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Textile reinforced mortar (TRM) strengthening can improve the anti-aging performance of
reinforced concrete (RC) slabs, and significantly improve the rust problem of steel plates and
bending performance of RC slabs. To study the effect of TRM on the flexural capacity of two-
way RC slab, four sided simply supported bending tests were conducted on two TRM
strengthened concrete slabs and an unstrengthened control slab. And the effects of different
strengthening techniques on the flexural capacity and bending deformation capacity of the
two-way RC slabs were investigated. It was concluded that the application of TRM to
strengthen the two-way RC slabs can effectively improve its bending bearing capacity and
bending deformation capacity. Compared with the unstrengthened control slab, the bending
bearing capacity of the two strengthened slabs increased by 54.2% and 43.8%, respectively,
and the energy absorption value increased by 75.5% and 49.1%, respectively. In addition,
compared with control slab, the post-cracking stiffness of TRM reinforced slabs treated with
and without interface agents increased by 145.2% and 83.4%, respectively. This indicated that
using interface agents for interface treatment could improve the adhesion between the TRM
and the original RC slab, thereby preventing the initiation and development of cracks between
the new and old interfaces. The strength utilization rate of textile was proposed, and the
relationship between strength utilization rate of textile and maximum or minimum distribution
network rate was analyzed. Based on the plastic hinge theory a simple calculation formula for
the bending bearing capacity of the two-way RC slab strengthened with TRM was proposed,
which provided the reference for the application of TRM for strengthening projects.

1. Introduction

weight, high strength, excellent durability and corrosion resistance,
and convenient construction. However, some drawbacks have

Traditional reinforced concrete structures have been widely used
in various structural components with the characteristics of high
compressive strength, good durability and low price. Various
concrete structural components have gradually exposed problems
such as steel corrosion and cracks during the service of structures
(Scheerer et al., 2015). Meanwhile, the bearing capacity of structural
components was insufficient due to material aging and environmental
erosion. Problems such as the decrease in stiffness have attracted
the attention of experts and scholars, and the research on the
retrofitting of traditional RC structures is urgent.

Fiber reinforced polymer mortar (FRPM) has been widely
used in engineering strengthening with the characteristics of light

been observed during the use of FRPMs because of the epoxy
resins. These drawbacks include poor high temperature and fire
resistance, poor construction performance in low temperature
and humid environments because of poor moisture permeability
(Al-Salloum et al., 2011).

To solve these difficulties, a new type of fiber reinforced
cementitious composite, textile reinforced mortar (TRM), also
known as textile reinforced concrete (TRC), had been suggested
for structural strengthening (Triantafillou and Papanicolaou, 2006).
TRM is a composite embedding multiaxial textile made of
carbon, basalt or glass into inorganic materials such as cement-
based mortars. With good durability and corrosion resistance, the
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required protective layer of TRM is small, which enables it to
strengthen the structures without changing the cross-sectional
size of the components, and effectively reduce the weight of the
structures (Scheerer et al., 2019). In addition, it has a good
compatibility deformation with the original structure. Compared
to FRPMs, TRM can achieve better performance in humid and
corrosive environment.

In recent years, a significant number of studies have been
focused on the exploitation of TRM in retrofitting RC structural
members, such as confinement of RC columns (Thermou et al.,
2019), shear retrofitting of RC elements (Azam and Soudki,
2014), flexural strengthening of one-way (Schladitz et al., 2012)
and two-way RC slabs (Schladitz et al., 2012) studied the flexural
performance of a large-span one-way slab strengthened with carbon
fiber net (CFN) with a thickness of 0.23 m and an effective span
of 6.75 m through the four-point loading test method. The
results showed that compared to the unstrengthening slab, slabs
strengthened with TRM had a great improvement in bearing
capacity and smaller deflection and finer cracks under the same
load, indicating that TRM can be used to strengthen the large-
span structural members (Papanicolaou et al., 2009) conducted
related experimental studies on the two-way RC slabs strengthened
with TRM, and the results showed that CFN can effectively
improve the load-bearing and energy dissipation capacity of the
two-way RC slabs, and the increase in bearing capacity was
proportional to the number of TRM layers (one layer 26%, two
layers 53%) (Koutas and Bournas, 2017) conducted an experimental
study on the flexural performance of five two-way RC slabs
strengthened with TRM. The results showed that with the increase
of the TRM layers, the stiffness and cracking load of the slab
were effectively improved. The application of local strengthening
can effectively improve the utilization rate of the fiber net. Based
on the test results, the theoretical flexural capacity of the TRM
two-way slab was derived. However, previous studies on two-
way RC slabs strengthened with TRM mostly failed in punching
shear without developing a plastic failure. Investigated the flexural
performance and energy dissipation capacity of basalt fiber net,
alkali-resistant glass fiber net, and steel wire net strengthened
normal concrete two-way slabs and ultra-high performance concrete
two-way slabs. The results showed that increasing the number of
layers of fiber net could effectively improve the bearing capacity,
deformation energy, and energy dissipation capacity of the slab,
and the reinforcement effect of alkali resistant glass fiber net was
better than that of basalt fiber net, reducing the net holes spacing
was beneficial for improving the bearing capacity and bending
toughness of the beam (Deng and Gong, 2022; Deng et al.,
2022).

