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Abstract Textile Reinforced Concrete (TRC) is an

advanced cement-based material in which fabrics used

as reinforcement can bring significant loads in tension,

allowing architects and engineers to use thin cross-

sections. Previous research projects, developed during

the last 10 years mainly in Germany, Israel and the

USA, have shown the capabilities of such a material. In

this paper an extensive experimental investigation of

TRC is presented: tensile tests were carried out to

obtain a complete mechanical characterization of the

composite material under standard conditions, consid-

ering the influence of different variables such as

reinforcement ratio, fabric geometry, curing condi-

tions, displacement rate and specimen size.

Keywords Textile Reinforced Concrete (TRC) �
Uniaxial tension �Weft spacing � Curing conditions �
Displacement rate � Specimen size

1 Introduction

Textile Reinforced Concrete (TRC) is a composite

cement-based material reinforced with Alkali Resistant

(AR) glass, carbon or aramid fabrics. The combination of

fabrics and fine-grained concrete, which in fact resem-

bles more a mortar than a concrete, allows architects and

engineers to design thin and lightweight structures

characterized by a high load-bearing capacity. The main

advantages of this material are related to its durability

and strength performance, since no cover against

corrosion is required, while it is also possible to align
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fibres along the load direction. In particular, thanks to the

bi-dimensionality of the fabrics, a bi-axial load can be

supported easily by such a reinforced structure. During

the last 10 years, the scientific community’s growing

interest in the technology has been demonstrated by the

establishment of several research projects, the majority

in Germany, Israel and the USA.

In the last few years a research project focussing on

TRC was also set up at the Politecnico di Milano, in

Italy; the main results achieved by this project form

the basis of the present paper.

As a composite material, the strength of TRC

depends not only on that of its components, but also on

the bond between reinforcement and matrix. Analysis

of this bond is thus one of the main topics in TRC

studies. The bond can be affected by many factors,

such as curing conditions and pressure applied after

laminate casting [1], fabrication technique [2], fibre

type and treatment of fibre surface [3]. To study this

phenomenon, pull-out tests have been performed and

numerous models developed [4–6].

Durability is another key issue for composite mate-

rials. A number of researchers have developed durabil-

ity models to quantify strength loss in textile reinforced

composites resulting from AR-glass degradation prob-

lems and weathering conditions (humidity and temper-

ature) [7, 8]. Others have focused on the effect of matrix

composition (hydration kinetics and alkalinity) on TRC

durability [9], observing that an alkali reduced matrix

exhibits strong performance even if exposed to accel-

erated ageing. The decrease in toughness with increas-

ing alkalinity depends mainly on the formation of solid

phases in the fabric-matrix interface, rather than on

deterioration of the AR glass fabric.

A research project is currently in progress at the

Politecnico di Milano involving the investigation of

situations in which TRC is mainly subjected to tensile

load. The following applications in particular are

being taken into account: retrofitting of damaged

structures, façades, precast multi-layered roof panels

and tunnel linings.

This paper presents the main results of the exper-

imental campaign and tries to answer to some very

important questions raised by TRC users:

1) How do fabric geometry, position and reinforcement

ratio affect the tensile behaviour of the composite?

2) Does composite curing method affect the final

tensile behaviour of TRC?

3) Does strain rate play a key role in the definition of

ductility and strength in uniaxial tensile behaviour?

4) TRC experiences a multicrack pattern and even

global hardening response in some cases: is this

size-effect dependent?

2 Research significance

The experimental results presented here, obtained as

part of a research investigation carried out at the

Politecnico di Milano, aim to highlight the perfor-

mance of a composite material, generally known as

Textile Reinforced Concrete, for use in precast struc-

tures. The results represent a useful tool with which

architects and engineers can understand the geometric,

technological and mechanical parameter sensitivity of

the standard uniaxial tensile behaviour of TRC, as well

as how this behaviour is affected by different factors.

3 Materials and experimental set-up

TRC specimens tested during the experimental inves-

tigation were created by reinforcing a high strength

Table 1 Mix design w/(c ? s) = 0.19

Component Content

Cement I 52.5 600 kg/m3

Sand 0–600 lm 957 kg/m3

Water 209 l/m3

Superplasticizer 44a–56b kg/m3

Slag 500 kg/m3

a Specimens reinforced with fabric F1
b Specimens reinforced with fabric F2-F3-DS

Table 2 Bending, tensile and compressive strength—speci-

mens reinforced with fabric F1 (superplasticizer 44 kg/m3)

Specimen Batch fctf (MPa) fctm (MPa) fcc (MPa)

N1 1 14.98 6.63 114.81 103.60

N2 1 16.97 7.51 106.38 126.68

N3 1 17.86 7.90 107.03 107.63

N4 2 19.51 8.63 99.74 108.53

N5 2 19.15 8.47 114.33 113.05

N6 2 20.72 9.17 114.71 121.11

Average 18.20 8.05 111.46

STD 2.05 0.91 7.54

STD% 11.25 11.25 6.76
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concrete with different layers of AR glass fabric.

Three types of fabric (named F1, F2 and F3) were used

as reinforcement. The material properties and exper-

imental set-up are described below.

3.1 Matrix

A high strength concrete, characterized by a water to

binder ratio of 0.19 and a maximum grain size of

600 lm, was used to cast the TRC specimens. The

matrix mix design is summarized in Table 1.

The maximum aggregate size and superplasticizer

addition were designed to allow the matrix to flow

through the mesh of the fabric; a high flowing

capability should guarantee a good bond between

fabric and concrete. In addition, superplasticizer

content was increased from 44 kg/m3 (used in case of

reinforcement F1) to 56 kg/m3 (F2 and F3) in order to

improve concrete workability, since dry sand (DS) was

included in the recipe involving the latter two fabric

types. A low relative humidity was obtained by

keeping this sand in an oven for half an hour before

manufacturing the specimens. Following the European

Standard for cement testing (UNI EN 196-1 [10]),

bending and compressive tests were carried out on

prismatic specimens in order to quantify the mechan-

ical properties of the matrix; Tables 2 and 3 display the

bending tensile strength (fctf), tensile strength (fctm) and

cubic compressive strength (fcc) for both mix designs.

