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EXPERIMENTAL AND NUMERICAL MODELLING OF BASALT TEXTILE
REINFORCED MORTAR BEHAVIOR UNDER UNIAXIAL TENSILE STRESS

Pello Larrinaga'*, Carlos Chastre?, Hugo C. Biscaia?, José T. San-José’

Abstract

During the last years several projects and studies have improved the knowledge about
Textile Reinforced Mortar (TRM) technology. TRM has already been used in
strengthening masonry and reinforced concrete structural elements such as walls,
arches, columns and beams. This material is presented as a real alternative to the use of
fibre-reinforced polymers (FRP) in situations where these composites have presented
some drawbacks or their use is banned. Textile Reinforced Mortar show a complex
mechanical behaviour derived from the heterogeneity of the constituent materials. This
paper aims to deepen the knowledge of this composite material in terms of tensile
behaviour.

Following this scope, this paper presents an experimental campaign focused on thirty
one TRM specimens reinforced with four different reinforcing ratios. The results are
analysed and contrasted with two distinct models. i) the Aveston-Cooper-Kelly theory
(ACK) which is based on a tri-linear analytical approach; and ii) a nonlinear numerical
simulation with a 3D Finite Element code.

The Finite Element Analysis (FEA) of the TRM tensile tests also showed no significant
dependence on the basalt-to-mortar interface, i.e., the choice of a bond-slip curve in
order to reproduce the bond stresses and slippages along the interface is irrelevant and it
can be simply considered as rigid interface.

Keywords: Basalt; Modelling; Mortar; Numerical; Tensile; Textile.

1. Introduction

Composites of technical textiles acting as reinforcement and cement-based mortars used
as matrices, called Textile Reinforced Mortar (TRM), provide the opportunity to
strengthen existing reinforced concrete structures in flexure, shear and confinement. The
effect of TRM as strengthening technology has been successfully proven by several
research projects [1-5]. However, its implementation as a regular technique is still far.
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One important step to reach this objective is modelling the mechanical behaviour of
TRM for future numerical applications in real situations.

The tensile behaviour of cement-based composites is different from that of polymeric
matrices due to the brittleness of the inorganic matrix, i.e. the ultimate strain in tension
of these materials is considerably smaller than that of the fibres. In fibro-plastic
composites (FRP), the matrix presents a more ductile behaviour than fibres. Because of
this, organic composites present elastic behaviour up to the point of failure (if the fibres
are elastic up to failure too). On the other hand, inorganic matrices crack before the
maximum strain of the textile is reached. Hence, the reinforcement becomes effective
when the matrix starts to develop cracks. After cracking, the tensile stress within the
cracked cross-section is carried entirely by the internal reinforcement. To achieve this
effect a minimum volume of fibres is required, and then, the composite would be able to
resist the imposed load. The critical volume content of the fibres in cement composites
is established at about 1-3% in volume. [6].

The stress-strain diagram of TRM under uniaxial loading is presented in Fig. 1. The
non-linear curve is divided into three stages [7, 8]. A brief description of the stress-
strain plotted curve is given below.

Fig. 1. Stress-strain relationship of TRM under uniaxial tension.

Stage | ends at the point where the first crack appears (e;;). The stiffness of the
uncracked composite material is dependent on the stiffness of the mortar. This stage is
known as pre-cracking stage.

When the mortar tensile strength is exceeded, the first crack is formed and the whole
tensile force is carried by the textile reinforcement, which must be able to resist the
acting load. With the increase of the tensile force, new cracks appear in the specimen.
Due to the bond between rovings and mortar, forces are initiated again in the matrix.
When the tensile strength of the cementitious mortar is reached once more, a new crack
is formed. The distance between cracks and their width is influenced by the
reinforcement material, the reinforcing rate, the reinforcement-matrix bond
characteristics and the tension failure strain of the mortar [8]. Stage Il, also known as
multiple cracking stage, ends when no further cracks can occur (&).

Stage 1l (post-cracking stage) is characterized by a stabilized crack pattern. When all
the cracks are formed, the material behaves in a linear way again (with a lower slope
than the obtained in Stage 1) and only the fibres carry extra load up to the failure point
of the composite (e;1;;). The stiffness of this third stage is lower (10-30%) than the
elastic modulus of the textile reinforcement (not that of the fibres) [9]. Hence, the stage
I11 curve could be, approximately, parallel to the strain-stress curve of the textile under



pure tensile load. The difference is caused by two complementary factors. Firstly, the
loss of adherence between the mortar and the rovings and secondly, the impossibility of
the mortar to impregnate all the filaments that compose each textile roving. The roving
can be divided into two groups: the outer and inner filaments. The former consists of
fibres which are completely bonded to the cement-based matrix. The inner filaments has
not direct contact with the mortar, the load transmission between them is determined by
friction bond.

