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TOM TAT: Vit liéu Composite nén xi mang da dwoc nghién ciru mot cach sau rong trong vai thap ky lai
day, duoc sir dung nhu mot két cdu moi trong k¥ thuat xay dung. Bai bao nay gidi thiéu két qua moé phong
s6 ciia mo hinh luéi phan tir cho tng xtr kéo cua vt liéu bé tong ¢t dudi dét, ma trong d6, md hinh tmg xir
pha huy vat liéu do nit hoac nghién nat duogc st dung cho bé tong hat min. M6 hinh luéi duoc phat trién
dua trén dit liéu thuc nghiém cua cac vat lidu thanh phan trong cac nghién ctru ¢6 sin trén thé gidi va duoc
dbi chimg véi két qua thuc nghiém cua bé tong cbt ludi dét twong tmg. Su twong dong két qua méd phong
s6 gitta mo hinh ludi va cac mé hinh khac duoc 1am 13 va phan tich. Tir mé hinh ludi, anh huéng ciia mot
vai tham sb dén tmg xir kéo ciia bé tong cdt ludi dét duge xac dinh. Tir d6, mot vai khuyén nghi dugce rat ra
nhim nang cao cac ddc tinh co hoc cua bé tong bt ludi dét.

TU KHOA: Bé tong bt ludi dét, M6 hinh ludi, Lan truyén vét nut, Ung xu kéo.

ABSTRACTS: Textile-based composites have been studied extensively in the past two decades as they are
used in constructing newly fabricated structural elements. This paper presents numerical results of lattice
modelling of textile-reinforced concrete in which the damage behaviour model was considered by cracking
or crushing for the cementitious matrix. The lattice model was developed from the input data of constitutive
materials in the literature and validated with the corresponding textile-reinforced concrete composites.
The agreement of numerical results between the lattice model and other numerical modelling was also
highlighted and analyzed. From the lattice model, the effects of several parameters on the textile-reinforced
concrete properties were identified by the parametric studies. From these results, several suggestions were
concluded for enhancing the mechanical properties of the textile-reinforced concrete.
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1. INTRODUCTION

In the past two decades, textile-reinforced
concrete (TRC) composite was increasingly and
widely used in infrastructure construction. It is an
alternative solution in materials engineering, which
has breakthroughs and brings many economic and
technical benefits. In addition, this material also
ensures many criteria for sustainable development
and is more environmentally friendly than fibre-
reinforced polymer (FRP) composite. Textile-
reinforced concrete is a combination of a substrate
of fine-grained concrete (cementitious matrix) and
reinforced by artificial textile meshes (reinforcement
textile) in different natures such as carbon fibre,
glass fibre, basalt, etc. The cementitious matrix
works as a protective layer against the impact of
the environment as well as transfers and distributes

the internal forces in the reinforcement textile.
The reinforcement textile with high mechanical
performance ensures the stiffness and strength
of TRC. So, this material offers advantages over
reinforced concrete in terms of high tensile strength,
less corrosion, lightness, etc. Therefore, it can also
be applied to repair or strengthen existing structures
as well as new load-bearing structures in bridges,
buildings, traffic tunnels, etc. So, TRC composite is
considered the material of the future in the industry.
Infrastructure construction [1].

In the world, there are several studies on textile-
reinforced concrete materials at both material and
structural scales [2][3]. It has been used to reinforce/
strengthen various types of reinforced-concrete
structures and withstands various load cases such
as earthquake, high temperatures, repetitive loads,
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etc. The results showed that the reinforcement
efficiency of TRC composite is lower than that
of FRP under normal conditions, but in special
conditions such as high temperature, TRC has
much more effective [4],[5],[6].

In Vietnam, TRC composite has been researched
and applied in civil engineering in the last decade. At
the material scale, several experimental studies have
been carried out to determine the TRC’s mechanical
properties under direct tensile test or bending test at
3 points [7],[8],[9]. Cao Minh Quyen [7] compared
two types of fine-grained concrete mixes in terms of
strength and adhesion to glass textiles. The results
showed that the aggregate composition, using
Quartz powder and sand with the addition of fly ash
to replace cement, gives the strength and stiffness
approximately 1.3. times higher than that of the
aggregate using composition with natural river sand.
Le Minh Cuong et al. [8] fabricated and identified
the mechanical properties of high performance
fine-grained concrete reinforced by textile mesh for
applying in bridge construction. The experimental
results showed that the high tensile strength of
textile-reinforced concrete can be used to reinforce
the bridge structure.

At the structural scale, there were several studies
aiming to identify the reinforcement efficiency of
TRC composite when reinforcing the structure
under bending, shear, compression, and puncture
[10],[11],[12],[13],[14]. Nguyen Huy Cuong et al.
[11] simulated the flexural failure of reinforced
concrete beams reinforced with TRC. The
simulation results, which have been compared
with the previous experimental results, showed
a significant reinforcement efficiency up to 180%
related to the referent beam. Bui Thi Loan [13] has
experimentally studied the behaviour of masonry
sandwich structures reinforced with TRC under
the effect of loads in the plane. The results showed
that the reinforcement layers increased the stiffness
of the masonry structure in the second phase. In
addition, it increased the load-carrying capacity
of the masonry to 36% as well as the deformation
capacity of the structure up to 25%, compared to the
unreinforced masonery.