Tensile strength was deduced from the bending

tensile strength via the formula proposed in the Model

Code [11]:

fctm ¼ Afl: fctf Afl ¼
afl:h

0:7
b

1þ afl:h
0:7
b

ð1Þ

where hb is beam depth, equal to 40 mm, and afl is a

coefficient that decreases with increasing concrete

brittleness. This coefficient was considered here to be

equal to 0.06 as suggested for normal strength concrete;

however, for high strength concrete such as the one used

in the present study, its value is expected to be lower.

The tensile strength fctm of batch 6 as deduced from

the bending test (Table 3) was compared with the

strength value obtained by testing, in direct tension,

400 9 70 9 6 mm plain concrete specimens cast in

the same batch; these specimens had the same

dimensions as the tested TRC samples.

Through indirect measurement, the average value,

obtained as discussed before (afl = 0.06), was found to

be equal to 6.02 MPa. In contrast, direct measurement

resulted in a value of 4.77 MPa, albeit with greater

scatter (22 %). These results justify the necessity of

employing a lower value of afl, as suggested in the

Model Code; a value ofafl equal to 0.04 should provide a

reliable prediction of tensile strength.

Table 3 reveals that the inclusion of dry sand

resulted in a decrease in material strength of about

25 % for tension and 12 % for compression. This is

probably related to the low water to binder ratio in

which not all the cement is hydrated.

3.2 Fabric

Three different fabrics (F1, F2 and F3) were used to

reinforce the TRC specimens (Fig. 1). The geometric

properties of each fabric are summarized in Table 4.

The choice of these three fabrics was made after

performing several investigations aimed at optimizing

performance in terms of the ductility of the composite

material, the bond between matrix and fabric, and

internal filament slip. The variables considered in the

preliminary study were fabric geometry (warp and

weft spacing and their cross-section), fabric weaving

and fabric coating, with the ultimate aim being to

achieve maximum TRC strength and ductility.

The best results were obtained using tight warp and

weft spacing, the leno weave fabrication technique and

a coated (rather than uncoated) fabric.

For each kind of reinforcement considered, ten

uniaxial tensile tests were performed in order to

characterize fabric tensile behaviour. These tensile tests

Table 3 Bending, tensile and compressive strength—speci-

mens reinforced with fabrics F2 and F3 (superplasticizer 56 kg/

m3, DS)

Specimen Batch fctf (MPa) fctm (MPa) fcc (MPa)

N1 4 13.82 6.10 98.69 114.29

N2 4 17.45 7.70 103.23 107.47

N3 5 11.76 5.20 94.90 92.38

N4 5 12.32 5.45 97.92 80.34

N5 5 13.58 6.00 94.22 94.86

N6 6 13.65 6.03 103.26 95.79

N7 6 12.72 5.63 92.39 93.01

N8 6 13.62 6.02 97.43 100.55

Average 13.62 6.02 97.54

STD 1.72 0.76 7.54

STD% 12.62 12.62 7.73
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were carried out using an INSTRON 5867 electrome-

chanical press with a maximum load capacity of 30 kN.

Specimens 400 9 70 mm2 in size were clamped to the

machine, with five layers of adhesive paper tape applied

to the upper and lower ends of each sample to prevent

slip between clamps and fabric. The pressure applied to

the pneumatic clamps was equal to 5.8 MPa for fabric

F1 and F2 and 8.5 MPa for fabric F3. The tests were

displacement-controlled by imposing a constant stroke

rate of 100 mm/min. Load–displacement curves are

shown in Fig. 1, while the maximum tensile load

achieved by each fabric is indicated in Table 5.

Nominal stress was calculated by dividing the

maximum tensile load by the nominal area of warp

roving (considering the amount of warp roving in each

fabric). The nominal strengths for each fabric were

respectively equal to 896 MPa for F1, 918 MPa for F2

Fig. 1 Uniaxial tension test

results: load versus

displacement average

curves for fabrics F1, F2 and

F3

Table 4 Geometric

characteristics of fabrics

a Average value of 10

tensile tests

F1 F2 F3

Material AR-glass AR-glass AR-glass

Fabrication technique Leno weave Leno weave Leno weave

Warp wire spacing (mm) 4.4 4.9 4.9

Weft wire spacing (mm) 5.0 7.1 10.1

Warp (Tex) 2 9 320 2 9 640 2 9 1200

Weft (Tex) 640 1200 1200

Warp filament (lm) 14 14 19

Weft filament (lm) 14 19 19

Maximum tensile load on 70 mm (kN)a 3.67 6.58 11.02

Table 5 Fabric maximum tensile load (kN)

F1 F2 F3

N1 3.65 6.91 11.85

N2 3.44 6.45 10.97

N3 3.91 6.12 9.83

N4 3.78 6.77 11.04

N5 3.81 6.31 12.26

N6 3.68 6.58 10.27

N7 3.83 6.58 10.61

N8 3.58 6.71 10.92

N9 3.61 6.39 10.94

N10 3.47 6.97 11.50

Average maximum tensile load

on 70 mm

3.67 6.58 11.02

STD 0.16 0.27 0.72

STD% 4.25 4.09 6.52
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and 820 MPa for F3. The huge scattering observed in

Fig. 1, with reference to fabric F3, is mainly depen-

dent on the relatively reduced clamping pressure when

compared to the peak load measured. A possible

sliding could affect the peak strain and therefore can

be regarded as the main responsible for the quite high

dispersion in the softening regime.