Generally, load-bearing behaviour is evaluated by means of bending or tensile tests. In
ceramic and porous materials, the former are easier to perform. However, stress-strain
curves obtained by means of uniaxial tensile tests provide more detailed information
about the properties and real behaviour of this kind of composite material [10].

In this paper, the results of an experimental campaign are showed and analysed. Basalt,
a novelty material in this field, has been selected to act as TRM reinforcement. Besides,
the effect of the reinforcement rate is also studied: one to four layers were applied in the
specimens. Finally, the experimental data are contrasted with the results derived from
two different models: the well-known Aveston-Cooper-Kelly (ACK) theory for
inorganic-based composites and a Finite Element Analysis (FEA) carried out to
simulate the TRM behaviour.

2. Materials

2.1.Basalt as reinforcing material

Over recent years, carbon suppliers have found it difficult to obtain carbon fibres. In the
immediate future, the amount of this material that is available may not be enough to
satisfy the increasing demand of the construction industry [11]. Basalt appears to be a
material which could offer interesting opportunities in the future. Recent studies have
included basalt as reinforcement in FRP composites [12]. Nevertheless, it was in the
TRM field where its structural application started.

Its mechanical properties are slightly better than those of glass fibres [13-15]. So,
together with its low cost, it could serve as a natural replacement for glass fibre as
reinforcement. The elastic tensile modulus of basalt fibres (80-110GPa) is higher than
that of E-glass fibre (70-75GPa). Besides, basalt has low elongation ratios, and perfectly
elastic characteristics up to the point of failure, with an ultimate strain value that is
higher than 2%.

2.2.Basalt and mortar characterization

The textile applied as composite internal reinforcement consists of rovings woven in the
two principal directions creating therefore a bidirectional mesh. Basalt rovings are
covered by a bitumen coat in order to improve the bond between the mortar matrix and



the textile. Besides, the presence of the coat enhances the load transmission to all the
roving filaments so the textile performance is improved. In Table 1 the manufacturing
specifications of the basalt fibres are summarized.

Table 1
Manufacturing specifications and pure tensile behaviour of basalt (fibres and textile)

Previous studies show that there is a considerable gap between the tensile strength and
Young’s modulus values of a single fibre or filament and those of the textile mesh [16].
For this reason, the mechanical characteristics of the textile reinforcement material were
determined in tensile tests on textile specimens whose length was 600mm. In order to
carry out a suitable data acquisition, a speed of Imm/min was chosen for the present
test, influenced by the standard ASTM: D-5034. Additionally, Table 1 summarises the
results obtained in the textile characterization.

Due to the difficulty of achieving an identical initial length and strain for all the strands
of the specimens, it was impossible to achieve a simultaneous rupture of all the rovings.
Therefore, tensile strength results and ultimate strains should not be considered as
definitive values. However, the elastic modulus values obtained in this test are
considered for the models included in this paper. As the tested textile presents linear
behaviour until rupture, the Young’s modulus for each specimen can be easily
calculated [17].

The effectiveness of any externally bonded reinforcement is highly dependant on the
bond between the composite and the substrate, and the interaction between the matrix
and the inner reinforcement. Therefore, the interface behaviour and the mortar-
reinforcement relationship are key elements for obtaining high performance of the TRM
strengthening technique [18]. Besides, there are other important characteristics that the
mortar should fulfil such as high workability, chemical and physical compatibility with
concrete, low creep or shrinkage, permeability, sufficient shear (hence tensile) strength,
resilience or flexibility to allow natural deformation and initial high strength [19].

For this study a non-commercial cement-based mortar was used as TRM matrix. The
above-considered characteristics were taken into account. The maximum grain size of
the sand used in the mortar was 0.6mm. This factor enhances the workability of the
fresh mixture and facilitates its interaction with the fibre textile mesh. Table 2 shows the
basic composition of the mortar. The amount of redispersable resins was lower than 5%,
in order to achieve a fire-proof mortar. Flexural strength tests, as well as compressive
tests, were performed at an age of 7 and 28 days according to [20].

