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Abstract

This article presents the experimental results on the flexural behavior of reinforced concrete
(RC) beams strengthened with textile-reinforced concrete (TRC). Four RC beams were made
of B22.5 grade concrete, and the TRC strengthening layer utilized Sigratex Grid 350 textile,
with fine-grained concrete Sikagrout 214-11 serving as the binder. The reinforcement layer was
applied using a grooving technique. The four-point bending test was conducted to evaluate the
improvements in load-bearing capacity and deformation of the beams after strengthening. The
results indicated that the strengthened beams exhibited a 36.2% higher load-bearing capacity
and a 13.5% increase in mid-span deflection compared to un-strengthened beams. However,
the occurrence of debonding in the reinforcing layer reduced the strengthening effectiveness.
To ensure the efficiency of flexural strengthening with TRC, attention should be given to the
adhesion of the fine-grained concrete layer and additional reinforcement of the compression
zone. These findings provide a basis for the practical application of TRC in enhancing RC
structures, ensuring both safety and performance.

Keywords: Textile reinforced concrete; strengthened reinforced concrete beam; four-point bending
test; grooving technique.

1. Introduction

Textile Reinforced Concrete (TRC) primarily consists of fine-grained concrete and
high-strength textile reinforcement, such as carbon or glass fiber. TRC exhibits superior
mechanical properties, high durability, and better corrosion resistance compared to
conventional concrete. TRC is used as a structural material and as a reinforcement to
enhance load-bearing capacity and extend the service life of structures [1, 2]. It is an
effective solution for improving the load-carrying capacity of reinforced concrete (RC)
beams, significantly increasing strength, initial cracking load, and ultimate load capacity,
enhancing ductility, and reducing environmental deterioration [3-5].

Experimental and numerical studies on flexural-strengthened beams have shown that
ensuring proper bonding between the TRC layer and the existing concrete is critical for
effective reinforcement. The adhesion between the fine-grained concrete layer and the old

* Corresponding author, email: maivietchinh@Iqdtu.edu.vn
DOI: 10.56651/lgdtu.jst.v7.n02.885.sce

185


mailto:maivietchinh@lqdtu.edu.vn

Section on Special Construction Engineering - Vol. 07, No. 02 (Dec. 2024)

concrete surface plays a decisive role in the success of the strengthening solution [6-9].
Therefore, the construction techniques for applying TRC layers to RC beams must be
carefully considered. Several methods to enhance the bond between TRC and old concrete
include surface roughening and grooving to increase friction between the two layers [5, 10];
the use of bonded anchors and studs to reduce the risk of slippage and delamination
between the TRC and concrete [11]; applying U-wraps at the ends, combined with surface
bonding, to increase the durability of the TRC-concrete bond [12]; combining external
reinforcement with near-surface mounting techniques [13]; and mixing fibers into the
matrix to prevent interlayer slippage, a common failure in TRC systems [11].

Among these methods, surface roughening and grooving are cost-effective and easy
to implement, making them the most common approach. However, when applied under
real-world conditions, this method still requires experimental validation to verify its
effectiveness. The objective of this study is to assess the effectiveness of using TRC as a
means of enhancing the load-bearing capacity of RC beams when following the grooving-
based strengthening method. The research focuses on evaluating the initial cracking load,
ultimate load capacity, and mid-span deflection of TRC-strengthened RC beams to
determine the method’s efficiency and provide recommendations for practical applications.

2. Flexural test

2.1. Materials for beam fabrication

The RC beams were constructed using conventional B22.5 concrete. For TRC-
strengthened RC beams, fine-grained concrete Sikagrout 214-11 was employed, while the
strengthening material consisted of textile fibers designated as Sigratex Grid 350. The
casting of beams was performed concurrently with the preparation of standard specimens
to evaluate the mechanical properties of both types of concrete. The material properties
of the carbon fiber textile (Sigratex Grid 350) and steel were provided by the
manufacturer. Detailed mechanical properties of the materials are summarized in Table 1
and 2.

Table 1. Material parameters for two types of concrete and fiber

Concrete types f f E v !