According to Curbach and Jesse [12], the tensile

strength of a filament with diameter 13.5 lm (used in

310 and 620 tex yarn) is about 2300 MPa, whereas the

strength of the corresponding yarn is about 1400 MPa,

representing a loss of about 40 %. In contrast, the loss

in strength realized when using a filament with

diameter 16.0 lm (used in 1100 tex yarn) is about

70 %, from 2100 to 600 MPa. Possible reasons for this,

according to Curbach and Jesse, are the non-uniform

distribution of the load between the filaments inside the

yarn and the presence of defects. In the present study, a

loss in strength of about 55–60 % was computed both

for 14 lm diameter filaments of fabrics F1 and F2, and

for 19 lm filaments of fabric F3, with respect to the

filament strength obtained by linear interpolation from

the results of Curbach and Jesse (14 lm: 2260 MPa

and 19 lm: 1912 MPa). For the lower filament diam-

eter, the strength loss was higher than that observed by

Curbach and Jesse. This could be due to a structural

effect in fabric manufacture during which filaments are

weaved and twisted, thus leading to possible damage.

3.3 Specimen preparation

The method of manufacture employed to produce the

specimens was the hand lay-up technique, which is

characterized by the exertion of a negligible pressure

during production. A proper formwork with a trans-

parent bottom plate was used in order to check by

visible inspection the penetration of the matrix into the

fabric mesh. A number of overlapping steel rails were

also used as separation layers in-between the different

textile layers (Fig. 2b). A suitable amount of concrete

was spread onto the formwork bottom plate and

smoothed with a roller to remove any air bubbles, with

the reinforcement positioned tight and fixed at the

edges. This procedure was then repeated to create a

multilayer specimen. The specimens used in the

experimental investigation were reinforced in three

different ways, as shown in Fig. 3:

– one single fabric between two concrete layers;

– two fabrics (in direct contact with each other)

between concrete;

– two single fabric layers divided by a 2 mm-thick

layer of concrete.

In all cases the warp was parallel to the long side of

the specimen.

The obtained specimens were 400 mm long, 70 mm

wide and 6 mm thick, with at least three nominally

identical specimens manufactured for each test.

The employed hand laminating technique is shown

in Fig. 2a, while specimen geometry and reinforce-

ment layout are shown in Fig. 3.

After 1 day in a climate chamber at 98 % RH,

specimens were demoulded and cured in a wet

environment (RH [ 98 %) for 28 days until being

tested. Keeping the specimens in this wet environment

ensured the avoidance of any loss in planarity arising

from non-uniform shrinkage.

3.4 Test set-up

TRC specimens were tested using the same electro-

mechanical press employed for the fabric tensile tests

(Fig. 4). A pressure ranging between 3.9 and 5.6 MPa

was applied to clamp the specimen edges, while 3 mm

Fig. 2 Specimen preparation (a) and section of the specimen in the formwork (b)
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thick plates were glued to the surface of the specimen

at the grips to better distribute the clamping pressure

and thus minimize damage associated with local

crushing; 75 9 70 mm perspex plates were used with

F1, and 55 9 70 mm steel plates were used with F2

and F3. To prevent torsional and bending moments

caused by misalignment of the constraints, spherical

joints were placed at the ends. Spherical joints were

always used for F1 specimens because the peak load

never surpassed 8 kN (ultimate load of the joints). For

higher peak loads the specimens could use only

backlashes of the clamping devices, thus preventing

precise detection of first cracking strength.

The tests were displacement-controlled by impos-

ing a constant stroke rate of 0.02 mm/s. In terms of

clamping, according to Harting et al. [13], this type of

set-up involving glued steel plates can be classified

as ‘‘rigid load application’’: concrete cracking is

prevented within the supported range, while the main

transfer mechanism between specimen and clamping

device is adhesive tension and shear. On the contrary,

in terms of displacements allowed at the ends, it might

Fig. 3 Specimen geometry

and reinforcement layout

(measurements in mm;

measurements in brackets

refer to perspex plate

solution)

Fig. 4 Tensile test set-up
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be classified as a rotating end uniaxial tension

apparatus.

4 Tensile behaviour of TRC

Load bearing behaviour was evaluated through direct

tension tests. As previously schematized by Hegger

et al. [14], the produced non-linear stress versus strain

curve (Fig. 5) can be divided into three sections.

In the first linear branch (I, Fig. 5), the material is

uncracked and the slope reflects the elastic modulus of

the concrete. The contribution to stiffness offered by the

reinforcement is negligible according to Ohno and

Hannant [15]. Once the tensile strength of the matrix is

reached, the whole force is transferred through the

crack to the fabric (IIa). Thanks to the bond between

textile and concrete, the reinforcement redistributes the

load until the tensile strength of the matrix is reached in

another section of the specimen, thus creating a new

crack. Repetition of this process results in the formation

of a multicrack pattern along the specimen, the distance

and width of which are strictly related to fabric

geometry and to the bond between reinforcement and

concrete. In Fig. 5, multicracking occurs in the branch

defined by a fairly constant load, with an increase in the

total equivalent strain taking place due to multiple crack

formation. Increasing the deformation, only the contri-

bution of the fabric (IIb) is noticeable, with no further

cracks appearing and the fabric strained upwards.

Figure 5 also presents a comparison of the behaviour of

the fabric with that of TRC; the difference between the

two curves is due to the tension stiffening effect. The

final state is defined by the failure of the AR glass fabric

when the textile reaches ultimate strain (III). The

occurrence of this event depends on a series of

parameters such as nature of fibre, fabric geometry,

reinforcement ratio and bond phenomena. Since AR

glass is characterized by brittle failure without any

plastic deformation, the type of TRC employed in the

present study does not experience the final plateau

indicated by the dashed line (Fig. 5).

Several design parameters were investigated in order

to define their influence on this behaviour, as well as

their effect on the different stages of tensile response. In

particular, the following parameters are discussed:

a) Reinforcement amount and position

b) Fabric geometry

c) Composite curing procedure

d) Strain rate

e) Size effect.