Table 2
Mortar dosage by weight (%) and mechanical characterization
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3. Experimental program

In total, thirty one specimens were manufactured and tested, three unreinforced and
twenty eight with internal reinforcement. Test setup and specimens dimensions were
influenced by previous works and considering the existing bibliography. Four series,
from one to four textile layers, of seven specimens each one were defined. Hence, the
effect of reinforcing rate was likewise analysed. The purpose of testing unreinforced
specimens was to characterize the behaviour of the mortar until the first crack, i.e. the
first stage in the TRM specimens under tensile load.

3.1.Specimens manufacturing

The specimen geometry has a relevant influence in the result of the test. Over the past
few years, several geometries have been proposed [18, 21, 22]. For the present study it
was decided to manufacture specimens with a 100x10mm? cross-sectional area and
600mm in length. Samples were prepared in plywood formworks. The ends of each
specimen were reinforced with two additional layers of 200x100mm? textile, in order to
promote the failure of the specimen in its middle third portion [4,17]. The internal layer
(800x100mm?) was positioned in the middle of the cross section. For the specimens
reinforced with two or more layers, the textile pieces were placed uniformly, e.g. three
layers placed every 2.5mm. In the case of the unreinforced specimens, only the
additional reinforcement was installed at both ends with the aim of forcing the brittle
failure in the afore-mentioned middle third portion.

Fig. 2. Geometry of a tensile specimen.

After casting, the specimens were kept in a saturated atmosphere for seven days, and
were then stored for 21 days in laboratory conditions (18°C and 60%RH). All the
specimens were tested between 28 and 34 days after their construction.

3.2.Test Setup

TRM tensile specimens were placed in a Schenk 100kN press which was programmed
to exert a deformation rate of 0.5mm/min [18]. The load transmission between the
specimens ant the testing machine was achieved by means of designed metallic clamps.
The torque applied to the clamp screws was carefully chosen, in view of possible
damage to the mortar placed between the two plates.

As has been stated before, the presence of the extra textile material at the ends of the
specimen forced its failure in the middle third part. The elongation of that area was
recorded by means of two LVDTs; the measured length was 210mm. All the



experimental information obtained was compiled using data logger with a frequency of
5Hz. Fig. 3 provides a general view of the test.

Fig. 3. Lay-out of the uniaxial tensile test setup.

4. Experimental results

As expected, only one crack was formed in the unreinforced specimens. The basic
information gathered in this series is compiled in Table 3.

Table 3
Average results of unreinforced specimens

The results of the remaining series are shown in Figure 4 and Table 4. The recorded
information shows good repeatability despite the typical scarcity of the results in tests
with this kind of materials. The three previously described stages can be observed
clearly in most of the curves. Table 4 includes the classic tensile strength, the Young’s
modulus of stage Ill, and the final strain of each stage. The tensile stress of the
specimens was calculated dividing measured load by the area of internal reinforcement:
b-t; -n, where b is the width of the specimen (100mm), t; is the design thickness
(0.0349mm) and n is the number of textile layers installed as internal reinforcement.

Fig. 4. Load-strain behaviour of reinforced specimens.

Table 4
Average results for each TRM series

The failure mode changed from one series to another. While specimens reinforced with
one single textile fabric broke smoothly, the increase of the reinforcing ratio turned the
failure mode into a more brittle rupture, i.e. a sudden loss of bearing capacity. The crack
pattern developed is also different and this might be attributed to the fact that the
specimen with one layer does not have the minimum amount of reinforcement to behave
as a composite material.

The development of the value of the Young’s modulus in Stage III is a key aspect in the
study of this composite. In series TB1, its average value was 43GPa while in the series
reinforced with two to four basalt layers the average values remained close to 60GPa.
The commented low amount of internal reinforcement in series TB1 can be an
explanation for this discrepancy. Something similar can be observed for the tensile
strength; series TB2, TB3 and TB4 had similar average tensile strength. There was good
correlation in these three series in terms of the Young’s modulus, tensile strength, and
ultimate strain. The main difference was observed in the development of stage Il, the
multiple cracking stage. Its length was reduced with a higher number of reinforcement



layers. This effect, also observable in reinforced concrete, has been reported in previous
works [23].

It has been remarked in the Introduction that the stiffness of this third stage is lower
than the elastic modulus of the textile reinforcement. The textile Young’s modulus is
67GPa so there is a reduction around the 10%.

The increase of the reinforcement rate also affected the crack pattern, which strongly
influenced the behaviour of the composite. The number of cracks was higher with more
number of basalt textiles acting as strengthening core (see Fig. 5). Besides, the distance
between cracks was reduced as well as their width. The reduction of the length of stage
Il is directly related to the formation of more cracks.

