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ABSTRACT

Fiber-reinforced polymer (FRP) composites have been widely used to enhance and rehabilitate re-
inforced concrete (RC) members subjected to shear, flexural, and axial actions due to their high
strength-to-weight ratio and corrosion resistance. Among the available strengthening techniques,
the embedded through-section (ETS), also referred to as the deep embedment (DE) method, has
recently emerged as a highly effective solution for shear strengthening of RC beams. Experimental
studies have demonstrated that ETS-strengthened beams can achieve substantially greater shear
enhancement than conventional externally bonded (EB) and near-surface mounted (NSM) systems,
in which FRP composites are attached to or embedded near the concrete surface. The superior per-
formance of the ETS technique is mainly attributed to its improved anchorage and more efficient
interaction with the internal shear resisting mechanisms of RC beams. This paper presents an an-
alytical approach to evaluate the failure mechanism and shear strength of RC beams retrofitted
with ETS-FRP bars. First, the shear tension-controlled capacity model previously developed by the
authorsis enhanced by incorporating the interaction among the shear resistances of concrete, ordi-
nary transverse steels, and ETS-FRP bars through the effective transverse strain of the strengthening
system. Three formulations for estimating the effective transverse strain of the FRP strengthening
are examined. The previously developed formulations for shear compression-controlled capacity
are then integrated with the enhanced model to evaluate shear behavior through variations in the
major shear crack angle and the resulting shear strength. Experimental and numerical data on ETS-
FRP-retrofitted beams from past works are utilized to corroborate the enhanced approach. The
corroboration results show good agreement, with an average tested-to-predicted shear strength
ratio of approximately 0.8 and a coefficient of variation below 20%, demonstrating the reliability of
the proposed method.
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INTRODUCTION

The fiber-reinforced polymer (FRP) composite is of-
ten applied to enhance or restore structural per-
formance under shear, flexural, and axial actions
These FRP
composites are typically manufactured using carbon,

of reinforced concrete (RC) members.

glass, aramid, or basalt fibers. Recently, embed-
ded through-section (ETS) method, referred to as the
deep embedment (DE) method, has been developed
for strengthening beams in shear, as demonstrated by
several experimental works (Mofidi et al. !, Breveglieri
etal.?, Sogut et al. 3. Dirar and Theofanous*, Caro®,
Bui et al. %7, and Azevedo et al.®). An illustration of
the ETS technique is shown in Figure 1. The ETS tech-
nique involves installing FRP rods into holes drilled
through the core section of the component. Adhesive
materials are then adopted to glue the FRP bars to the
concrete.

The reported experimental results demonstrate that
ETS-strengthened RC beams can achieve significant
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Figure 1: lllustration of ETS strengthening tech-
nique (adapted from ®7)

improvements in shear capacity compared with un-
strengthened beams or beams strengthened using
other techniques with near-surface mounted (NSM)
approach and externally bonded (EB) approach®. In
EB and NSM systems, FRP composites are attached
to or embedded near the outer surface of the concrete
member >0

To determine the transverse responses of RC beams

installed employing ETS-FRP rods, several analyti-
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cal approaches have been proposed in previous stud-
jeg LOS,11-14 including both closed-form formula-
tions and iterative algorithms. The results reported
in these studies demonstrate the capability and accu-
racy of the analytical models in predicting beam load—
deflection response, strains in longitudinal and shear
reinforcement, and concrete crack widths.

In particular, the authors’ previous work (Bui et al. 1)
implemented a simplified approach to derive the
shear strength and failure mechanisms of ETS-FRP-
strengthened beam components by evaluating the
shear-resisting forces associated with shear tension-
controlled and shear compression-controlled failure
modes. Validation against experimental data eluci-
dated that the proposed approach can reasonably es-
timate the peak shear load of ETS-FRP-intervened
specimens while correctly identifying the governing

1.1%s model, the

failure mode. However, in Bui et a
shear forces of concrete and internal steel stirrups are
typically treated independently from that of the ETS-
FRP strengthening system.