Most of the studies have focused on the uniaxial strengthening
performance of TRC or TRM, the exploitation of TRM for
increasing the flexural capacity of two-way RC slab has rarely
investigated up to now. And there are few experimental studies
on the application of different interface treatments when using
TRM to strengthen the two-way RC slab.

Therefore, in this paper, different interface treatment methods

were adopted to deal with the interface of the two-way RC slab.
For this aim, three two-way RC slabs were experimentally tested
by a four-point monotonic loading method. And a calculation
model for the flexural capacity of the TRM-strengthened two-
way RC slab was proposed based on the results.

In previous studies, there were few studies on the bending
bearing capacity of RC two-way slab using carbon fiber net. This
article provided experimental data on the flexural bearing capacity
of strengthened RC two-way slabs using carbon fiber net through
experimental research. The use of epoxy interface agent at the
interface between TRM and concrete had improved the bonding
strength between the reinforcement layer and the original
concrete slabs, effectively preventing local debonding failure of
the strengthened layer, and improving the bending performance
and load-bearing capacity of the component. The method of
reinforcing concrete two-way slabs with CFN overcome the problem
of steel plates being prone to rusting in steel plate reinforcement,
and solved the problems of aging of polymer adhesives strengthened
with carbon fiber sheets. It solved the problems of easy debonding
of polymer reinforced with fiber sheets. It also solved the problem
of poor fire resistance in FRPM reinforcement and improved the fire
resistance of components.

2. Experimental Program

2.1 Specimens and Parameters

A total of 3 two-way RC slabs were designed in this experiment.
As shown in Fig. 1, the slabs had a length of 1,800 mm and a
width of 1,300 mm (rectangular slabs), and it had a thickness of
80 mm, whereas the effective span in the two directions were
1,600 mm and 1,100 mm, as shown in Fig. 2.

All slabs were lightly reinforced with ribbed steel bars to
simulate the slabs to be strengthened. The ribbed steel bars
whose diameter was 8 mm were placed at the bottom of the
midspan in a space of 150 mm and 200 mm in the long and wide
directions (Fig. 3). The role of different interface treatment methods
between the slab and the strengthening layer was investigated. A
specific strengthening plan was descripted Table 1.

Among them, the slab PC was tested without strengthening.
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Fig. 1. The Section View of Reinforcement of Slab (unit: mm)
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Fig. 2. Schematic Diagram of Strengthening Layer (unit: mm)
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Fig. 3. The Size and Reinforcement of Slab (unit: mm)

Table 1. Specimen Code and Strengthening Plan

Specimen  Strengthening plan

PC Control specimen

C2-epoxy  Two layers of CFN strengthening with epoxy interface agent
C2 Two layers of CFN strengthening without epoxy interface agent

The slab C2 was strengthened with two layers of CFN at the
bottom and the slab C2-epoxy was brushed with epoxy interface
agent on this basis to enhance the bond strength between the
original structure and the strengthening layer.

2.2 Materials and Strengthening Procedure

The average compressive strength tested by concrete cubes with
dimensions of 100 mm % 100 mm x 100 mm was 19.0 MPa. The
ribbed steel bars had a yield strength of 460.8 MPa, a tensile
strength of 596.4 MPa.

The carbon fiber net (CFN) used in this experiment, was
composed of carbon fiber yarns in both warp and weft directions
with a net center spacing of 20 mm, as shown in Fig. 4. The
mechanical properties of CFN were shown in Table 2.

There were 2 strands of 12 K continuous carbon fiber rovings
in the warp direction and 1 strand of 24 K continuous carbon
fiber rovings in the weft direction. This two directions of fiber
rovings were woven or knitted horizontally with the fiber rovings in
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Fig. 4. Carbon Fiber Net
Table 2. Performance Parameters of CFN
Tensile Elastic Ultimate load Theoretical Areal
strength modulus of single yarn thickness density
(MPa) (GPa) N) (mm) (g/m’)
2,300 230 3,200 0.044 80

Table 3. Parameters of Special Mortar for CWSM Carbon Fiber Net

SpllFtlng Flexural Tensile Compressive Bonding
tensile strenoth bond strength strength
strength (MPag) strength (7d/28d) with CFN
(MPa) (MPa) (MPa) (kN/m)

7 12 2.5 40/55 200

the weft direction passing through 2 fiber rovings in the warp
direction at the orthogonal points. Then this fiber rovings were
fixed by hot melt glue lines, and the surface was covered and
heated to solidify.

In this experiment, a special fiber reinforced polymer mortar
(FRPM) was applied as the bonding material. There were a large
number of advantages using FRPM including good fire resistance,
excellent air permeability, no shrinkage and strong adhesion. It
can not only ensure the bond strength with the original structure,
but also had better grip strength with CFN. The performance
parameters of FRPM were shown in Table 3. When mixing FRPM,
added 2.5 kg/m® polyvinyl alcohol (PVA) fiber, whose length
and diameter were 6 mm and 28.3 um, respectively. The tensile
strength and the modulus of elasticity of PVA were 1,280 MPa
and 26.8 GPa, respectively.