Fig. 5. Crack pattern in different specimens.

Another important remark is the loss of stiffness prior to the rupture strain. This effect
could be caused by debonding at the interface textile-matrix. A further explanation is
the progressive rupture of filaments inside the rovings [17]. The fracture propagates
slowly in the neighbouring bundles, resulting in a failure mechanism that may be
considered as ductile compared with FRP under uniaxial tensile load [24].

5. TRM modelling

For the modelling of TRM, two different approaches are presented. In the first model,
the authors present the Aveston-Cooper-Kelly theory (ACK) and, in the second
approach the TRM samples are simulated performing a non-linear finite element
analysis (FEA). Finally the results of the TRM modelling are compared with the
experimental tests.

5.1. ACK-Theory
The Aveston-Cooper-Kelly theory was developed to define a theoretical stress-strain
behaviour of a composite with a brittle matrix, in which the fibre-matrix bond remains
intact after the matrix has cracked [25, 26]. The extent of fibre debonding and crack
spacing in a partially debonded composite are closely linked to the maximum shear
stress at the fibre-matrix interface.
Several authors have already modelled multiple cracking in brittle matrix composites
basing their model on the ACK theory, e.g. [27], [28] or [29]. Basic assumptions,
employed in the development of the ACK theory are:

The fibres are only capable of carrying load along their longitudinal axis.

The matrix-fibre bond is weak.

Once the matrix and the fibre are debonded, a pure frictional shear stress t rules

the matrix-fibre interface behaviour.



The frictional interface shear stress 1 is constant along the debonded interface.
Poisson effects of the fibre and matrix are neglected.

Global load sharing is assumed for the fibres.

Normal matrix stresses, transversal to the loading direction, are uniform in a
Cross section.

Fig. 6. Typical stress-strain curve of TRM in tension (in grey) and ACK theory (in dotted black)

As has been previously stated, TRM tensile behaviour could be divided in three
different, but complementary stages. The ACK theory model reproduces this behaviour
by means of three straight lines which superimpose the experimental stress-strain curve
(see Fig. 6). According to ACK theory, in the first stage, the composite obeys the law of
mixtures:

B, =EV+EV, 1)

where E;, is the composite stiffness, V¢ and Vp, are the volume fraction of the fibre and
matrix, respectively. E; represents the stiffness of the fibres, whereas E, is the matrix
stiffness. At this stage, the matrix-fibre interface is assumed to be elastic.

Stage | is completed when a determinate tensile failure stress, omc, is reached. At this
value, which is directly influenced by the mortar’s tensile failure stress om,, the
composite presents multiple cracking.

o =——"m (2)

When a crack appears in the matrix and reaches a fibre, debonding of the matrix-fibre
interface occurs due to weakness at this point. Then a constant frictional interface shear
stress t is assumed. This shear stress provides normal stress transfer from fibres to the
inorganic matrix. The length of the debonded interface 6 can be written by expressing
the force equilibrium along the loading (longitudinal) axis of the fibres [25]:

é‘: m mu 3
V,2r ®)

where, r is the fibre radius and t is the frictional matrix-fibre shear stress. At the
multiple cracking stage, distances between cracks are no smaller than 6 and no larger
than 23. The spatial introduction of cracks occurs randomly until no space remains for
new cracks, in a similar way to the geometrical car parking problem. Widom
determined that the average distance between cracks equals X=1.3376 [30]. For this
value, the composite strain at the end of stage Il () can be defined as:
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& = (1+0.666a,) 2 (4)

where:

o - E.V., )
Efvf

After & is reached and multiple cracking has stopped, the matrix stresses remain
constant with increasing the applied external load. During the final stage, only fibres
contribute to bear load. The composite stiffness at this stage is defined by:

Eow =E¢Vy (6)

The data necessary to run the ACK model is included in sections 2 and 3 of this paper:
Es: 67GPa
Em: 8.25GPa
te: 0.0369mm
Omu. 2.48MPa

Table 5 is completed according expressions 1 to 6 and the previous data. Moreover, the
stress-strain relationship obtained by employing the ACK model is directly compared
with the experimental results in Figure 7.

Table 5
ACK Theory results

Fig. 7. ACK model in series TB1 to TB4

5.2.Modelling with a 3D FEA

The Finite Elements Analysis (FEA) is a 3D powerful tool for material modelling and
analysis of structural responses. In the present study, the FEA method was used in order
to model the TRM under tension.