Therefore, this study attempts to incorporate the in-
teraction among the shear-resisting components in
analyzing the peak shear load of ETS-FRP-retrofitted
members. To achieve this objective, the formulations

proposed in Bui et al. !

are first adopted as the basis
of the analytical framework. The shear strength asso-
ciated with the shear tension-controlled failure mode
is then enhanced by accounting for the interaction
among concrete, internal steel stirrups, and FRP DE
rods through the effective transverse strain.

The enhanced model is validated using available ex-
perimental and numerical data reported in previous
studies. In addition, an illustrative design example
is presented to demonstrate how the proposed ap-
proach can be used to determine an optimal ETS-FRP
strengthening configuration that leads to a desirable
shear failure mode.

MATERIALS AND METHODS

Modified model for softened strut and tie

mechanism '3

Bui et al.'® developed a method for determining

the peak shear force of ETS-FRP-strengthened beam
components on the basis of the original method of
Hwang et al. !> (Figure 2). The model was established
governing on the shear tension failure with truss anal-
ogy approach (V,,) and shear compression failure
with softened strut and tie (SST) formulations (V).
Given the available studies, the present paper aims to
summarize the formulations presented in Bui et al. '

’s and Hwang et al. 155 works, as below:

Ve = KC foAgirsin® (01)
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§ =335/(f)" <052 )

Agr = a5 X by (3a)

as = 1/ (kd) + (%”)2 (3b)

Es\? E E,
kd = \/(pstz) +2pst—:_—pst—z xd

where { denotes the softening factor of cracked RC
element; kd means to the size of the compression re-
gion (mm); © means the inclination of the strut el-
ement (°); E; implies the modulus of elastic of the
steel (GPa); a; denotes the strut size in depth (mm);
K denotes the index involved the strut-and-tie prop-
erty; b, refers the strut size in width, taken as the web
beam width b (mm); Ay, is the effective area of a strut

(mm?); d means the effective depth of the beam sec-
tion (mm); py denotes the percentage of the bottom
reinforcing bars; E. demonstrates the elastic modu-
lus of the concrete determined by 21.5x (f’/10)!/3

(GPa) %4 p is the loading plate width, calculated with
100 mm.

The index represented the strut and tie action (K)
for a DE-FRP-inserted specimen is derived applying
the following expressions (Bui et al.'*; Hwang and
Lee'”), as below:

K = K+ Ky-1 (4a)

— (4b)

Fy,

— I;?yv —
Kv:1+(Kv*1)T <K, (4¢)
F,

Fyn =Amnfyn +Amffrn (4d)
Fyv = Atvfyv +Atvfffv (4e)
Fy =" (16 Cf;Am) cos (4f)
=% <IEVCf;Am) sin@ (4g)

(3¢0)
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Figure 2: Shear mechanisms for an ETS-FRP-strengthened RC beam: (a) softened strut-and-tie (SST) model 1lg

(b)shear resistance of ETS-FRP bars '3

= 1

Ky=——7—7>5 4h
1-02 (% +7%) (4h)
K=ot (4D
T1-02(k+ %) 1
0<p=2"0"1<) (1)
OSYh=ZCOt2_1S1 (4K)

where Kj, refers the horizontal tie index representing
the adequacy of the horizontal stirrups; K, is the verti-
cal tie index representing the adequacy of the vertical
stirrups; K, and Kj, mean the indices represented ver-
tical and horizontal resisting ties, respectively; Fy,
is

the total tensile force carried by the vertical ties with
the present transverse steel and FRP contributions
(kN), while Fy, refers the force carried by the
horizon-tal tie, including the contributions fromboth
steel re-inforcement and FRP reinforcement(kN).
Ay im-plies the total area of the FRP tiesin
horizontal ar-rangement (mm?), and f 1, denotesthe
effective ten-sile strength of the FRP horizontalties
(MPa). A, de-notes the area of the steelhorizontal
ties (mm?), and fy;, means the yieldingstrength of
the horizontal steelties (MPa). A;, s demonstrates the
total area of the ver-tical FRP ties (mm?), and f, is
the effective strengthof the vertical FRP ties (MPa).
Ayy implies the area of the steelvertical ties (mm?2),
and fy, refers the yielding strengthof the vertical
reinforcing steel ties (MPa). Y, means the amount of
shear resisted by the tie in hor-izontal direction
when the contribution of the verti-cal tie is
neglected, whereas ¥, denotes the amountofshear
resisted by the tie in vertical direction whenthe

2914



VNUHCM Journal of Engineering and Technology 2026, 9(2):2912-2923

contribution of the tie in horizontal direction is not
available. F}, represents the required balanced hori-
zontal tie force (kN), while F,, illustrates the required
balanced vertical tie force (kN).