The process of strengthening was as follows (Fig. 5): 1) Remove
the floating ash of the surface, and chisel the base surface; 2)
Apply a layer of epoxy interface agent on the base surface of the
slab C2-epoxy whose performance parameters are shown in
Table 4; 3) Mix the FRPM and apply the first layer of 5 mm thick
FRPM before the interface agent was dry; 4) Lay the first layer
of CFN with a lap length of 20 mm, and ensure that the CFN was
laid flat; 5) Spread 2 — 3 mm thick FRPM mortar on the surface
of the first layer of CFN and lay the second layer of CFN; 6)
After the first layer of FRPM was initially harden, apply the
second layer of FRPM with a thickness of 7 — 8 mm, and control
the total thickness of CFN and FRPM to 15 mm; 7) Spray water
to maintain FRPM to age.
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Fig. 5. TRM Strengthening Application Steps: (a) Concrete Surface
Preparation, (b) Dampening of Surface and Brush Interface Agent
to Receive Strengthening, (c) First Mortar and CFN Layer
Application, (d) Final Finished Surface

Table 4. Performance Parameters of Epoxy Interface Agent

Tensile shear
strength (MPa)

16

Tensile strength  Flexural strength  Compressive
(MPa) (MPa) strength (MPa)

45 130 94

2.3 Test Setup and Procedure
To simulate the uniform load in the actual project, a four-point
loading method was adopted in the test. The specific force

Stiff steel beam

~_Steel cushion block

Fig. 6. Test Setup

Table 5. Summary of Main Test Results

transmission route was the reaction frame, the actuator, the
distribution beam, and the rigid distribution iron, as shown in
Fig. 6. The loading process was divided into pre-loading and
final loading. The purpose of pre-loading was to check whether
each part of the device was in good contact and whether the
strain gauges and displacement gauges worked normally. A
graded loading method was adopted in the final loading. Before
the slab cracked, the load was increased by 5 kN per level, when
the slab was close to cracking, the load was increased by 2 kN
per level until the slab cracked; After the slab yielded, the load
was increased by 2 kN per level until it failed. Each level of load
lasted for 2 minutes. Observing and recording the failure mode
of the slab and the development of cracks during this stage.

3. Test Results and Analysis

The main test results were given in Table 5, including the ultimate
load and its corresponding central deflection, the pre-cracking
stiffness and the post-cracking stiffness. Among them, the pre-
cracking stiffness was calculated based on the tangent stiffness of
the load versus central deflection curve of the slab before it
cracked, while the post-cracking stiffness was calculated based
on the tangent stiffness of the load versus central deflection curve
of the slab after it cracked.

3.1 Load-Deflection Curve

The load versus central deflection curves of all specimens were
shown in Fig. 7. All curves in Fig. 7 were divided into three
distinct stages: 1) Uncracked stage: It had an approximate linear
elastic relationship between load and deflection, and this stage
ended as the concrete cracked; 2) Yield stage: Both steel and

Perimetric
support

Specimen Peak load P, Midspan deflection at Capacity increase Pre-cracking stiffness Post-cracking stiffness
P (kN) P (mm) (%) (kN/mm) (kN/mm)

PC 150.43 51 — 16.5(100%) 1.57(100%)

C2-epoxy 231.94 23 54.2 24.4(147.8%) 3.85(245.2%)

C2 216.28 35 43.8 20.5(124.2%) 2.88(183.4%)
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Fig. 7. Load Versus Central Deflection Curves

TRM strengthening were fully activated in tension so as to
increase the flexural capacity during this stage, and the cracks
developed rapidly until the tensile reinforcement at the bottom of
the slab yielded; 3) Failure stage: Slab PC entered plastic stage in
this stage; While for strengthened ones, the contribution of the
steel reinforcement remained almost unchanged, and the increase of
flexural resistance in this stage substantially attributed to further
activation of TRM. It can be seen from Fig. 7 and Table 5 that
compared to the slab PC, the bearing capacity and stiffness of the
strengthened slabs were significantly increased.

3.2 Failure Modes and Ultimate Load

The failure modes and crack patterns of all specimens were
shown in Fig. 8. The failure modes of the strengthened slab were
that the crush of the concrete followed by the tensile reinforcement
yielded, indicating it was under-reinforced. The cracking load,
yield load and ultimate load of the slab PC were 34 kN, 100 kN
and 150 kN, respectively, and the corresponding central deflection
were 2.54 mm, 15.49 mm and 50.85 mm, respectively. It can be
seen from Fig. 8 that when the slab PC failed, the deflection was
large and the crack at the bottom of the slab was wide. Before the
slab cracked, the load and the central deflection showed an
approximate linear relationship. When the load increased to 34 kN,
the first orthogonal bending crack appeared in the loading area of
the slab along the longitudinal reinforcement direction. The
central cracks at the bottom of the slab gradually expanded to the
corners and surroundings with the load continued to increasing.

(a)
Fig. 8. Crack Pattern at the bottom Face of Tested Specimens: (a) B1, (b) B2, (c) B3

(b)

The reinforcement at the tensile area of the slab yielded when the
load increased to 100 kN. As approaching the ultimate load, the
diagonal cracks (J1, J2, J3, J4) in the corner area expended to the
edge of the slab, forming a typical plastic hinge line pattern.