5.2.1. Material modelling
The finite element analysis was conducted with a finite element code developed by
Cervenka [31]. The FEA includes realistic constitutive model of concrete behaviour that
allows a simulation of the real structure behaviour in service as well as in ultimate
loading conditions. The numerical model was based on three-dimensional isoparametric
elements with eight nodes except for the steel tab element where brick-tetra elements



were used. In order to obtain a model with a reasonable number of finite elements
(without losing too much time during the analyses and using a refined mesh), only one
half of the specimens was modelled using symmetry.

The code is highly directed to reinforced concrete structures and no specific constitutive
law is available for mortars. However, constitutive laws for mortars were assumed as
same for concrete in order to model, as close as possible, the mortar non linear
behaviour. The material chosen to simulate mortar was CC3DNonLinCementitious2
[31], which consists in a combined fracture-plastic model for concrete. When mortar is
under tension the fracture model is based on the classical orthotropic smeared crack
formulation and the crack band approach. It employs the Rankine failure criterion,
exponential softening, and it can be used as a rotated or a fixed crack model [32]. In
present work, it was assumed the rotated crack model until 40% of the tensile strength
of the mortar followed by the fixed crack. This criterion was assumed based on the
conveniences and inconveniences that pure fixed or rotated crack provides the model
[31]. For instance, assuming a fixed crack model will result in a more rigid model when
compared to reality, and assuming a rotated crack model it is impossible to reproduce in
the reality because the crack orientation cannot change with the load increments applied
to the structure [32].

The FE code provides softening laws to simulate crack formation in the crack process
zone (CPZ) where the stresses decrease on the cracked face. Afterwards, cracking is
governed by non-linear fracture mechanics. The crack bond model is considered to
control the localization of deformations at failure. In this model the material parameters
are adjusted such that the same amount of energy is dissipated during failures of a large
and small finite element [33]. In the final, the structure modelled shows weak mesh
sensitivity and the nonlinearities of the mortar (e.g. crack pattern and crack
initiation/development) are approximated as close as possible to the reality.

Decrease of compressive strength in the cracked concrete is also considered and the
hardening/softening plasticity model of the concrete compressive state is based on the
failure surface of Menétrey—William [34]. More details can be found in [31].

Basalt fibres were modelled by discrete bar elements, and each one were defined by a
uniaxial stress-strain relationship according to the tests previously performed and
included in Section 2. These discrete bar elements work as truss elements, i.e. only
normal stresses (tension/compression) are considered. The bond-slip models associated
to basalt-to-mortar interface were considered based on some models presented in [35].
The results obtained for the TB4 series (with four layers of basalt) are presented in
Table 6. The results showed no significant deviations between the models with bond-
slip laws and the model with a rigid mortar-to-basalt interface. Therefore, the rigid bond
interface between basalt and mortar was assumed in all specimens.
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Table 6
FE code results obtained in the series TB4 assuming a bond-slip model in the mortar-to-basalt interface.

The load applied to the specimens was simulated by a regular prescribed displacement
in each step of 0.02mm/step and the resulting stresses, strains, deformations, cracks, etc.
satisfies the equilibrium of forces, compatibility of deformations and material laws for
each step analysed due to the standard convergence criteria defined in the FE code [31].
All iteration process is governed by the Newton-Raphson method.

5.2.2. Finite element mesh
The adopted dimensions were the same that those used in the tested samples. By means
of symmetry, only one half of each specimen was modelled in order to simplify the
calculation process of the software. In total, 2340 FE and 3084 nodes were used.
The mortar element is characterized by brick elements with 5x5x5mm?®. In the 10mm of
the thick specimen, two FE were used and ten FE were distributed along the 50mm of
the one half of the specimen width.
As in the experimental specimens, reinforcement was incremented in two textile layers
at both ends of the specimens in order to promote their failure in the middle portion and
avoid the premature rupture near the gripping devices. This feature was also considered
in the FEA and, therefore, the extra reinforcements were introduced in the model.

6. Analysis and discussion of results

The results of the presented ACK theory and FEA are directly contrasted with the
experimental data in Figure 8. Throughout this point the obtained data is analysed and
discussed. In order to facilitate a clear understanding of the graphs, the area covered by
the experimental curves is highlighted in grey while the numerical curve is represented
in black colour. This information is also summarized in Table 7.

Fig. 8. ACK theory and FEA series TB1 to TB4.