4.1 Effect of reinforcement amount and position

The equivalent section area of reinforcement (Af) was

computed from the Tex of each single roving, the

number (n) of rovings across specimen width (16 for

F1 and 14 for both F2 and F3) and the AR-glass

density (q):

Af ¼ n
Tex

q

In the case of fabrics F1 and F2, different geometric

reinforcement ratios (Af/Ac where Ac is specimen

cross-section) were achieved by employing different

fabric layer configurations across specimen thickness;

the values considered are summarized in Table 6. In

this table, the terms ‘‘1 fabric’’, ‘‘2 fabrics’’ and ‘‘2

layers’’ correspond to the three reinforcement config-

urations outlined in Sect. 2.3 and Fig. 3.
Fig. 5 Tensile behaviour of textile reinforced concrete, stress

versus strain curve

Table 6 Nominal reinforcement ratio for fabrics F1, F2 and

F3

Fabric 1 fabric (%) 2 fabrics (%) 2 layers (%)

F1 0.97 1.94 1.94

F2 1.71 3.42 3.42

F3 3.20 – –
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The results of tensile tests for the different fabric

types and configurations investigated are shown in

Figs. 6, 7 and 8 by means of nominal stress (r) versus

normalized displacement (d/l) curves, while the cor-

responding numerical data values are collected in

Tables 7, 8 and 9, respectively (with reference to

10 mm weft spacing). Nominal stress was obtained by

dividing the load by specimen cross-section area,

whereas normalized displacement was calculated as

the applied stroke displacement (d) divided by the

initial distance between clamping edges. It is worth

noting that each average curve in every graph is

interrupted when the first of the three nominally

identical specimens reaches the ultimate normalized

displacement; as a result, the peak of the average curve

differs from the average peak value (shown in the

corresponding table).

For each configuration the average curve of 3

nominally identical tests is shown together with a

shadowed area representing result scatter, while

typical cracking patterns are displayed to the right.

In the case of the F1-1 fabric test (Fig. 6), the

second and third branches typically seen in TRC

multi-cracking behaviour are absent. Analysis of the

cracking pattern reveals that just a few cracks

appeared in the specimen; this is likely the result of

Fig. 6 TRC reinforced with

fabric F1. Nominal stress

versus normalized

displacement curves in

uniaxial tension (a) and

specimen cracking pattern

(b)

Fig. 7 TRC reinforced with

fabric F2. Nominal stress

versus normalized

displacement curves in

uniaxial tension (a) and

specimen cracking pattern

(b)
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a release of energy at the onset of cracking that was too

large to allow stress redistribution between concrete

and reinforcement, thus causing the failure of the

composite itself. This situation is similar to that

occurring in an R/C section characterized by minimum

reinforcement endowed by negligible ductility.

In the F1-2 fabrics scenario, bond failure prevented

the onset of stage IIb despite the increase in total

reinforcement, resulting in progressive sliding of the

fabric as highlighted by the longer IIa branch.

For F1-2 layers, typical TRC behaviour was

achieved, with a very dense cracking pattern exhibited.

The same behaviour is evident in Fig. 7 for both F2-

2 fabrics and F2-2 layers. The solutions have the same

reinforcement ratio and experience a similar cracking

pattern and ultimate strain. However, the use of 2

layers resulted in a higher tensile strength due to the

better bond guaranteed by the concrete layer between

the two fabrics.

When two fabrics are in contact, the area of the

matrix–fabric interface decreases andsliding takesplace.

Bonding thus has a significant effect on the composite

material, determining both its strength and ductility. As

with every composite material, the load-bearing capacity

is strictly connected to the bond behaviour of the

reinforcing material, with weak and strong bonds

associated with ductile to brittle behaviour, respectively.

In the case of TRCs, bond behaviour is quite different to

that observed in steel reinforcement due to the

inhomogeneity of the fibre cross-section. The bond

between steel bar and matrix in R/C is governed by

several mechanisms, including adhesion, which is lost

Fig. 8 Comparison

between TRC reinforced

with fabric F2-2 layers and

fabric F3-1 fabric (similar

qf). Nominal stress versus

normalized displacement

curves in uniaxial tension

(a) and specimen cracking

pattern (b)

Fig. 9 Idealization of a

yarn embedded in the matrix

[16]
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Table 7 Test results for specimens reinforced with fabric F1

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

F1-1 fabric N1 7 6.9 3.75 0.59 7.76 0.0024 7.76 1.02

N2 7 6.7 4.17 0.56 8.90 0.0022 8.90 1.14

N3 7 6.9 4.13 1.12 8.55 0.0046 5.55 1.12

N4 1 6.7 3.55 2.02 7.56 0.0081 5.13 0.97

N5 1 6.7 3.37 2.65 7.19 0.0107 5.18 0.92

N6 1 6.8 3.87 4.92 8.14 0.0199 3.00 0.84

Average 6.8 3.81 1.98 8.02 0.0080 5.92 1.00

s.d. 0.10 0.32 1.66 0.64 0.0067 2.10 0.12

F1-2 fabrics N1 7 7.1 6.56 4.35 13.19 0.0174 8.30 0.89

N2 7 7.1 6.50 3.73 13.07 0.0148 8.40 0.89

N3 7 7.2 6.91 4.77 13.71 0.0195 6.03 0.94

N4 1 7.2 7.35 6.65 14.58 0.0268 5.06 1.00

N5 1 7.3 6.56 6.22 12.84 0.0253 4.17 0.89

N6 1 6.7 6.42 5.41 13.69 0.0220 6.41 0.87

Average 7.1 6.72 5.19 13.52 0.0210 6.40 0.91

s.d. 0.21 0.35 1.12 0.63 0.0046 1.70 0.05

F1-2 layers N1 2 6.3 8.44 6.73 19.14 0.0234 4.23 1.15

N2 2 6.2 8.39 6.77 19.33 0.0235 2.93 1.14

N3 2 6.3 7.49 5.89 16.99 0.0204 4.42 1.02

N4 3 6.5 7.67 6.30 17.52 0.0218 5.25 1.04

N5 3 6.2 7.48 6.00 17.24 0.0208 5.80 1.02

N6 3 6.5 7.78 6.27 17.08 0.0218 4.79 1.06

Average 6.3 7.92 6.33 17.88 0.0219 4.57 1.07

s.d. 0.14 0.43 0.36 1.06 0.0013 0.99 0.06

t thickness, Pmax peak load, du displacement at the peak load, rmax peak stress, du/l normalized displacement at the peak stress, rI first