All strengthened slabs failed due to the loss of strengthening
effect. There were two failure modes in the strengthened slabs:

1. In the central largest bending moment area, the cracks were
too wide to cause the CFN to be partially broken and slipped
in the mortar. The final cracks were too large to bear the
applied load (slab C2). This type of failure mode was common
in C-TRM strengthening materials in the experimental research
of C-FRCM strengthened RC beams reported in the
literature (D'Ambirisi et al., 2012). In the process of fiber
slippage, the bridge effect of the fibers gradually decreased,
and finally the residual bearing capacity of the specimens
was roughly the same as that of the control slab. This can
be confirmed by the downward trend of the load versus
central deflection curve. Observing the cracks at the bottom
of the slab from a macro perspective, the broken fibers here
were not obvious.

. Delamination or interlaminar shear at the matrix fabric
interface. In this case, the shear strength between the TRM
matrix and the concrete was greater than the shear strength
between the TRM matrix and the CFN (Loreto et al., 2013).
From the load versus central deflection curve, it showed that
the residual bearing capacity of slab did not change much,
but its central deflection continued to increase.

The failure process of the strengthened slabs was roughly the
same. In the linear elastic stage, the load had an approximate
linear relationship with the central deflection. The positive bending
moment at the bottom of the slab was mainly borne by the
reinforcement, and the strengthening layer played a small role.
When the slope of the load versus central deflection curve
changed, orthogonal bending cracks (Z1, Z2, Z3, Z4) appeared
in the center of the slab close to the loading area. The cracking
load of the slab C2 was 99 kN, higher than the 79 kN of slab C2-
epoxy, which was much higher than the cracking load of the slab
PC. This was because the CFN in the strengthening layer was
activated to some extent after the concrete in the tensile area
cracked (Koutas et al., 2019); In the yield stage, the number of
cracks continued to increase and expand outward after cracked.
The load was gradually transferred from the reinforcement to the
strengthening layer thus CFN started to be tensioned, and the
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internal force redistribution process occurred between them. The
stiffness of the slab at this stage was greater than the PC slab.
When the reinforcement yielded, the contribution of the TRM to
the flexural bearing capacity become significant, and the increasing
load after the yield point was almost all borne by the strengthening
layer. In the failure stage, it can be seen from Fig. 8 that the load
of the slab C2-epoxy did not change much but the deflection
continued to increase until the main crack was too large to bear
the load. After reaching the peak load, the load versus central
deflection curve of the slab C2 showed a stepwise downward
trend. The fiber net continued to be broken during the process,
and then the slab was damaged due to the load falling to a low
point. The cracks at the bottom of the strengthened slab were
similar in shape, and the plastic hinge line pattern was in an
“inverted cone” shape, which was related to the loading area. It
can be seen from the failure process and shape of each tested slab
that the CFN strengthening system can effectively limit the
deformation of the RC slab and enhance the bending resistance.
The TRM reinforcement layer of the C2 slab and the local area
of the new and old concretes initiated small cracks. As the load
increased, the micro cracks gradually expanded along the section
direction, but the extension length was limited. Due to the good
overall bonding between the reinforcement layer and the original
concrete, there was no significant slip between the TRM
reinforcement layer and the concrete. However, no cracks were
observed at the interface between the TRM reinforcement layer
and concrete of the C2-epoxy slab due to the application of
epoxy interfacial agent. Compared to C2 slab, C2-epoxy slab had
a higher load-bearing capacity, and the load center deflection
curve decreases more slowly after reaching its peak. Which
indicated that the epoxy-based interface agent can achieve the
strong adhesion and common force between the FRPM and the
concrete interface.

It can be seen from Fig. 8 and Table 4 that compared to the slab
PC, the bearing capacity and stiffness of the specimens strengthened
with TRM were significantly improved. The ultimate load of
slab C2 and slab C2-epoxy increased by 43.8% and 54.2%,
respectively, indicating that brushing the base surface of the RC
slab with epoxy-based interface agent can better exert the
performance of the CFN strengthening system. In terms of the
pre-cracking stiffness, the strengthened slabs (slab C2 and slab
C2-epoxy) increased by 47.8% and 24.2% compared to the slab
PC. In addition, the post-cracking stiffness increased by 145.2%
and 83.4%, respectively. It can be concluded that the use of TRM
strengthening technique have a greater impact on the post-

Table 6. Energy Absorption Value of Slabs

cracking stiffness of the RC slab.

3.3 Bearing Capacity and Stiffness Analysis

From Fig. 8 and Table 4, it can be seen that compared with PC,
the pre-cracking stiffness of C2-epoxy and C2 increased by
47.8% and 24.2%, respectively, and the post-cracking stiffness
increased by 145.2% and 83.4%, respectively. This indicated that
TRM reinforcement can significantly improve the stiffness of the
slabs. This is due to the reinforcement of a 15 mm TRM layer in
the tensile zone of the RC slab, which forms a whole with the
original RC slab, and the pre-cracking stiffness will inevitably
increase.

Compared with the PC, the ultimate load of C2-epoxy and C2
increased by 54.2% and 43.8%, respectively, indicating that
using TRM reinforcement can significantly improve the flexural
bearing capacity of the slab. This is due to the high tensile strength
of CFN in TRM, as well as the strong grip between mortar and
CFN. When used to strengthen RC slabs, the combined force in
the tensile zone can be significantly improved, thereby improving
the flexural bearing capacity of the slab.