The ACK model presents interesting results compared to the experimental data. In
general terms, mainly at stage 11, this model proved to be less than fully effective. The
main discrepancy point is the value for the end of the multi-cracking stage, emc. Besides,
the stiffness of the third stage appears to be greater in the model. This discrepancy is
caused by the loss of stiffness observed at the end of stage Ill in all the tested
combinations. The progressive rupture of filaments inside the rovings [17] and the
debonding at the textile-matrix interface could be the main reasons for this loss of
stiffness. The fracture propagates slowly in the neighbouring bundles, resulting in a
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failure mechanism that may be considered as ductile [24]. The ACK model does not
expect this behaviour.

Table 7
Comparison between average values from experimental tests and TRM modelling from ACK Theory and
FEA.

Moreover, this model works better with more basalt layers. However, the lack of
accuracy of the ACK model in heavily reinforced organic based composites was
checked [23]. Probably, ACK theory reproduces suitable results in a specific ratio of
composite internal reinforcement.

The results from the FEA model follow very closely TRM behaviour observed
experimentally in terms of load vs. strain (Fig. 8). The numerical curve captures the real
behaviour nicely when there is enough reinforcement material to act as a composite. For
series TB1, there are several discrepancies than can not be neglected. As was remarked
in the analysis of the experimental data, the composite stiffness (E:, ;) was clearly lower
in series TB1 than in the remaining series. The FEA does not take into account the
problems derived from the lack of internal reinforcement ratio and produces a curve that
shows considerable differences with the experimental ones. In fact, the value Eqy,
obtained in the FEA, 64.5MPa, is very similar to those recorded experimentally in series
TB2, TB3 and TB4.

The proposed simulation presents optimum results for the multiple cracking strain, & ;.
There are no significant discrepancies between the analytical and experimental data on
this key point.

The behaviour of the model at stage Ill is not completely satisfactory. There is
agreement on the first phase of this stage. However, as strain increases and approaches
to the rupture point, there are some differences between the model and the experimental
curves that could be justified by two distinct facts: i) the basalt rovings were modelled
by discrete bar elements corresponding to a unique element that models an enormous
number of basalt filaments. When basalt ultimate strain is reached, the roving collapses
in a brittle way in the numerical simulation. From the experiments and bibliography
[17,23], it was noticed a progressive rupture of several filaments before the whole
specimen collapses; ii) the failure is based on the linearity of the model caused,
independently of the bond-slip law considered for the basalt-to-mortar interface, by the
assumption of no slips can occur at both ends of the basalt roving [23].

Fig. 9 presents the smeared cracking pattern of the one half of the TB3 model. The
results show that there are higher principal strains developing in the area without the
extra reinforcements used to avoid a premature rupture and focus the development of
cracks in the measured area.
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Due to this lack of convergence at the rupture stage, the estimation of the maximum
uniaxial tensile strength disagrees slightly with the average experimental value (see
Table 7).

Fig. 9. Crack pattern developed by FEA model (TB3) before the first crack appeared (a) and at failure

moment (b).

The analysis of the results (see Fig. 8) reveals that the overall behaviour of the TRM
load-strain curves are not significantly affected by the interface between basalt fibres
and mortar, i.e. the global behaviour of the specimens under tension is independent of
the bond-slip curve chosen. Let us discuss this mechanism in some more detail.

During Stage I, all materials have an elastic response. On such circumstances and from
the longitudinal load equilibrium in an infinitesimal length dx, the bond stresses can be
determined at the filament level according to (e.g. [36]):

_ ¢; de;
7(x)=E, R (7)

where @5 is the diameter of the basalt filaments; & is the strain of the basalt; and x is the

coordinate associated to the bonded length.
The slippage of the interface can be calculated as:

s=u, —u, ®)

where us and up, are, respectively, the displacements of the basalt filaments and the
displacements of the mortar. Differentiating (8) in order to x:

d
ds_du, _du, o)
dx dx dx

where dug/dx and duy/dx are, respectively, the strains of the basalt filament and the
strains of the mortar. Eq. (7) can be rewritten as:

- (10)

7(x)=E, - 2. = (¢, -&,) (11)
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In general, the &(s) is a nonlinear function that can be determined experimentally [35];
however, for low loads, &(s) can be represented by a linear function and so, deg/ds is
constant. Again, for low loads, the strains in the basalt filaments and strains in the
mortar are low and similar. Consequently, bond stresses can be assumed equal to zero.
This justifies the insensibility of different bond-slip curves verified in the FEA in Stage
| (see Table 7). In fact no significant differences were found for maximum strain or
stresses in this stage when different bond-slip curves were assumed in the FEA.