The mechanical properties of TRC composite
are generally identified from axial tensile or flexural
tests. Most of the experimental results showed stress-
strain curves with different working zones depending
on several factors belonging from the mechanical
characteristics of the constitutive materials as well
as the together working between these materials. In
addition, human factors also greatly influence the
experimental results obtained. Therefore, to achieve

the convergence of experimental results as well as
to study the influence of material parameters on the
mechanical behaviour of TRC composite, it needed
a lot of experiments leading to high cost and time.
Therefore, the research method by using numerical
simulation is suitable to consider the influence of
parameters (material, size, environment, etc.), both
to reduce research time and costs and to ensure a
guarantee of high reliability.

In the literature, several numerical models were
developed and validated to consider the effect of
many factors belonging to constitutive materials
on the mechanical behaviour of TRC composite.
Djamai et al. [15] have considered the failure
mechanisms of the constitutive materials (cracking
of cementitious matrix and debonding between
textile/matrix) in multi-scale numerical modelling
for the TRC sandwich panel (pull-out response of
textile yarn in the cementitious matrix block and
four points bending behaviour of TRC sandwich
panel). Tran et al. [16] [17] [18] have used a
cracking model for the cementitious matrix in the
3-D numerical modeling of the tensile behaviour
of carbon TRC composite. Thanks this model, the
effect of several parameters, such as the thickness
of the cementitious matrix layer, the position and
length of the deformation measured zone and
elevated temperatures on the TRC’s behaviour, has
been highlighted and analyzed [17]. Almost these
numerical studies were based on the finite element
method (FEM) and the numerical results showed
a good agreement with that in the experiment.
They significantly contributed to our knowledge of
numerical modelling on the mechanical behaviour
of TRC and TRC-strengthened-structures.

However, simulation using FEM with a
softening damage mechanical model may lead to
mesh-sensitive results. An alternative approach for
FEM with zero-thickness joint elements placed on
all the edges of finite elements needs a very fine
mesh to model correctly the crack pattern [19]. This
limitation of the FEM can be overcome by using a
lattice model, which has been shown to be mesh-
independent [20]. Particularly, the lattice model is
shown to be powerful for modeling the complex
fracture process of concrete at both macroscopic
and mesoscopic levels.

This paper presents numerical results of lattice
modelling for textile-reinforced concrete in which
the damage behaviour model was considered by
cracking or crushing for the cementitious matrix. The
lattice model was developed from the input data of
constitutive materials in the literature and validated
with the corresponding textile-reinforced concrete
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composites. From the lattice model, the effects
of fracture energy on the TRC’s behaviour were
identified by a parametric study. The numerical
result will also be compared with that of the
FEM modeling.

2. LATTICE MODEL
2.1. Experimental data

The experimental results in ref [1] were used
as input data for the development and validation of
the lattice model. These were the tensile behaviour
and mechanical properties of the constitutive
materials and carbon TRC composites (F.GC1) at
room temperature. Concerning this experiment,
figure 1 shows the characterization method of
the experimental works for the tensile behaviour
of carbon TRC. The mechanical properties
of constitutive materials (carbon textile and
cementitious matrix) were also identified from this
method. The input data is presented in table

F.GC1 Composite

Ball-joint loading head

Reinforcing with
aluminum plates

Carbon TRC specimen

Laser sensor

Figure 1. Experimental works and F.GC1
specimen for the input data of lattice model [1]

2.2. Modelling by lattice model
2.2.1. Lattice model

The spatial arrangement of the lattice elements
and their cross-sectional properties in the lattice
modelis based on Delaunay and Voronoi tessellations
[21], [22] of the domain shown in Figure 2.

Each node of mechanical element has three
degrees of freedom that are two translations u and
v and a rotation ¢. The displacement jump at the
centroid C of the element’s mid cross-section relates
to the nodal unknowns as follows:

u. = Bu, (1)
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Figure 2. Lattice model for fracture analysis
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The displacement u. is replaced by deformation
€ = u/h., with h. is the length of the mechanical
element. The rigid matrix of lattice element in the
local coordinate system is determined by:

A o
K =h_B D,B 4)

e

Where D. is the elastic stiffness.

The stress-strain relation in the damaged
mechanic framework reads:

o=(1-w)De =(1-0)5 (5)

where © is the damage variable; 6=(5,,5,)"

E

the stress vector; D. = {0 } . For the plane stress
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Young’s modulus and Poisson ratio. The variable
o is a function of a history variable k, which is
determined by the loading function:

flex)=¢,(e)-x (6)

The equivalent strain g, is defined as
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where s = f/f;, ¢ = f/f,, f; = Ego is the tensile
strength, f; is the shear strength, f. is the compressive
strength and & is the model parameters.