Compared with C2, the pre-cracking stiffness, post-cracking
stiffness, and load-bearing capacity of C2-epoxy have increased
by 23.6%, 61.8%, and 10.4%, respectively. This indicated that
applying epoxy based interface agent on the base surface of RC
slab can better utilize the load-bearing performance of CFN
reinforcement system. There are two reasons: firstly, due to the
inherent tensile and bending strength of the epoxy interface
agent, its use in strengthening RC slabs can improve its performance
to a certain extent; Secondly, the epoxy interface agent can increase
the bonding strength between TRM and RC slabs, resulting in
better overall integrity and greater stiffness, allowing TRM to be
more fully utilized, and improving the bending performance of
the slab.

3.4 Energy Absorption Value

The energy absorption value is a characteristic value that
characterizes the deformability of the slab after cracking, which
is expressed by the area enclosed by the load versus deflection
curve at a specific deflection (Ebead, 2015). The calculation
equation was as follows:

W= fF(x)dx, )

where W was the energy absorption value (J) of the test slab; d
was the central deflection of the slab; F(x) was the load value

Energy absorption W (J)

Specimen

o=10 mm 6 =20 mm 0=30 mm 0=40 mm 0=>50 mm
PC 387.4(100%) 1342.8(100%) 2603.6(100%) 3913.7(100%) 5406.8(100%)
C2-epoxy 657.5(169%) 2374.2(177%) 4707.5(181%) 6966.9(178%) 9313.7(172%)
Cc2 573.1(148%) 1934.2(144%) 3660.0(141%) 6345.9(164%) 8034.7(149%)
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(kN) corresponding to the deflection.

Using the method of numerical integration to calculate the
energy absorption value of the slabs under different deflection.
The results were shown in Table 6.

Combining Fig. 7 and Table 6, it can be seen that compared to
the slab PC, the energy absorption values of the strengthening
slabs (slab C2 and slab C2-epoxy) improved 49.1% and 75.5%
on average, respectively. Both two strengthening methods can
effectively improve the energy dissipation capacity of the RC
slab, but the latter it was more effective. That was because the
epoxy-based interface agent can strengthen the effective bond of
CFN strengthening system, which could give full play to the
strengthening effect of CFN. However, the CFN strengthening
system will debond from the matrix after the concrete cracked
without interface agent, resulting in slippage and energy dissipation.
As the load increased, the fiber nets were stretched and broken,
and energy consumption capacity of the slab can't be fully
improved.

4. Analytical Model

The analytical model was proposed based on the following
assumptions:

1. Section strains conforms to the hypothesis for plane cross
section;

2. Ignore tensile strength of the concrete and FRPM,;

3. When the slab reached the limit state, it was divided into
several rigid plates by several plastic hinge lines, and the
plates meet the deformation coordination conditions;

4. After the plastic hinge line formed, the ultimate bending
moment of the yield section remained unchanged;

5. Assuming that there is no relative slip between concrete
and steel reinforcement, and without considering the hardening
of steel reinforcement.

4.1 Material Constitutive Model

The stress-strain relationship of concrete does not consider the
tensile strength of concrete. The model suggested by Riisch (1960)
is adopted. The ascending branch was a quadratic parabola, and
the descending branch was a horizontal line section. The
mathematical expression was

2
2¢ &
B £ "—[ "j 0<eg <g,
O-c (gc) - gL‘O ch

£ E,S¢&.Z¢

; @

where f. was the axial compressive strength of concrete; &, was
the compressive strain of concrete when the compressive stress
of concrete reaches f;, taken as 0.002; and ¢, was the ultimate
compressive strain of concrete, taken as 0.0033.

The stress-strain relationship of the steel bar adopts a completely
elastic-plastic double-line model, and its mathematical expression
was

o=EFEe 0<¢g <¢
K s7s K y (3)
o, =f, ¢<¢g<¢

where E; was the elastic modulus of the steel bar; & was the yield
strain of the steel bar; and f, was the yield strength of the steel
bar.

CFN was a brittle material that maintains a linear elastic state
before fracture. Using the linear elastic model proposed, its
mathematical expression was

o,=E;s, 0<¢,<¢,, “4)

where E, was the elastic modulus of CFN; ¢, was the effective
strain of CFN; & was the ultimate tensile strain of CFN.

4.2 Effective Stress of Fiber

Because the bending moment of each section under load was
different, so the effective stress of CFN in the TRM strengthening
layer when bearing the load was different from that of CFN borne
load alone. When some yarns in the mid-span section reached
the ultimate tensile strain and broken, while that of other sections
have not reached their ultimate tensile strain. Therefore, the
actual stress of CFN in FRPM was calculated by the product of
its effective strain and its elastic modulus, that is

Je=Esep, (%)

where £, was the elastic modulus of CFN; and ¢, was the effective
tensile strain of CFN.