Shear force for failure in shear tension (V,, ;)

The transverse force due to the shear tension fail-
ure mechanism of an ETS-FRP-strengthened beam is
computed, as below:

Ve = Vet kegV o, + Vs (52)

kszswmin (fysm Eswefe) d
Ssw

h
+AfEses, (cot +cotP) o )
f

Vui = bd(0.1c0t +

(5b)

where V implies the shear contribution of ETS-FRP
bars (kN); £’ denotes the maximum concrete strength
under compression (MPa); V. refers the peak shear
force carried by the concrete (kN); Vg, means the
shear resisting capacity due to the transverse steels
(kN); b means the width of the specimen section
(mm); Ay demonstrates the area of ETS-FRP bars
(mm?); fyg, represents the stirrups yielding strength
(MPa); kyr = min[0.75x(1 - kd/d),1] is the coeffi-
cient considering the stirrups and ETS interaction '®;
Ay, is the internal stirrup area (mm?); 6, is the con-
crete tensile stress (MPa); sq, represents the longi-
tudinal spacing of the ordinary steel stirrups (mm);
€ s, implies the effective result of the transverse strain
in FRP retrofit system. For sake of convenience and
simplicity, the effective transverse strain resulting in
the strengthened RC member is assumed to be the
same for the concrete, steel stirrups, and ETS-FRP re-
inforcement.

This study employs three models to calculate the
transverse strain based on the effective deformation
for ETS-FRP system stipulated in the JSCE '*’s guide-
line, proposed using the analytical analysis of Mofidi
et al. s work and Bui et al. '®’s research, as follows:

h )‘“ , psE;

. — - 6
Efe,JSCE (0‘3 Je prE;s (6a)

x 10~*

8 TS
Efe ACI-Mofidi = ( = m) <0.004 (6b)

dpEr \1+p
nd LT,
Efe Bui = bffiAffm <0.004 (6¢)

where s, refers the slippage at corresponding to the
peak bond stress (MPa); 7, means the ultimate in-
terfacial bond stress (MPa); p means the bond curve
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factor. According to the study', for ETS-GFRP bars,
sm applies 0.175 mm, T, is taken 6.0 MPa, and p is
with 0.45, while for ETS-CFRP bars, s, is with 0.176
mm, T, is determined at 21.3 MPa, and p is 0.125.
On other hand, in work >’, the maximum bond stress
(Tm) in Eq. (7) can be calculated by:

007" forL; <90 (mm)
_ 273 —
"= 9.14 Je x08xLy forLy > 90 (mm)
Efpf + EswPsw

To determine the L_f in Eq. (12c¢), the FRP rods af-
fected by the shear crack failure could be considered.
As shown in Figure 2(b), when a crack forms, the ETS-
FRP bars intersecting the crack surface are considered
effective reinforcement. The quantity of engaged bars,
the embedment length corresponding to each bar, and
the mean adhered length of the FRP rods are evalu-
ated using below expressions:

(8a)

6
Ny = round off {hw}

Sf

sin h
S f————— P < = 10 t
L zsfsin(9+ﬁ)forxf<2(co +cotfB)
fi— sin @

-2

o 1 Nf
L= Nfi;Lf, (8¢c)
where x; = isy denotes the gap from the failure crack
tip of the bar end at the beam bottom; s, implies the
spacing of ETS reinforcement (mm); Ny refers the
quantity of ETS bars intersected by the major shear
failure crack; 6 and B denote the inclinations of the
major shear crack and ETS system, respectively (°);
Ly; means the adherence length of individual shear-
engaged ETS bar (mm).