cracking stress, EF efficiency factor

Table 8 Test results for specimens reinforced with fabric F2

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

F2-1 fabric N1 8 6.0 5.63 6.28 13.39 0.0219 4.20 0.86

N2 8 6.5 4.07 4.85 8.94 0.0168 3.19 0.62

N3 8 6.5 5.35 5.60 11.76 0.0193 3.01 0.81

Average 6.3 5.02 5.57 11.36 0.0193 3.47 0.76

F2-2 fabrics N1 9 7.3 11.05 7.43 21.62 0.0257 3.81 0.84

N2 9 6.8 11.07 7.15 23.26 000247 4.63 0.84

N3 9 6.9 10.74 6.66 22.25 0.0230 4.99 0.82

Average 7.0 10.95 7.08 22.37 0.0245 4.48 0.83

F2-2 layers N1 9 6.5 10.72 6.39 23.57 0.0222 4.69 0.81

N2 9 6.1 10.86 6.49 25.42 0.0225 3.91 0.83

N3 9 6.1 10.37 6.47 24.28 0.0224 5.27 0.79

Average 6.2 10.65 6.45 24.42 0.0224 4.62 0.81
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after the first slippage of the steel, friction, and the most

efficient contribution of mechanical bonding in the

form of bar ribs. Textile reinforcement, on the other

hand, is composed of thousands of filaments, only the

most external of which are in contact with the matrix.

In addition, only a part of the filaments is anchored in

the cement paste and thus the inner filaments can slip

easily within the roving. The bond may also be

influenced by fabric coating. In Banholzer’s [16]

Yarn-Matrix-Bond theory, developed from an exper-

imental investigation into filament pull-out, the roving

is schematized as a cylindrical structure comprised of

concentric rings, each one composed of several

filaments (Fig. 9). The roving failure mechanism is

initiated by the failure of the outer filament ring,

followed by that of each adjacent layer until reaching

the core filaments at the ultimate collapse. According

to several research investigations, the easiest way to

highlight bond failure is via computation of the peak

load of the AR-glass fabric, with and without the

matrix. This method reflects the extremely fine matrix

used which prevents any significant contribution from

aggregate interlocking after cracking, as well as the

lack of any random fibre contribution due to the

presence of the fabric as the only reinforcement. In the

present study, an effectiveness factor (EF) was deter-

mined by dividing F1-2 fabrics peak load by twice the

peak load experimentally calculated by stretching only

fabric F1. If EF is less than 1 (as in this case), a bond

weakness is immediately highlighted, whereas values

of EF larger than unity indicate the occurrence of a

positive interaction with the matrix which exerts a

tension stiffening effect. The computed EF factors for

each fabric type and configuration are shown in

Tables 7, 8, 9, 10, 11, and 12.

Looking at these tables, it can be seen that the 2

layers configuration generally resulted in a higher

TRC strength than the 2 fabrics configuration. This

likely reflects the fact that despite having the same

reinforcement ratio, the former has a larger contact

surface area between matrix and reinforcement. The

change from 2 fabrics to 2 layers led to an increase in

TRC tensile strength from 13.52 to 17.88 MPa for

fabric F1, and from 22.37 to 24.42 MPa for fabric F2.

Crack distance decreased with increasing reinforce-

ment ratio until cracking appeared at each weft roving,

maximizing the mechanical performance of the com-

posite (Figs. 6b, 7b). The ultimate strains reached in

the 2 fabrics and 2 layers configurations were compa-

rable, with both greater than 2 %. When typical TRC

behaviour was achieved, all tests exhibited good

repeatability, with scattering always less than 1 %.

Fabric F3, characterized by a cross-sectional area

equal to 94 % of that represented by two F2 fabrics,

was also analyzed. A comparison between the results

achieved using two layers of fabric F2 and those using

one central layer of fabric F3 is presented in Fig. 8a. As

can be seen from this figure, a multicracking phase

Table 9 Test results for specimens reinforced with fabric F3-1 fabric (weft spacing varied)

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

10 mm N1 10 6.2 7.86 7.80 17.97 0.0270 3.48 0.71

N2 10 6.3 7.32 7.66 16.45 0.0265 4.36 0.66

N3 10 6.1 7.35 6.85 16.97 0.0237 4.26 0.67

Average 6.2 7.51 7.44 17.13 0.0257 4.03 0.68

20 mm N1 11 6.8 7.31 4.50 15.34 0.0156 5.82 0.66

N2 11 6.7 7.40 4.78 15.67 0.0166 5.09 0.67

Average 6.8 7.36 4.64 15.51 0.0161 5.46 0.67

30 mm N1 11 6.0 8.19 5.36 19.55 0.0186 7.43 0.74

N2 11 6.3 7.43 4.78 16.62 0.0165 6.99 0.67

N3 11 6.5 7.18 4.43 15.87 0.0153 8.74 0.65

Average 6.3 7.60 4.86 17.35 0.0168 7.72 0.69

50 mm N1 11 6.0 7.34 4.75 17.59 0.0165 6.94 0.67

N2 11 6.4 7.84 4.69 17.06 0.0162 7.76 0.71

N3 11 6.1 7.72 4.76 18.08 0.0165 7.00 0.70

Average 6.2 7.63 4.74 17.58 0.0164 7.22 0.69
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commenced after the first linear branch in both cases.