In this paper, concrete was crushed after the steel bars yielded,
but the fiber net did not reach its ultimate tensile strain. According to
hypothesis for plane cross sections, the strain coordination
relationship among the compressive strain in the concrete, the
steel tensile yield strain and the effective tensile strain of CFN
was as follows:

Een g}’ 2 fe

X, :d—x”:H—x” ) ©)

n

The depth of the neutral axis and the effective tensile strain of
CFN can be obtained as

&
X = @ .d
"og,tE, O
H-x,
o=, (®)
x

When the yarns were partially broken and the concrete was
not crushed, the strain coordination relationship was expressed
as Eq. (9)

S __& __ %k )
x, d-x, H-x,

n

This type of failure mode was mentioned in the literature (Koutas
and Bournas, 2017). Using its experimental data, referring to the
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theoretical calculation method of beam (Babacidarabad et al., 2014)
strengthened by C-FRCM, the iterative method was used to
calculate the depth of the neutral axis and the effective strain of fiber
net, and the process was as follows:

Assuming the depth of the neutral axis as x,,, substituting the
assumed value into Eq. (9), the steel tensile strain & and the effective
tensile strain of fiber net g, were solved respectively. Then the
strains were substituted into Egs. (3) and (9) to calculate their
stress. Finally, the depth of the neutral axis was calculated by Eq.
(10) again.

Ao, +AE &,
n ’
a,1.bp,

where a; and b, were the coefficients of the concrete rectangular
stress figure, which were given by the following Egs. (11) and (12)

(10)

4e! —¢,
A 6 -2¢, (1)
3ele. —¢&.)”
a — c_c C 5 12
Y P (12)
where &/ was the unconfined concrete compressive strain
e =17f./1E,, (13)

where E, was the concrete elastic modulus, calculated by Eq.
(14)

4.3 Fiber Strength Utilization Rate

According to the derivation in Section 4.2, the effective strain of
CFN was less than its ultimate tensile strain, that is g, < g, the
ratio of effective strain &, to ultimate tensile strain & was defined
as the strength utilization rate of the fiber net, namely

<.
A=-£x100% .
&

(16)

The calculation results were shown in Table 7. It can be seen
that the distribution network rate was negatively correlated with
the utilization rate. The power function fitting of the test data was
shown in Fig. 10.

/1:416,[7/ 0.264 (17)

According to the Egs. (6) to (15) in section 4.2, the parameter
values of each specimen were calculated and summarized in
Table 7.

4.4 Analysis of Critical Failure State

When the two-way slab strengthened by TRM reached the failure
state, it may be that the concrete in the compression zone was
crushed or the fiber net in the reinforcement layer was broken or
slipping. In this case, the following three critical failure states
were obtained.

34
E = 4700\/70 . (14) nl - ®  Experimental data
When the error did not exceed 1% of the calculated value, the Fitting curve
assumption was considered valid, that is § 30
cal g
X —Xx = 99 L — -0.264
A==2""1<0.01. (s ~ S8 2=4.16p;
X, B
= 26 |
=0
]
224 |
22 + u
20 | | | 1
& Z 0.0004 0.0008 0.0012 0.0016 0.0020
Textile reinforcement ratio
Concrete Steel . . . o .
. ) o Fig. 10. Power Function Fitting Curve of Strength Utilization and Textile
Fig. 9. Material Constitutive Model Reinforcement Ratio
Table 7. Summary of Parameters of Tested Slabs
Xn g/é
Data sources Specimen & &' o b - |
X y X y
This paper PC 0.0033 0.00158 10.36 7.76 1.000 0.800 — — —
C2-epoxy 0.0033 0.00158 33.00 28.29 1.000 0.800 470 x 103 6.03x 103 29.7
Koutas and Cl 0.00095 0.00161 18.25 0.707 0.670 433x10°3 25.6
Bournas C2 0.0011 0.00161 22.75 0.715 0.738 3.74 x 10 3 22.1
(2017) Cl-part 0.00095  0.00189  14.88 0700 0598  543x10° 322
G3 0.00075 0.00189 15.63 0.692 0.498 4.05x10° —
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Fig. 11. State | Section Strain Relation and Stress Diagram

a_‘_(;;(
T

Fig. 12. State Il Section Strain Relation and Stress Diagram

4.4.1 Failure State |

The concrete crushed and the reinforcement yielded when the
slab failed, but the strain of the CFN did not reach the ultimate
tensile strain, that is, &, = &, & = . At this time, the depth of the
neutral axis was

&
— o d .
8:'11 +8_v

(18)

xnbl

The schematic diagram of the section force was shown in Fig. 11.
The force balance relationship was showed as Egs. (19) and (20)

Jbpx,=Af,+Af,, (19)

m, :A:fy(d—ﬂlxn/2)+Asfm(H—,6'|xn/2) ,

where 4, is the reinforcement area per 1 m (mm?m); 4, is the
CFN area per 1 m (mm*m); m, is the ultimate flexural capacity of
the slab per 1 m (m, , in the x direction, and m,, in the y direction);
f, is the coefficient of the rectangular stress figure, taken as 0.8.

(20)

4.4.2 Failure State Il

The concrete crushed and the CFN reached its ultimate tensile
strain & when the slab failed, and the depth of the neutral axis
was

v o=_ba _ p. (21
nb
&, TE,

|-4L’I
i

—— C=aqa,f.bx

m(==== -
fA
> oA
/.
I c-am
mll Z? _____ -
- [, A
E.g. A

The schematic diagram of the section force was shown in Fig. 12.
The force balance relationship was shown as Egs. (22) and (23)

JoBx, =Af, +AE &, (22)

mu = Asfv (d _ﬁlxn /2)+ AfEfgf (H _ﬂlxn /2) . (23)
4.4.3 Failure State Il
The concrete of the compression zone reached &, and the CFN
reached its ultimate tensile strain & when the slab failed. The
depth of the neutral axis was

— ng

X, = -H
nb3 6‘00 +€f . (24)

The schematic diagram of the section force was shown in Fig. 13.
The force balance relationship was shown as Egs. (25) and (26)

C=[Fobty=a s+ 450, e3)
mu :A.vf(d_xrl+Y)+AfEfgf(H_x"+Y)’ (26)

where C was the resultant force in the compression zone; Y was
the distance from the resultant force in the compression zone to
the neutral axis of the section.