(MPa) | (MPa) | (MPa) (kg/m?)
Normal-weight concrete for slabs (B22.5) 395 41 29540 0.20 2320

Fine aggregate concrete Sikagrout 214-11 74.6 15.2 32600 0.18 2400

Bare fiber bundles Sigratex Grid 350 - 3550 | 225000 | 0.22 1740
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Table 2. Mechanical properties of steel

E, Longitudinal Reinforcement All Stirrups Al
Vg
(GPa) f, (MPa) f, (MPa) f, (MPa) f, (MPa)
200 0.3 293 385 235 345

2.2. Sample preparation process

The experimental program involves testing four simply supported reinforced
concrete beams. Among these, two beams serve as the reference and are tested until
failure for comparison purposes. All beams share identical dimensions and reinforcement
details, with a total length of 1400 mm, an effective span of 1300 mm, a width of
150 mm, and a height of 200 mm. For the reinforced concrete beams subjected to bending,
failure is primarily caused by moments. Therefore, the stirrups at both ends of the beam
are designed with a spacing of approximately 80 mm, while the spacing in the middle
region is set at 150 mm to ensure that the beam fails primarily due to bending rather than
shear forces. The schematic layout of the beams and the reinforcement details are
illustrated in Fig. 1(a). According to the ACI 549.4R-13 technical guidelines, the TRC
layer is applied to the underside of the beam, covering the entire beam width (150 mm)
and extending along the full length of the beam, excluding the support regions (1000 mm).
The thickness of the TRC layers is 30 mm (typically ranges from 20 to 40 mm, depending
on the length of the beams). The detail of TRC-strengthened beam can be seen in
Fig. 1(b). The properties of the test specimens prepared for the flexural test are
summarized in Table 3.

Table 3. Characteristic of beam specimens

. . Number Number
spesimen 0| 4 PNy | Tenis oy | TG | el
DO1-1 1400 x 200 x 150 No
DO1-2 1400 x 200 x 150 No
DO2-1 1400 x 200 x 150 | Yes, 1200 x 150 x 30
D0O2-2 1400 x 200 x 150 | Yes, 1200 x 150 x 30

Figure 2 and 3 illustrate the process of fabricating unreinforced and reinforced
concrete beams. The reinforced concrete beams are strengthened with TRC following
these steps:

- The reinforced concrete beams are cured for 28 days before applying the
strengthening materials.
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Fig. 1. Schematic layout of the beam specimens:
a) Unreinforced bending beams; b) TRC-strengthened beam.

Fig. 3. Casting concrete samples, reinforcing steel, and finishing the surface of the beams.
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- A concrete cutting machine is used to create grooves on the surface of the beam
at the locations where the strengthening layer will be applied to enhance the bond between
the two material layers. First, the surface was moistened with water spraying. Then, the
surface grooving technique employs grinding and grooving tools to create grooves with
a depth of 2-3 mm and a spacing of 5 cm, as described in reference [5]. Accordingly, the
grooves are placed in two perpendicular directions, angled at 45 degrees to the main axis
of the beam's bottom surface (Fig. 4).

- The surface is cleaned with compressed air and dampened with water before
applying the strengthening layer.

- A layer of TRC strengthening material is adhered to the entire underside of the
beam, with a total thickness of 30 mm. The textile mesh is positioned centrally within the
strengthening layer.

ML r b 17;. \
Fig. 4. Cleaning, roughening the surface, and applying the TRC layer.
2.3. Testing procedure and equipment for bending beams

Experiments were conducted on both unreinforced and reinforced concrete beams.
To prevent the beams from slipping off the two supports and to ensure that the tensile
reinforcement does not pull out of the concrete during testing, both ends of the beam were
supported deep into the supports by 50 mm, and the reinforcement was anchored within
the concrete. The experimental setup consisted of a simply supported beam (one fixed
support and one movable support) subjected to the action of two concentrated forces,
denoted as P. The positions of the applied forces and the beam supports are illustrated in
Fig. 5, 6.

A hydraulic jack (20-ton capacity) is used in conjunction with a distributed loading
beam, where the concentrated load at the jack head is divided into two equal loads, P,
applied to the beam (Fig. 7). The value of the concentrated load at the jack head is
determined using a load cell connected to a Data Logger TDS 530 (manufactured by
Tokyo Sokki, Japan).
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Fig. 5. Experimental setup for unreinforced bending beams.
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Fig. 6. Experimental setup for TRC reinforced bending beams.

Fig. 7. Loading diagram for TRC reinforced simple beam.
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The load parameters applied to the beam, as well as the deflection of the beam at
the two supports and mid-span, are transmitted during the experiment. The measuring
devices are arranged as follows:

- Load measurement: The load is measured using a load cell.