However, the first cracking strength for fabric F2 was

higher than that for fabric F3 (Table 9—10 mm); this

difference is comparable to inter-batch variation in

concrete tensile strength and is accompanied by a

further decrease in EF to 0.68.

This EF decrease also affected the stiffness of the last

branch, in which no further cracking occurred. The peak

strength reached was equal to 25 MPa for F2 and

15 MPa for F3, while the ultimate strain was larger than

2 %. The cracking pattern observed in F3 samples was

characterized by a larger distance between cracks (about

every 30 mm). Significantly, the bond area in contact

with the cementitious matrix was larger in the case of 2

layers, resulting in the roving being better anchored to

the matrix.

4.2 Influence of fabric geometry

Bonding in a cementitious matrix is quite a complex

issue, being influenced by both fabric geometry and

the matrix itself. As discussed earlier, textile fabrics

typically have no homogeneous cross-section and their

bond behaviour is thus governed by the properties of the

inner and outer filaments, while the influence of weft as a

direct anchor also plays an important role in fabric global

bond-slip behaviour. In order to analyze fabric bonding,

the contribution offered by yarns perpendicular to load

Table 10 Test results for specimens reinforced with fabric F3-1 fabric (curing conditions varied)

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

Water N1 10 6.2 7.86 7.80 17.97 0.0270 3.48 0.71

N2 10 6.3 7.32 7.66 16.45 0.0265 4.36 0.66

N3 10 6.1 7.35 6.85 16.97 0.0237 4.26 0.67

Average 6.2 7.51 7.44 17.13 0.0257 4.03 0.68

60 �C N1 12 6.5 10.43 7.75 22.86 0.0269 5.14 0.95

N2 12 6.5 10.30 6.70 22.50 0.0233 5.54 0.93

N3 12 6.5 10.01 7.29 21.84 0.0253 5.53 0.91

Average 6.5 10.25 7.25 22.40 0.0252 5.40 0.93

Air N1 13 6.0 11.01 6.47 26.04 0.0225 7.31 1.00

N2 13 6.1 12.13 7.91 28.21 0.0275 5.85 1.10

N3 13 6.4 7.81a 4.48a 17.25a 0.0157a 5.14 0.71a

Average 6.2 11.57 7.19 27.13 0.0250 6.10 1.05

a Problem occurred during the test (crack formation in the clamping area)—values not included in calculation of the average

Table 11 Test results for specimens reinforced with fabric F3-1 fabric (displacement rate varied)

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

2 mm/s N1 10 6.4 10.20 8.61 22.62 0.0298 5.06 0.93

N2 10 6.2 9.62 7.84 22.05 0.0273 6.07 0.87

N3 10 6.4 10.10 8.02 22.57 0.0277 5.59 0.92

Average 6.3 9.97 8.15 22.42 0.0283 5.57 0.91

2 9 10-2 mm/s N1 10 6.2 7.86 7.80 17.97 0.0270 3.48 0.71

N2 10 6.3 7.32 7.66 16.45 0.0265 4.36 0.66

N3 10 6.1 7.35 6.85 16.97 0.0237 4.26 0.67

Average 6.2 7.51 7.44 17.13 0.0257 4.03 0.68

2 9 10-4 mm/s N1 10 6.4 5.24 6.58 11.66 0.0227 3.73 0.48

N2 10 6.5 6.85 7.15 14.98 0.0247 4.74 0.62

N3 10 6.9 6.12 5.08 12.64 0.0175 5.12 0.56

Average 6.6 6.07 6.27 13.10 0.0217 4.53 0.55
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direction and by roving joint connection must be

considered. Soranakom and Mobasher [4] developed a

schematic model illustrating the sequential stages of

debonding and joint failure. As the load increases, a

series of debonding steps is expected, starting with

longitudinal debonding along the roving parallel to load

direction until reaching the anchoring point, represented

by the node at which warp and weft are connected.

Fabrics with the same warp cross-section but

different weft spacing were investigated in the present

study, with four weft spacings in fabric F3 considered:

10, 20, 30 and 50 mm. Three nominally identical tests

were performed on as many specimens reinforced with

each of these fabric-spacing types. The obtained

results in terms of nominal stress versus normalized

displacement are reported in Fig. 10a and Table 9.

The lowest first cracking strength was observed in

specimens containing fabric with the smallest weft

spacing (about 3 MPa), because of the reduced

effective tension stiffening induced along the warp.

In terms of bond effectiveness the weft can play a

double role: on one hand it can act as a direct

anchorage to warp sliding, while on the other it may

represent a defect in the matrix cross-section that

could favour both warp delamination and/or crack

propagation in the weft direction. In fabrics with small

weft spacing, the weft defect action prevailed over the

contribution of weft as direct anchor. In contrast, when

weft spacing was wider the tension stiffening action

prevailed, with first cracking strength reaching values

Table 12 Test results for specimens reinforced with fabric F3-1 fabric (specimen size varied)

Specimen Batch t (mm) Pmax (kN) du (mm) rmax (MPa) du/l (-) rI (MPa) EF (-)

