500 mm sheet bending test along with the numerical simulation.
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Fig. 19. Load-displacement curve of the 25 x 150 x 1500 mm sheet reinforced with 8 mm diameter GFRP bars.
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Table 5. Designation of the beams along with the specifications of the strengthening sheets.
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Fig. 20. Details of the numerical model of the strengthened beams.
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Fig. 21. Load-displacement curves for beams S1 to S9.
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Table 6. Peak load of each beam (kN).

S9 S8 S7 S6 S5 S4 S3 S2 S1 OB b, (5,la%L

- - - - - 12005 (g0 55) GFRP 5, %Lee a0

229.88 218.46 203 217.83 208.11 198.01 203.01 191.13 180.78 - o ko # a3 L GFRP o Kheo

247.63 237.81 2111 240.98 226.55 209.52 22937 212.01 194.60 - oo A yad L GFRP s Sl

261.01 254.32 239.15 255.85 243.86 221.95 250.02 236.21 213.80 - yioses Vo la3 L GFRP o Sl

267.41 262.85 252.68 260.57 255.98 237 256.91 249.28 230.38 - oo VY L3 L GFRP o Slee
51\ 280 ~
\} 240 - B GFRP 2 8L o5
5, 2007 1Ml ¥ eka# ki L GFRP s 5L

1 160 A
9 a0 1111 " ok A i L GERP 5,5
gi 80 - } } Feskee Ve ki L GFRP 5 8L
% 40 1 | | | B eka Y ki L GFRP 5 SLa
~ 0
OB S7 S8 S9
45mm culss
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Fig. 22. Load-carrying capacity versus beam designation.
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Table 7. Energy absorption capacity (J) for each beam.

S9 S8 S7 S6 S5 S4 S3 S2 S1 OB b, (5,0l

- - - - - - - - - 147935 (g0 55) GFRP & Shio oo
2662.66 2598.18 252491 248230  2423.18  2340.05 2298.76  2234.73  2152.79 - insho # 53 L, GFRP o 8
2770.27 2693.32 2645.20 2667.78  2559.59  2438.28 2477.42  2368.15  2247.99 - Foosleo A ka3 L GFRP » 8L
2867.27 2810.95 2754.89 2772.56  2660.66  2543.85 2648.22 254843  2368.62 - oo Vo a8 L GFRP 5 XL
2921.84 2894.93 2807.62 2817.14  2759.79  2646.61 272147 267348  2478.59 - o sk VY a3 L GFRP & Sl
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Fig. 23. Energy absorption capacity versus beam designation.
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