The concrete tensile strength (6,1) in Eq. (9a) is cal-
culated using the constitutive law, as below:

fct =E:€ € <&y
O¢] =

et

w = €S = € X 1/(sin0/S,;; +cos0/Sy)

Note that S,,;; = sg and Sy, = d are simply assumed
as the mean distance between shear cracks (mm); w
is the size of the crack (mm); a, is taken the average
aggregate diameter (mm). Note that S,,; is considered

—15w
max | O¢l.q = fer€ Oclp =
( cla=Je eh 14++/2.2meg;

(07)

(8b)

h
— S f— >
Ly —isy Sn (61 p) for zy; (cotB +cotf3)

> (92)

(9b)
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35d/(16 + ag) for the specimens without internal steel
stirrups. The coefficient m can be calculated as:
1 Psw Psi

-~ =4 —\sin(90—9)|+gsin(0—6)

oy (10)

As presented in the reference 1>, the tensile strain
equation of concrete is expressed as:

€& = € + (0.002 + gp,)cot*(6)

The computational procedure based on the above for-
mulations is illustrated in the flowchart shown in Fig-
ure 3. First, the beam inputs, including geometry and
material properties, are defined. Then, an initial shear
crack angle of 6 = 45° is assumed. The calculation
proceeds by gradually reducing the shear crack angle
until the conditions related to shear strength are satis-
fied. Depending on the correlation of the values of the
Vi,es Ving» and 0, three failure modes of the beams, in-
cluding shear-balanced, shear compression, and shear
tension, can be classified as illustrated in Figure 4(a)-

(o).

Figure 4: Failure classification: (a) shear-balanced
fracture; (b) shear compression-controlled failure;
(c) shear tension-controlled collapse (Source: Au-
thors)

RESULTS AND DISCUSSION

ETS-FRP-retrofitted beams ex-
1-5,7,8 The beam

configurations involved in the specimen dimensions

Twenty-seven
perimented in the literature

and geometries, properties of materials, and shear
capacity results served the model calculation are
depicted in Table 1. Generally, the beam specimens
were configured with a span containing the ETS-FRP
strengthening system, while the other span was with
the excessive amount of steel stirrups. The beams
were intentionally failed due to the shear behavior in
the ETS-strengthened span.

The validation results are reported in Table 1 and
demonstrated in Figure 5. Overall, the predicted max-
imum shear forces show good agreement with the ex-
perimental and numerical capacities reported in the
literature. The mean ratio of predicted-to-tested shear

load is approximately 0.8, with a coeflicient of vari-
ation (CoV) below 20%. This level of scatter indi-
cates a reasonably consistent prediction with accept-
able accuracy for analytical models of strengthened
RC beams.

In general, most specimens exhibit conservative pre-
dictions, as reflected by predicted-to-tested ratios
lower than unity. This tendency can be attributed to
the simplified assumptions adopted in the analytical
model, particularly in estimating the effective trans-
verse strain and the interaction among concrete, steel
stirrups, and ETS-FRP reinforcement, which may
slightly underestimate the actual shear resistance of
the strengthened members.

Among the examined formulations for effective trans-
verse strain, the equation proposed by Bui et al. * pro-
vides the most accurate predictions, yielding the clos-
est agreement with the experimental results. This im-
proved performance may result from its ability to bet-
ter represent the interfacial behavior and strain de-
velopment of ETS-FRP rods adhesively embedded in
concrete.
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Input parameters:
(1) Beam geometries: a, b, h, d, L
(2) Concrete properties: dag, [, E., [7es €co
(3) Longitudinal reinforcement: E\, d, ny, ps. dy, Ny, dpgrs Psts Jrs
(4) Steel stirrups: E,, d Ssys Sysws P
(5) ETS-FRP: E; dp; 55, f, B, pr

L

Calculate transverse strain based on effective strain
of ETS-FRP strengthening system (gz,)

!