290 mm N1 10 6.2 7.86 7.80 17.97 0.0270 3.48 0.71

N2 10 6.3 7.32 7.66 16.45 0.0265 4.36 0.66

N3 10 6.1 7.35 6.85 16.97 0.0237 4.26 0.67

Average 6.2 7.51 7.44 17.13 0.0257 4.03 0.68

150 mm N1 14 6.8 10.41 4.49 21.92 0.0304 6.41 0.94a

N2 14 6.5 9.56 3.75 20.65 0.0259 6.24 0.87a

N3 14 6.3 8.56 3.18 19.43 0.0219 4.50 0.78a

Average 6.5 9.51 3.81 20.67 0.0261 5.72 0.86

75 mm N1 14 6.5 10.63 3.26 23.38 0.0450 5.70 0.96a

N2 14 6.2 7.93 2.17 17.75 0.0294 5.09 0.72a

N3 14 6.4 9.32 2.68 20.82 0.0355 4.79 0.85a

Average 6.4 9.29 2.70 20.65 0.0366 5.19 0.84

a The strength of the 400 9 70 mm fabric was considered

Fig. 10 Influence of fabric

geometry (different weft

spacing) for a specimen

reinforced with F3-1 fabric:

nominal stress versus

normalized displacement

curves in uniaxial tension

(a) and specimen cracking

pattern (b)
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of around 7 MPa. In the case of 30 and 50 mm weft

spacing, the stiffness of the multicracking branch was

higher because the process of longitudinal delamina-

tion was prevented by the presence of a longer bond

length. In terms of ductility, specimens with 10 mm

weft spacing were characterized by larger ultimate

strain because longitudinal crack propagation, caused

by the dense presence of weft-derived defects, allowed

the roving to stretch. Analysis of Fig. 10b, which

shows the different cracking patterns, reveals that

cracks also appeared between the weft rovings in the

30 mm weft spacing specimens. Significantly, the

peak load was roughly the same for all weft spacing

configurations; weft spacing variation thus affects

only tension stiffening and not the value of the EF.

4.3 Effect of curing method on TRC performance

A variety of curing methods were investigated in order

to analyze the influence of different shrinkage condi-

tions on the bonding mechanism. Specimens

400 9 70 9 6 mm3 in size and reinforced with F3-1

fabric (reinforcement ratio equal to 3.07 %) were cured

using one of three methods: water or air for 28 days, and

6 days at 60 �C. The latter scenario corresponds to a

curing time of 28 days when the Model Code strength-

time curve valid for concrete is assumed. The obtained

results in terms of stress versus nominal displacement

curves are shown in Fig. 11, with the numerical values

summarized in Table 10. Specimens cured in water

exhibited the lowest first cracking strength and a final

branch with the lowest stiffness. One possible reason for

this is that the water penetration between roving and

matrix makes telescopic failure easier, damages the

fabric and reduces the bond strength. The samples cured

in free air exhibited the best performance in terms of first

cracking strength, ultimate tensile strength and cracking

pattern (Fig. 11b); this phenomenon can be explained

by the more significant shrinkage produced using this

method, which improves the bond between matrix and

fabric. As a matter of fact, looking at the matrix interface

sleeve in which the glass roving is embedded, when the

concrete is subjected to a contraction due to shrinkage, a

normal stress takes place and consequently friction

increases. The first cracking strength obtained in this

case is comparable with the value of tensile strength fctm

(Eq. 1) observed during bending tests (around 6 MPa—

Tables 3, 10). The average curve for specimens cured at

60 �C for 6 days falls between those of the two other

methods. This intermediate behaviour reflects the

shrinkage compensation obtained via oven curing and

the slow initial hydration of slag [17].

4.4 Displacement rate

The mechanical behaviour of cement-based materials is

known to be widely dependent on strain rate. Although

several experiments have been performed on concretes

Fig. 11 Influence of curing

conditions on F3-1 fabric

specimens: nominal stress

versus normalized

displacement curves in

uniaxial tension (a) and

specimen cracking pattern

(b)
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and fibre-reinforced cementitious composites (looking

at impact problems at different strain rates), relatively

few have considered the creep effect in TRC (e.g. de

Andrade Silva et al. [18]). The displacement rate

commonly adopted by TRC researchers—and also used

in all the other tests presented in this paper—is equal to

2 9 10-2 mm/s. In order to understand the influence of

strain rate on TRC behaviour in static and quasi-static

regimes, different displacement rates, corresponding to

different strain rates, were considered. In particular, in

addition to the usual stroke rate, two other displacement

rates were analyzed (two orders of magnitude higher and

lower, respectively):

– 2 mm/s (0.69 9 10-2 s-1);

– 2 9 10-2 mm/s (0.69 9 10-4 s-1);

– 2 9 10-4 mm/s (0.69 9 10-6 s-1).

The strain rates (in brackets) were obtained by

dividing the displacement rate by the average gauge

length of the specimens (e.g. 290 mm).

For each displacement rate, three specimens rein-

forced with F3-1 fabric were tested, with the obtained

results shown in Table 11, including a summary of the

maximum load, corresponding ultimate displacement,

maximum stress, corresponding strain and the first

cracking strength for each specimen. Figure 12

displays average stress versus strain curves and

representative specimen crack patterns for each

displacement rate.

At the higher displacement rate (2 mm/s), typical

TRC behaviour was observed, i.e. characterized by

three branches. The first of these corresponded to

linear-elastic behaviour, and was followed by the

formation of multiple cracking after the occurrence of

first cracking at around 6.4 MPa; during the final

stage, after a low stress increase, the cracks widened

until specimen failure. In all specimens, but especially

in numbers 2 and 3, a change in stiffness at about

16 MPa of nominal stress was observed. This discon-

tinuity could be related to an apparent stiffness

increase due to the creep effect. Significantly, the

final slopes of all the strain rates investigated were

almost identical.

Typical TRC behaviour was also observed at the

intermediate displacement rate (2 9 10-2 mm/s), the

speed most commonly employed in TRC tensile tests. In

this case the second phase commenced at a lower stress

value (about 4 MPa), while the peak stress reached was

lower in comparison to that seen at the higher displace-

ment rate (about 17 and 22.4 MPa, respectively).

For the lowest displacement rate considered

(2 9 10-4 mm/s) the three branches could not be

clearly identified, with only a multicracking phase up

to failure observed after an initial linear-elastic phase.

At this displacement rate, a reduction in bond strength

between matrix and fabric was observed after the

occurrence of first cracking (at 3.7–5.1 MPa), fol-

lowed by sliding. The strength reached in this last test

was close to 13 MPa.