4.5 Maximum and Minimum Textile Ratio
To avoid material waste caused by excessive distribution network or
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Fig. 13. State | Section Strain Relation and Stress Diagram

insufficient bearing capacity of two-way slab caused by few
distribution network, the concepts of maximum distribution network
ratio and minimum distribution network ratio were proposed to
provide reference for strengthening design.

4.5.1 Maximum Textile Ratio

Considering the maximum and minimum reinforcement ratio of
the slab without strengthening, a compression failure similar to
an over-reinforced member would happen when the textile ratio
was too high, resulting in material waste. Define the maximum
textile ratio as when the concrete in the compression zone crushed
and the tensile reinforcement yielded.

A L& 11,

f,max

Primax = bd - f;e 5

@7

where P, Was the maximum ratio of the strengthened slab; 4.
was the maximum fiber area per 1 m (per direction) (mm?*m); b was
the unit width (mm); d was the effective depth of the slab (mm); &,
was the relative limit height of the compression zone; £, was the steel
yield strength (MPa); p, was the reinforcement ratio in a certain
direction of the slab; f,, was the effective tensile stress of the CFN
(MPa).

4.5.2 Minimum Textile Ratio

If the textile ratio is too low, the compressive strain of the
concrete is small when the slab failed, which is considered to be
brittle failure. Thus defining the minimum textile ratio as g, = &,.

A min l
pr.min = : __{

(28)

2fHe, 1A
bd  f.d >

3(550“‘5/) b

where o, i, 1S the minimum textile ratio of the strengthening slab;
Afpmin 1s the minimum fiber area per 1 m (per direction) (mm*/m); H
is the section height equal to the slab thickness (mm).

5. Calculation of Theoretical Bearing Capacity

5.1 Theoretical Analysis of Plate Plastic Hinge Line
According to the failure modes of the tested slabs and the crack
form at the bottom of the slab, the following two plastic hinge

N
!

- .f ¥ As
E.g.A,
| B
i .
™~ o My . e
~ . //
: m,, N e
Mo . P
N - e I
E F tane =
_}r \>_ _ - </ 2ury
s / g \\
- / \ ~
/ i i ~
g /vl i AN
el [
,/ n= m,. \
/ . \
X

Fig. 14. Plastic Hinge Mode |

modes were obtained. Then the theoretical bearing capacity of
the strengthened slabs was calculated and compared to the test
value.

5.2 Plastic Hinge Line Mode-
According to the specific failure mode of the tested slab in
section 3.2 of this paper, it can be seen that the slab PC only had
the main crack parallel to the edge of the slab in the long-span
direction, and then gradually expanded to the corner as the load
increasing, so it was simplified as shown in Fig. 14.

The angular displacement of each plastic hinge line was

@=1/yL,0=21, (29)

where @ was the angular displacement of plate ACE; 8 was the
angular displacement of plate ABEF; and y was the position
parameter of the plastic hinge line (Burgess, 2017).

v ! (W—l).

"2

(30)

where g was the aspect ratio of the slab, y=L/l; h was the ratio
of moments per 1 m, 7=m,,/m,, .
The displacement of the loading point was
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0, =(1-2¢)/1, 31)

where ¢ was the vertical distance between the loading point and
the plastic hinge line EF.
Total virtual internal work was

U=2m, LO+2m, lp= 4(y+ntana)m,, . (32)
Total virtual external work was

W =gV +4Bwm, =g[(2p /3+1/2)L-1-I"|2|+4Fm, . (33)
From the principle of virtual work

PO=[(7+77tana)~l/(l—2c)]mw—Gg, (34)

where P, was the concentrated force on the loading point when the
slab failed; 7 was the volume enclosed by the virtual displacement
of the slab; and G, was the self-weight effect, which can be
calculated by the following Eq. (35)

G, =gl (2w /3+1/2)L-1-1*/2]/4(1-2c), (35)
5.3 Plastic Hinge Mode Line-lI
It can be seen from Fig. 8 that the slab C2-epoxy and C2 presented
an “inverted cone” failure mode. The tested slab was divided into
5 rigid plates. Assuming that the middle rigid plate just surrounded
the 4 loading points, the failure mode was simplified as Fig. 15.

|

@ | 1 @
i i
( 1 1
L-a)i2
P

Fig. 15. Plastic Hinge Mode Il

Table 8. Experimental and Theoretical Values of Capacity

The angular displacement of each plastic hinge line was
0=2/(1-b),p=2/(L-a), 36)

where a and b are the distances between the loading points in the
x and y directions, respectively.
Total virtual internal work was

U=4[m,L/(I-b)+m,l/(L-a)]. (37)

Total virtual external work was
W =gV +4Pa, :%g(a~b+L~l+\/a-b~L-l)+4E) . (3%)
From the principle of virtual work

PO: 7 + 77 mux_G9
1-b/1 y-all) ™ ¢

where G, is the self-weight effect of the slab, which can be
calculated by the following Eq. (40)

Gg:ég(a~b+L-l+x/a~b-L-l).