- Displacement measurement: The displacement of the beam is determined using
three Linear Variable Differential Transformers (LVDTSs) (with a gain factor K = 100)
manufactured by TML, Japan. These devices are positioned at both supports and at the
center of the beam.

- The Data logger TDS 530 allows for the automatic and simultaneous recording of
measurement parameters (beam displacement and load) during the experiment, and it is
connected to a computer (Fig. 8). The data recording mode is set to automatically log data
once per second.

Fig. 8. Data logger TDS 530 combined with computer.

2.4. Experiment procedure

After completing the experimental setup, a preliminary loading test was conducted
with a load of 2P = 12.0 kN. The purpose of this preliminary load is to eliminate any
errors related to the structural assembly and to verify the stability of the system. Once the
system and measuring devices were stable, the initial readings were set to zero. The
loading on the beam was then applied using a hydraulic jack, with a cylinder displacement
rate of 1.2 mm/min. During the loading process, the time of crack appearance was
determined based on initial calculations and the strain diagram of the concrete in the
tensile region and the reinforcing steel. The load was then increased incrementally.
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3. Experimental results

The experimental study evaluated the behavior of both unreinforced and TRC-
strengthened reinforced concrete beams subjected to four-point bending. The test results
indicated that both configurations led to the failure of the concrete in compression.

Figure 9-11 show that both the strengthened and unstrengthened beams experienced
concrete failure in the compression zone. However, for the strengthened beams, the
predominant failure mechanism was attributed to the debonding of the strengthening
material, despite its high strength. This phenomenon resulted in brittle failure, particularly
in some specimens where premature debonding occurred, leading to an ambiguous
distinction between the reinforced and unreinforced beams. These results also
demonstrate a similarity in the failure mechanisms observed between the experimental
outcomes and the numerical simulation results, as reported in [14, 15]. It is important to
note that during the experimental assessment of the strengthened beams, instances of
premature debonding of the strengthening layer were observed. This resulted in the
performance of the strengthened beams being nearly equivalent to that of the
unstrengthened beams. This finding underscores the necessity for enhanced attention to
and refinement of the bonding techniques employed for the strengthening layer to ensure
its effectiveness. Therefore, the failure was not caused by fiber rupture but rather by
debonding. Furthermore, in specimens that met the performance criteria, debonding
typically occurred in tandem with the failure of the compressive concrete layer. This
suggests that the reinforcement of beams subjected to bending should not only
concentrate on the underside, where bending moments are pronounced, but also prioritize
the enhancement of the compressive concrete layer.

(b)

Fig. 9. Unstrengthened beam under bending: (a) before failure and (b) after failure.
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@ (b)

Fig. 10. Strengthened beam under bending: (a) before failure and (b) after failure.

Fig. 11. Flexural cracks in the strengthened beam and failure
of the compressive concrete in the strengthened beam.

Figure 12 illustrates the complexity of the structural behavior following
reinforcement, attributable to the redistribution of internal forces when the structure is
subjected to loading. The incorporation of TRC leads to complete failure of the beam at
elevated deformations, particularly when the fiber mesh undergoes tensile rupture.
However, if one defines structural failure as occurring upon the debonding of the
strengthening layer, this failure manifests abruptly, with the beam exhibiting relatively
minor deflections (approximately 12 mm).

Besides, the relationship between total load (2P) and deflection after the elastic
phase for the reinforced beams (DTO03 and DTO04) exhibited a distinct difference,
characterized by an initial increase in this load value, followed by a decrease, and then a
subsequent increase. The load at which initial cracking occurs in the concrete increases
by approximately 18% for the unstrengthened configuration, with the corresponding
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values being 38 kN and 32 kN, which are approximately 50% of the maximum total load,
Pmax. This behavior is observable in the load-deflection curve, with both the reinforced
and unreinforced configurations ending the elastic phase at deflections ranging from
approximately 1.8 mm to 2.4 mm. A significant enhancement in stiffness is observed after
cracking, whereas no substantial improvement is detected prior to cracking, consistent
with findings from previous studies [11].
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Fig. 12. Load-Deflection curves of experimental beams under bending.