The loading-unloading condition is ensured by
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<0, k20, & =0 )

The softening curve is controlled by the fracture
energies of pure compression Gy and of pure tension
G, for compressive and tensile conditions as follows

e

with i = ¢ (compression) or # (tension);

)

;= Gylfi; @ =|¢| is the equivalent crack opening;
e is the crack opening vector defined by

e=hwe

(10)
2.2.2. Tensile test modeling

Firstly, a model was built by code OFFEM
with a configuration and geometric similar to the
F.GC1 specimen as in experimental work. Then,
all concrete and reinforcement textile elements
were declared the corresponding material model
and mechanical properties. Table 1 presents
the mechanical properties of carbon textile and
cementitious matrix used in the lattice model.
Finally, the boundary conditions and loads were
applied for the lattice model as in the experimental
works. The fixed supports with all movements
blocked according to three coordinated axes were
applied for the first end. Then, all nodes on the other
end were applied the imposed displacement with
the rate of the applied load as in the experiment,
controlled by the load steps and sub-steps. Figure 3
shows the configuration of the boundary condition
and applied loading for the numerical model.

2.3. Numerical results
Figure 4 presents the stress-strain relationship
of carbon TRC composite obtained from the lattice

model in comparison with experimental results.
The lattice model result shows the strain-hardening

420 mm

Figure 3. Lattice model for carbon
TRC’s specimen

curve of tensile behaviour for carbon TRC with the
cracking phase as described in the literature. In Figure
4, the cracking phase is characterized by the drops in
axial stress in the stress-strain relationship. It means
that the cracking model for the cementitious matrix
simulated reasonably the response of this material
as in reality. From the stress-strain relationship, the
mechanical properties of carbon TRC were identified
as like in experimental work. They were the stress
and strain values at three notification points (I, II,
UTS points) which characterized for three phases
of the strain-hardening curve [23]. In comparison
with the experiment, it could be found an agreement
between both experimental and numerical results.
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Figure 4. Stress-strain relationship in
comparison with experimental results
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Figure 5. Comparison between the lattice and
FEM model results

Table 1. Input data for lattice model of Carbon TRC composite

Mechanical parameters
Material E A f, Gy Gre
[GPa] [MPa] [MPa] [J/m?] [J/m?]
Textile GC1 256 2617
Cementitious matrix 30 3,5 5% 102 6 x 106
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3. DISCUSSION

3.1. Comparison with other numerical modeling

The numerical result obtained from the lattice
model was compared with that of FEM model for
carbon TRC composite [16]. The result showed
a similar form of both strain-hardening curves
with the cracking phase. However, it could be
found in Figure 5, the ultimate strength from the
lattice model was lower than that of FEM results.
Other mechanical characteristics of carbon TRC
composite were in good agreement between both
numerical results.

3.2. Effect of fracture energy of cementitious
matrix on TRC’s behaviour

In order to consider the effect of fracture energy
of the cementitious matrix on carbon TRC’s
behaviour, a parametric study was performed by
increasing the value of this parameter from 0%,
10%, and 20% related to the initial value. Figure
6 presents the stress-strain relationship of carbon
TRC composite obtained from the lattice model
for three cases. From Figure 6, it could be found a
similar form of strain-hardening curves of carbon
TRC’s behaviour. In the first phase (linear phase),
no effect of fracture energy was found. However,
with the higher value of fracture energy, the
cracking phase of the stress-strain relationship was
at a higher level. It means that the cementitious
matrix contributed more to the mechanical capacity
of the TRC specimen in this phase. In the last
phase, the ultimate strength of the TRC specimen
obtained from the parametric study ranged from
10 MPa to 12 MPa. This was doubted result of
the lattice model because the cementitious matrix
no contributes to the ultimate strength of the TRC
composite after being completely cracked in the last
phase, in general.
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Figure 6. Effect of fracture energy of the
cementitious matrix on the TRC’s tensile
behaviour

4. CONCLUSION

This paper presents the numerical results
concerning the tensile behaviour of the carbon
TRC composite by using a lattice model. Firstly,
the lattice model was developed and validated with
the previous experimental data in the literature.
After that, the numerical result obtained from the
lattice model was compared with FEM modeling.
Finally, a parametric study was performed to
identify the effect of the fracture energy value of
the cementitious matrix on the TRC’s behaviour.
As numerical results, the following conclusions can
be drawn from this work:

The lattice model could predict the strain-
hardening behaviour of the TRC composite with
the cracking phase characterized by the drop in
stress. In comparison with experimental data, the
lattice model result has a good agreement with the
experiment and FEM model.

The effect of fracture energy value on the
strain-hardening behaviour of the TRC composite
increased progressively with the working phases.
No effect was found in the linear phase, a higher
level was in the cracking phase, and an obvious
effect was in the last one.
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