The plateau observed on Stage Il is due to the initiation, development and stabilization

of the cracks in the mortar. Thus, the bond-slip curves have no influence at this stage.

As load increases in Stage I11, the load transmitted to the basalt filaments also increases
and the slippages can occur in the basalt-to-mortar interface. However, due to the short
spacing between cracks, the maximum loads that can be transmitted to the basalt
filaments are very low (bonded length is very smaller than the effective bond length,
e.g. [37-39]) and the basalt-to-mortar interface collapses for low loads. Also for the
same reason, Stage Il has a similar stiffness to that observed from the tensile tests of
the basalt filaments. Again, no significant influence on the global behaviour was
observed in the TRM tensile tests when a bond-slip curve was assumed to model the
basalt-to-concrete interface. However, a more detailed observation of the stress-strain
curve obtained from the TRM tensile tests reveals that the stiffness in Stage Il is
slightly lower than that observed from the tensile test of the basalt filaments. This
observation can be justified by the slippages of the basalt-to-mortar interface located
within the tabs of the specimens.

For all the reasons exposed above, the basalt-to-concrete interface was assumed to be
rigid in the FEA. Moreover, assuming a rigid interface, the number of finite elements of
the model did not increase unnecessarily and the solution of the FEA did not consume

so much time.

7. Conclusions

The data obtained in the TRM uniaxial tensile contribute to a better understanding of
the behaviour of this composite material. The procedure retained for TRM
characterisation in tensile proved effective. Good repeatability was observed between
the stress-strain curves. The reinforcement ratio, as a basic parameter, is broadly
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studied. Moreover, in the present paper, basalt is presented as a possible material for
reinforcing or strengthening applications.

The basalt TRM has a non-linear behaviour into three stages. The first one is controlled
by the stiffness of the mortar. The second stage is characterized by a multiple cracking
stage and begins when the mortar tensile strength is exceeded, and continues with the
equilibrium between the tensile in the mortar and in the basalt textile. When all the
cracks are formed, the third stage begins with the material in a linear way, controlled by
the E-modulus of the basalt textile until its rupture.

The Finite Element Analysis (FEA) proves to be a good way to simulate the TRM in
tension due to its good correlation with the experimental data. The basalt-to-mortar
interface can be modelled as a rigid interface. The inclusion of bond-slip curves into the
FE code did not improve the global response of the TRM tensile tests. Therefore, the
assumption of rigid interface was sufficient to estimate, with a good accuracy, the three
stages observed in the experiments.

In addition, a well-known model as ACK theory is also included in this document and
its simulations compared with the experimental results. Both ACK and the FEA
estimate with good accuracy the tensile behaviour of the TRM tests.

It is very important to simulate accurately the failure mode of the composite. But, there
are strengthening applications where TRM is not expected to reach so high strains. For
example, for reinforced concrete flexural strengthening it is mandatory that the steel
reinforcement strain remains lower than 1%. Thus, TRM strain may work in the
vicinities of that value where the correlation between the experimental data and the
numerical model is more accurate.

The numerical model presented and calibrated here may be used for posterior modelling
of reinforced concrete elements such as beams or slabs reinforced or strengthened with

technical textiles.
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Fig. 1. Stress-strain relationship of TRM under uniaxial tension.
Fig. 2. Geometry of a tensile specimen.

Fig. 3. Lay-out of the uniaxial tensile test setup.

Fig. 4. Load-strain behaviour of reinforced specimens.

Fig. 5. Crack pattern in different specimens.

Fig. 7. ACK model in series TB1 to TB4

Fig. 8. ACK theory and FEA series TB1 to TB4.

Fig. 9. Crack pattern developed by FEA model (TB3) before the first crack appeared (a) and at failure
moment (b).
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Table