6 = 45°

'

Calculate ¥V, . by Eq. (1)

Yes
V=V, @

! Nol
Shear compression 0=0-A0 |«
failure l
Calculate 7, by Eq. (5a) No
I/H = ]7??.4' = VHC
Shear balanced Shear tension V-
failure failure noon

2917

Figure 3: Calculation procedure modified from Bui et al.*
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Table 1: Beam details '* and verification

Studies Beam ID b (mm) h (mm) d (mm) a (mm) f’. (MPa) ds ny fys dgy Sy fysw Eow
(mm) (MPa) (mm) (mm) (MPa) (GPa)
Mofidi et S1-9d260s 152 406 350 1050 29.6 25 4 470 8 175 540 200
al.!

S1-12d260s 152 406 350 1050 29.6 25 4 470 8 175 540 200

S1-9d260p 152 406 350 1050 29.6 25 4 470 8 175 540 200

Breveglieri 2S-C180-45 180 400 360 900 32.3 24 4 598 6 300 574 200

etal.’
4S-C180-45 180 400 360 900 32.3 24 4 598 6 180 574 200
Dirar and C/1.9 150 650 600 1150 40 25 4 580 8 450 540 200
Theo-

fanous>

Caroetal.* FE8-CFRP 150 650 600 1150 40 25 4 580 7 450 540 200

FE10 (C/2.2) 150 650 600 1320 40 25 4 580 8 440 540 200

FE11 (G/2.2) 150 650 600 1320 40 25 4 580 8 440 540 200

FE14 (G/2.2) 150 650 600 1500 40 25 4 580 8.5 500 540 200

FE17-CFRP 150 650 600 1150 40 25 4 580 6 450 540 200

FE20-CFRP 150 650 600 1150 40 25 4 580 10 450 540 200

FE26-CFRP 150 650 600 1150 40 25 4 580 8 450 540 200

FE29-CFRP 150 650 600 1150 40 25 4 580 10 450 540 200

Sogut et S/2.0/G3.82 75 325 300 900 41 12 4 580 4 300 540 200

al.”

$/2.0/G1.91 75 325 300 900 41 12 4 580 4 300 540 200

S/2.7/G1.91 75 325 300 900 41 12 6 580 4 300 540 200

S/2.7/C1.35 75 325 300 900 41 12 6 580 4 300 540 200

Bui et al.” B2 150 300 250 900 27 25 4 390 9 300 235 200

B3 150 300 250 1200 27 25 4 390 9 300 235 200

B5 150 300 250 900 27 25 4 390 9 300 235 200

B6 150 300 250 900 27 25 4 390 9 300 235 200

Continued on next page
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Table 1 continued

Azevedo et
al.®

Studies

Mofidi et
al.!

Breveglieri
etal.?

Dirar and
Theo-
fanous?

Caroetal.*

B7

B8

B9
CFRP-90

CFRP-45
Beam ID

§1-9d260s

$1-12d260s
$1-9d260p
25-C180-45

4S-C180-45
C/1.9

FE8-CFRP
FE10 (C/2.2)
FE11 (G/2.2)
FE14 (G/2.2)
FE17-CERP
FE20-CFRP
FE26-CFRP
FE29-CFRP

150
150
150
200

200

d; (mm)

9.5

12.7
9.5

12

14.7
12
12
12
12
12
10
10

300
300
300
300

300

sy (mm)

260

260
260
180

180
450

450
440
440
500
450
450
450
450

250
250
250
243

243
B )

90

90
90
45

45
90

90
90
90
90
90
90
90
90

900
900
900
610

610

fry
(MPa)

1885

1885
2800
1920

1920
2300

2300
2300
973
973
2300
2300
2300
2300

27
27
27
35

35
E; (GPa)

148

148
155
160

160
130

130
130
40

40

130
130
130
130

25
25
25
25

25
FRP
bar

type

CFRP

CFRP
CFRP
CFRP

CFRP
CFRP

CFRP
CFRP
GFRP
GFRP
CFRP
CFRP
CFRP
CFRP

RGN

VExp.