Table 4 and 5 present the results regarding the enhancement of flexural resistance
in reinforced concrete beams strengthened with a single layer of carbon fiber mesh. It
indicates that when considering failure at the point of compressive concrete failure, the
load-bearing capacity of the beams increased significantly by 36.2%, consistent with prior
research findings of over 25%. The deflection at mid-span also increased by 13.5% prior
to failure. Notably, for the strengthened beams, after the failure of the compressive
concrete, the beams did not collapse immediately but continued to exhibit low stress and
substantial deformation. This characteristic is significant during usage, providing a
warning of potential hazards, thereby ensuring safety for individuals and property.
However, when comparing the strengthened configuration to the unstrengthened one, the
cracking load in the concrete shows only a slight difference (14.1%), corresponding to a
smaller deformation. This indicates an increase in the stiffness of the beam during the
elastic phase.
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Table 4. Results of failure test

Ultimate stage Concrete cracking
Specimen Ul;t(;r;:te Avi;cage Deflection|Average iﬁr?gl;(—j Average |Deflection|Average
ID = P Anmax of Amax g . of Perack Acrack Of Acrack
max max crac
(kN) (kN) (mm) | (mm) (kN) (kN) (mm) | (mm)
DO1-1 74 34.02 36.57 1.98
70.5 33.03 33.56 1.97
DO1-2 67 32.04 30.55 1.96
DO2-1 88 37.33 38.15 1.53
96 37.48 38.30 1.34
D0O2-2 104 37.64 38.45 115

Table 5. Evaluation of strengthening effectiveness for flexural beams

Options uns:cArZi;?ﬁEned str'z\r\wlg‘:sglied Estimate
Prmax (KN) 70.5 96 +36.2%
Amax (MM) 33.03 37.48 +13.5%
Perack (KN) 33.56 38.30 +14.1%

4. Conclusions

Based on the research findings, the following conclusions and recommendations
can be drawn:

- When strengthening beams with TRC, special attention should be paid to surface
preparation (e.g., cleaning, roughening, etc.) to achieve optimal strengthening performance.

- The application of TRC significantly enhanced the flexural resistance of the
beams, ensuring that, after the compression concrete failed, the beams did not collapse
immediately. Instead, they continued to sustain low stress and large deformations,
providing timely warnings of potential hazards and ensuring safety during service.

- These results suggest that the TRC strengthening method has practical application
potential; however, improvements in the construction process are necessary to mitigate
early debonding. Additionally, strengthening efforts should not only focus on the beam's
underside but also consider the compression concrete region to enhance the load-carrying
effectiveness of the structure.
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NGHIEN CUU THUC NGHIEM UNG XU UON
CUA DAM BE TONG COT THEP GIA CUONG BANG TRC

Nguyén Thi Thu Nga?, Vii Ngoc Quang®, Mai Viét Chinh®, Nguyén Trung Kién?
YWién Ky thudt céng trinh déic biét, Truong Pai hoc Ky thudt Lé Quy Pén
2Van phong Bé, B6 Xay dung

Tom tat: Bai bao trinh bay két qua nghién ctu thi nghiém dé kiém chang kha nang chiu
uén cua dam bé téng cét thép (BTCT) gia cudng bang vat lidu bé tong cét ludi dét (TRC).
Bé tong ché tao cho 4 dam BTCT Ia loai B22.5, 16p gia cuong TRC sir dung loai ludi Sigratex
Grid 350 va bé téng hat min Sikagrout 214-11 Iam chat két dinh. Phuong phap thi cong 16p gia
cuong tao khia ranh. Thi nghiém uén 4 diém duoc tién hanh nhim danh gia su cai thién kha ning
chiu lyc va bién dang cua dam sau khi gia cuong. Két qua cho thdy dam gia cuong c¢6 kha ning
chiu tai cao hon 36,2% va ting 13,5% chuyén vi tai giita nhip so véi dam khong gia cuong. Viéc
xuat hién hién tuong bong tach I6p gia cuong lam giam hiéu qua gia cuong. Dé dam bao tinh hiéu
qua trong gia cudng cho dam chiu uén bang TRC, can quan tdm nghién ctru dén kha nang bam
dinh cua 16p bé tdng hat min va tang gia cuong thém vang bé tong chiu nén. Nhiing két qua nay
dong gop co s& cho viéc tng dung vat liéu TRC trong ting cudng két ciu BTCT, dam bao an toan
va hiéu qua trong str dung thuc té.

Tir khoa: Bé tdng cor hedi dét; dam bé téng cor thép gia cuong; thi nghiém uon bon diém;
ky thudt tqo réanh.
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