Table 1

Manufacturing specifications of the basalt fibres and textile geometry

Basalt fibres

Ultimate tensile strength, os, 2100 MPa
Tensile elastic modulus, E¢ 89 GPa
Ultimate tensile strain, &¢ 3.145 %
Density 2.75 glem®
Basalt textile
Design thickness, t; 0.0349 mm
Opening size 25X25 mm
Weight of the dry sheet 233 g/m?
Ultimate tensile load 4040 N
Ultimate tensile strength, o, 1160 MPa
Ultimate tensile strain, & 1.82 %
Young modulus in tensile 67 GPa
Table 2
Mortar dosage by weight (%) and mechanical characterization
Sand (maximum grain size: 0.6mm) 60-70
Grey Cement Type Il 42.5R 30-40
Redispersable Resins 1-3
Polymeric Chopped Fibres 3-5
Water/Cement relationship 0.2
Compressive strength f. m (7d) 8.2 MPa
Compressive strength f. , (28d) 21.6 MPa
Flexural strength fe;m (7d) 3.5 MPa
Flexural strength f; , (28d) 8.2 MPa
Table 3
Average results of unreinforced specimens
omu - (MPa) emu (%) Em (GPa)
2.48 0.03 8.25
! 6mu = Fmu / (10-100)
Table 4
Average results for each TRM series
Series | Fy (N) | ow' (MPa) | ELini(GPa) | eni (%) | ewn (%) | enin (%)
TB1 3797 1088 43 0.034 0.40 2.15
TB2 8772 1256 59 0.041 0.29 1.96
TB3 12515 1195 57 0.028 0.21 2.10
TB4 16679 1194 61 0.028 0.15 2.07
! 6t = Fy 1 (0.0349-100-n)
Table 5
ACK Theory results
. Vm Vs &t Omc &1
Series () () (GPa) | (MPa) (%)
TB1 0.9965 0.0035 8.46 2.54 0.734
TB2 0.9930 0.0070 8.66 2.60 0.381
TB3 0.9895 0.0105 8.87 2.67 0.263
TB4 0.9860 0.0140 9.07 2.73 0.204




Table 6
FE code results obtained in the series TB4 assuming a bond-slip model in the mortar-to-basalt interface.

. Eul Fui Eull Fon €N Fom
Bond-slip model %) (kN) (%) (kN) (%) (kN)
Rigid 0.04 2.7 0.19 2.9 2.12 19.7
Rigid- | tmax =2MPa | 0.04 2.7 0.19 2.9 2.12 19.7
plastic | tmax-=22MPa | 0.04 2.7 0.18 2.9 2.00 18.9
Tmax - =12MPa
. max =2 0.04 2.7 0.19 2.9 2.09 19.7
Rigid Suit”=5um
- 1_
softening | tma =12MPa | o) | 57 | 519 | 30 | 199 | 188
Suit - =5mm
1_
Popovics's | T S12MPal 03 | 27 | 019 | 31 | 205 | 197
Smax - =0.5m
formula L _oMPa
(nonlinear) | "™, ~ 0.03 2.8 0.17 3.0 1.94 | 19.8
Smax _ =0.5mm

T

: 7 3 -
maximum bond stress; ~ ultimate slip; ~ slip at maximum bond stress

Table 7
Comparison between average values from experimental tests and TRM modelling from ACK Theory and
FEA.
Series Properties Experimental FEA ACK
End multiple cracking stage, 0.40 0.43 (7.50%) | 0.73 (82.5%)
e (%)
TB1 Ultimate load, F; (N) 3797 5650 (48.8%) | 5852 (54.1%)
Post-cracking stage Young’s 0 1
Modulus, Exin(GPa) 43 64.5 (50.0%) 67
Ultimate strain, e, (%) 2.15 2.08 (-3.26%) 2.15°
End multiple cracking stage, 0.29 0.29 (0.00%) | 0.38 (31.0%)
e (%)
TRo Ultimate load, F; (N) 8772 10024 (14.3%) | 9988 (13.8%)
Post-cracking stage Young’s 0 1
Modulus, Exin(GPa) 59 64.8 (9.8%) 67
Ultimate strain, &, (%) 1.96 1.99 (1.5%) 1.96°
End m“'“z:ﬁ’l CE;‘:)‘“”Q stage, 0.21 0.21(0.0%) | 0.26 (23.8%)
B3 Ultimate load, F; (N) 12515 13684 (9.3%) | 15550 (24.2%)
Post-cracking stage Young’s 0 1
Modulus, Eyn(GPa) 57 64.1 (12.5%) 67
Ultimate strain, &, (%) 2.10 1.89 (-10.0%) 2.10°
End multiple cracking stage, 0.15 0.17 (13.3%) | 0.20 (33.3%)
eun (%)
TB4 Ultimate load, F; (N) 16679 17720 (6.2%) | 20177 (20.9%)
Post-cracking stage Young’s 0 1
Modulus, E,;(GPa) 61 63.7 (4.4%) 67
Ultimate strain, &, (%) 2.07 1.86 (-10.1%) 2.07°

! textile Young’s modulus; *experimental values are used as ultimate strain
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