(kN)

260.3

266.6
280.7
280.7

370.1
426

419.6
322
300.4
259.5
390.9
440
392.5
427.3

390
390
390
603

603
Vpred.
(Bui et
al.)/VExp,

0.90

0.87
0.82
0.78

0.75
0.80

0.99
1.08
0.72
0.81
0.78
0.87
0.73
0.77

A O VO \©

6
v pred.
(Mofidi
et
al.)/Veyp
1.08

1.42
1.03
0.78

0.75
0.80

0.95
1.08
0.71
0.80
0.78
0.87
0.73
0.77

300
300
300
250

250
Vpred .

235
235
235
603

603

(JSCE)/Vexp

0.76

0.78
0.71
0.48

0.46
0.57

0.59
0.77
0.71
0.80
0.56
0.63
0.60
0.64

200
200
200
200

200

Continued on next page
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Table 1 continued

Sogut et
al.®

Buietal.”

Azevedo et
al.®

S/2.0/G3.82

$/2.0/G1.91
S/2.7/G1.91
S/2.7/C1.35

B2

B3

B5

B6

B7

B8

B9

CFRP-90

CFRP-45

c © 0 0 O W ® L AN AN D

300

150
150
300
300
300
300
300
300
300
300
250

250

90

90
90
90
90
90
90
90
90
90
90
90

45

900

900
900
2300
862
862
862
862
862
862
862
2522

2522

46

46
46
130
46
46
46
46
46
46
46
167

167

GFRP

GFRP
GFRP
CFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
CFRP

CFRP

68.7

78.5
90.5
103.6
99.2
81.5
89.1
101.9
100.2
92.1
91.5
147.85

148.75

Mean
SD

CoV

0.79

0.84
0.76
0.76
0.72
0.88
0.88
0.70
0.71
0.77
0.78
1.03

1.10
0.83
0.11
0.13

0.79

0.84
0.76
0.76
0.74
0.90
0.82
0.72
0.73
0.79
0.80
1.09

1.10
0.87
0.17
0.19

0.78

0.78
0.73
0.69
0.77
0.94
0.86
0.75
0.76
0.83
0.84
0.79

0.73
0.72
0.12
0.16
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Furthermore, all analyzed beams are governed by
shear tension failure, as the shear capacities calcu-
lated from the shear tension-controlled mechanism
are consistently lower than those obtained from the
shear compression-controlled mechanism. Conse-
quently, the shear tension mechanism becomes the
governing failure mode. This finding is consistent
with experimental observations and numerical sim-
ulations reported in previous studies, where ETS-
FRP-retrofitted beams often fail due to diagonal ten-
sion rather than concrete crushing in the compression
strut or occurring the shear balanced failure.

1.60 T T
Bui et al.
140 A .
AMofidi et al.
1.20 OJSCE

Figure 5: Validation of developed models (Source:
Authors)

In design practice, achieving a shear-balanced failure
mode is desirable because it allows all shear-resisting
components—concrete, ETS-FRP reinforcement, and
transverse steel—to be mobilized efficiently in a co-
ordinated manner. Under this condition, neither
shear-tension failure (controlled by diagonal crack-
ing and reinforcement rupture or debonding) nor
shear-compression failure (controlled by crushing of
the concrete strut) occurs prematurely, resulting in
a more ductile and predictable structural response.
Such a balanced mechanism improves both the reli-
ability and the effective utilization of materials.

To achieve this condition, the design should ensure
compatibility between the tensile capacity of the re-
inforcement systems and the compressive capacity of
the concrete strut. This can be accomplished by ap-
propriately proportioning the ETS-FRP and trans-
verse steel reinforcement, considering their spacing,
orientation, and anchorage characteristics, while also
accounting for the concrete strength and crack angle.
An optimal design is reached when the shear contri-
butions from concrete, ETS-FRP, and steel reinforce-
ment are of comparable magnitude at ultimate con-
ditions, indicating that no single mechanism governs
disproportionately and that the structural capacity is
fully and efficiently utilized.
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Asan illustrative example, consider a beam with prop-
erties similar to specimen 4S-C180-45, except for the
parameters of the ETS-FRP strengthening system.
An optimized strengthening configuration can be ob-
tained with ETS-FRP bars having a modulus of elas-
tic Ey = 250 GPa, an ultimate strength in tension
of Sffu = 2220 MPa, a bar diameter of dy = 8 mm,
a spacing of sy = 115 mm, and an inclination angle
of B = 65°. Using the proposed analytical approach,
the calculated shear capacities governed by the shear
tension and shear compression mechanisms become
equal, yielding V,, ; = V), = 350.6 kN.