(39

(40)

5.4 Comparison of Experimental Value and Theoretical
Value
Table 8 showed the comparison between the theoretical bearing
capacity and the experimental bearing capacity under different
plastic hinge line modes. From the data in Table 8, it can be seen
that under the plastic hinge line mode-I, the theoretical bearing
capacity of the slab B2 was 194 kN. The ratio to the experimental
bearing capacity was 0.90; The value under the plastic hinge line
mode two was 210 kN, and the ratio to the experimental bearing
capacity was 0.97. It can be seen that the theoretical bearing
capacity under the plastic hinge line mode two was closer to the
actual bearing capacity of the test, indicating that the second
failure mode was closer to the actual failure mode of slab C2-
epoxy, which was also correspond the actual failure mode of the
tested slab. When calculating the bearing capacity of the slab PC
using the Egs. (29) to (35) and Egs. (36) to (40), the ratios of the
theoretical calculation bearing capacity to the actual experimental
bearing capacity in mode one and mode two were 0.69 and 0.81,
respectively, which were both conservative because of the
membrane effect after the reinforcement yielded. It was believed
that the slab would lose the bearing capacity when the CFN was

Data sources Specimen Pl Jie(MPa) Matheory Pey Py Pt/ Pes
X y X y 1 11 1 II

This paper PC — — — 8.02 5.22 150 103 121 0.69 0.81

C2-epoxy 0.055 1,081 1,388 12.96 12.63 216 194 210 0.90 0.97
Koutas and Bournas Cl 0.095 974 14.29 207 172 0.83
(2017) 2 0.19 840 20.16 291 241 0.83

Cl-part 0.0475 1,223 11.24 178 135 0.76

G3 0.132 300 9.47 142 114 0.80
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broken partly. Therefore, the results were more accurate when
the Egs. (16) to (27) was used to strengthened slab. According to
Table 8, it could be seen that the theoretical values were all
smaller than the experimental values, and the structure had a certain
safety reserve that meets the reliability requirements. When using
method in this paper to calculate the square TRM strengthened RC
slab (Koutas and Bournas, 2017), the average ratio of the theoretical
value to the experimental value was 0.81, which was in good
agreement and safe enough. And it was suitable for RC slab
strengthened with different types and different layers of fiber net.

In this paper, the effective stress actually exerted by CFN
when the slab failed were 1,081 MPa and 1,388 MPa in the x and
y directions respectively. In the square slab tested by Koutas, the
effective stress of the fiber net in the two directions were roughly
equal. The data in Table 5 showed that when the textile ratio
increased from 0.0475% to 0.19%, the effective stress value of
the fiber net decreased from 1,223 MPa to 840 MPa, that is, the
higher the textile ratio, the lower the effective stress value of the
fiber net. Therefore, when TRM was used for flexural strengthening
of structural members, the actual stress exerted by the fiber net in
FRPM was reduced from the stress when it was subjected to load
alone. This factor should be considered when using TRM for
strengthening in actual projects.

6. Conclusions

This paper performed experimental investigation on 3 RC two-
way slabs strengthened with TRM, mainly studied the influence
of different interface treatment on flexural strengthening. In
addition, a calculation model was proposed using the method of
plastic hinge line based on the results. The main conclusions
were drew in a concisely manner as follows:

1. Compared with the unstrengthened slab, the ultimate load,
the pre-cracking stiffness, the post-cracking stiffness and
energy absorption values of RC two-way slabs unstrengthened
with CFEN reinforced mortar increased by 43.8%, 24.2%,
83.4%, and 49.1%, respectively. This indicated that CFN
reinforced mortar reinforcement could significantly improve
the bearing capacity, stiffness and energy consumption
capacity of RC two-way slabs.

2. Compared with the unstrengthened slab, the ultimate load, the
pre-cracking stiffness, the post-cracking stiffness and energy
absorption values of the RC two-way slabs unstrengthened
with CFN reinforced mortar treated with epoxy interface agent
increased by 54.2%, 47.8%, 145.2%, and 75.5%, respectively.
The application of epoxy based interface agent can
significantly improve the bearing capacity, stiffness, and
energy absorption value of RC two-way slabs, and can
suppress local debonding between TRM reinforcement layer
and the RC slab, preventing crack propagation along the
interface direction.

3. The theoretical bearing capacity of TRM strengthened the
two-way RC slab under different plastic hinge modes was
different. Under plastic hinge mode II in this paper, the

theoretical bearing capacity was in good agreement with
the experimental value.

4. This paper proposed the concept of strength utilization rate
and found that there was a functional relationship between
it and the textile ratio, which was in good agreement with
the experimental value.

But due to the limitation of the experimental data, the reduction
factor under different textile ratios and specimen sizes needs
more experiments and theoretical studies to prove it. Based on the
seismic shear capacity formula of masonry wall with constructional
column, the formula for design shear capacity of the wall
strengthened with fiber nets is deduced. In the future, further research
will be conducted on the bending performance of two-way slabs
strengthened with different types of nets, layers, reinforced
polymer mortar or ultra-high performance concrete.
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