CONCLUSIONS

This study conducts an analytical approach for deter-
mining the force in shear of beams retrofitted with
DE-FRP inserting rods, considering shear tension-
controlled, shear compression-controlled, and shear-
balanced failure modes. In the analysis, the major
shear crack angle is iteratively varied until the termi-
nation conditions are satisfied. The effective result of
the strain in the ETS-FRP elements is adopted to rep-
resent the transverse strain of the RC member, imply-
ing that the strains in concrete and steel stirrups are
directly related to the transverse deformation.
Validation against collected experimental and numer-
ical data demonstrates the accuracy of the proposed
approach. The mean ratio of predicted-to-tested shear
load is approximately 0.8, with a coefficient of varia-
tion (CoV) below 20%. From a design perspective,
achieving an optimal shear failure mode requires ef-
ficient utilization of the shear components, such as
concrete, ETS-FRP strengthening reinforcement, and
internal steel stirrups, so that premature failure gov-
erned by either shear tension or shear compression
can be avoided.
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TOM TAT

Vat liéu composite polymer c6t sai (FRP) dugc st dung rong rai dé tang cudng va phuc hoi kha
nang chiu cat, uén va nén ctia cau kién bé tong cot thép (BTCT) nhd cudng dd cao va kha nang
chéng an mon tét. Trong cac ky thuat gia cudng hién nay, phuong phap nhidng xuyén qua tiét
dién (embedded through-section — ETS), con goi la nhung sau (deep embedment — DE), dugc xem
la gidi phap hiéu qua cho gia cudng chiju cat dam BTCT. Cac nghién clu thuc nghiém cho thay
dam gia cudng ETS c6 kha nang tang cusng chiju cat vust trdi so véi cac phuong phép dén ngoai
(externally bonded - EB) va gan gan bé mdt (near-surface mounted — NSM), trong dé FRP dugc dan
hodc chon gan bé mat bé tong. Hiéu qua ctia ETS chli yéu dén tir kha ndng neo tét va su tuong tac
hiéu qua véi co ché khang cét bén trong dam. Bai bdo trinh bay mét phuong phap phan tich nham
danh gia co ché pha hoai va kha nang chju cat ctia dam BTCT gia cudng bang thanh ETS-FRP. M&
hinh kha ndng chiu cét do nhém tac gia phét trién trude day dugec mé rong bang cach xét dén su
tuong tac gila bé tong, cét thép dai va thanh ETS-FRP thong qua bién dang ngang hiéu qua cla
hé gia cudng. Ba cong thic xac dinh bién dang ngang hiéu qua ctia FRP dugc khao sat. Cac cong
thuic cho trudng hop phé hoai nén xién ciing dugc tich hop dé danh gia ing xdr chiu cit thong
qua sy thay déi goc vét nut cat chinh va khéd ndng chiu cit tuong Ung. Két qua kiém chiing bang
dir liéu thuc nghiém va mé hinh tinh todn cho thay su pht hop tét, véi ty s6 trung binh gitia két
qua thyc nghiém va dy dodn khodng 0.8 va hé s6 bién thién nhd hon 20%, khang dinh d6 tin cay
clia phuong phap dé xuét.

Tu khoa: Nhiing xuyén tiét dién, FRP, Bé toéng cot thép, Mo hinh chiu cét, Gia cudng

Trich dan bai bao nay: Linh BV H, Binh N T. Phuong phap phan tich danh gia kha nang chiu cit va co
ché& pha hoai ctia dam bé toéng cét thép dugc gia cudng bang hé thanh DE-FRP. VNUHCM J. Eng.

Technol. 2026; 9(2):2912-2923.
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