Looking at the average values in Table 11 and the

TRC behaviour shown in Fig. 12, a loss in strength and

ductility with decreasing displacement rate is apparent.

Fig. 12 Influence of test

displacement rate ð _dÞ for F3-

1 fabric specimens. Nominal

stress versus normalized

displacement curves in

uniaxial tension (a) and

specimen cracking pattern

(b)
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In addition, a coarser specimen cracking pattern

was exhibited with the decrease from 10-2 to 10-6 s-1

(Fig. 12b), while a strength reduction of around

23.5 % was observed after the displacement rate was

decreased from 10-2 to 10-4 s-1 and from 10-4 to

10-6 s-1.

The significant role played by strain rate in the

present study could be related to both the glass

material employed and the interface bond strength.

Further research is thus required to better understand

the roles of each mechanism.

4.5 Size effect

In order to appreciate the role of the size effect in

uniaxial tension hardening derived from the multi-

cracking phenomenon controlled by bond effective-

ness, three different specimen lengths were

investigated: 290, 150 and 75 mm. All specimens

were reinforced with F3-1 fabric (reinforcement ratio

equal to 3.07 %), with the results presented in Fig. 13

and Table 12. Figure 13a shows that all the average

curves obtained for the different lengths overlap for

displacement values lower than 0.2 mm. This likely

reflects the fact that the displacement measured by the

mechanical press is expressed as the sum of two

components: specimen elongation and specimen slid-

ing in the clamps. In fact, in the first linear-elastic

branch the contribution of sliding predominates, so the

curves appear to overlap. However, closer analysis of

the stress versus strain curves obtained by dividing

relative displacement by free length reveals variation

in specimen initial stiffness (Fig. 13b). As a result,

although the initial slope of the nominal stress versus

normalized displacement curves should represent the

elastic modulus of the concrete, which was the same

for all specimens, the results are altered due to

specimen sliding between the clamps.

Fig. 13 Influence of

specimen size for F3-1

fabric reinforcement: load

versus displacement curves

in uniaxial tension (a),

nominal stress versus

normalized displacement

curves in uniaxial tension

(b), specimen cracking

pattern (c) and fitting with

Bažant’s size effect law (d)
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With reference to post-cracking behaviour, the

curves reveal tension stiffening to be controlled by

specimen length: the longer the specimen, the smaller

the ductility (Table 12). A finer cracking pattern

(Fig. 13c) was observed in shorter specimens,

correlating with the previous results. In addition, peak

load was barely affected by specimen length, as

indicated by the results of fitting with Bažant’s size

effect law (Fig. 13d) [19].

4.6 Normalized displacement and strain

To better understand the influence of sliding on press-

measured displacement, the three nominally identical

specimens reinforced with F3-1 fabric and cured in air

(Table 10—air) were instrumented with two LVDT

transducers, one on the front and one on the rear side,

during the tensile test. The length of the gauge astride

the middle of each specimen was around 218 mm. As

Fig. 14 shows, the nominal stress versus strain curves

overlap to a fairly high degree, with the strain obtained

by dividing the average displacement measured by the

LVDTs (average of front and rear side values) by

gauge length. In this case the slope of the initial linear-

elastic branch represents the Young’s modulus of the

concrete, a value of around 46 GPa. The measured

first cracking strain and, where possible, ultimate

strain, are summarized in Table 13.

Figure 15a presents a comparison between the

nominal stress versus normalized displacement (stroke

displacement divided by free length) and the nominal

stress versus strain curves of specimen N1. Consider-

ing the specimen and its sliding as two springs in

series, it is then possible to calculate the stiffness

reduction due to sliding at variable loads. Figure 15a

also shows that the multicracking phase (branch IIa)

was partially increased in terms of strain range, while

the cracked branch (IIb) was stiffer when represented

by the stress–strain curve.

Fig. 14 F3-1 fabric specimens cured in air: nominal stress

versus strain curves in uniaxial tension

Table 13 Test results for specimens reinforced with F3-1

fabric and cured in air: eccentricity, ultimate strain and first

cracking strain

Specimen e (mm) eu (-) eI (-)

N1 0.8 0.0202 0.0002

N2 0.4 –a 0.0002

N3 1.6 –a 0.0004

Average 0.9 – 0.0003

a Detachment of the gauge

Fig. 15 F3-1 fabric

specimens cured in air,

specimen N1: comparison

between nominal stress

versus normalized

displacement and nominal

stress versus strain curves in

uniaxial tension (a); initial

linear elastic branch of

nominal stress versus strain

curve in uniaxial tension:

front and back LVDT (b)
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Figure 15b presents an enlarged view of the initial

linear-elastic branch of the stress versus strain curve.

Analysis of this figure reveals that the specimen in

question was not perfectly loaded in uniaxial tension,

with a bending moment due to the initial loss in

planarity (related to shrinkage) introducing an eccen-

tricity in the order of 1 mm (Table 13). In this case the

LVDT located on the rear side of the specimen

recorded compressive strains and the front one tensile

strains. This flexure vanished upon crack development.

5 Conclusions

From the experimental results presented here, which

focus on uniaxial tension behaviour in the direction of

warp, a number of important remarks can be made in

terms of answering the questions posed in the

introduction:

1. The behaviour of TRC is strongly influenced by the

level of reinforcement introduced, with both the

equivalent cross-section and the bond surface of the

warp roving playing an important role. In contrast,

the weft roving seems to mainly control cracking

distance and therefore overall ductility. As a result,

with reference to a single fabric, a limit reinforce-

ment ratio can be detected via the computation of an

EF, based on the ratio between the peak loads of the

TRC composite and AR-glass fabric. When the

value of EF is less than 1, a progressive reduction in

effectiveness is experienced. The smallest value of

EF measured in the present experimental investi-

gation was 0.67 for a reinforcement ratio of about

3.20 %. The EF value can be increased by increas-

ing the number of fabric layers; in this case layers

should be separated as full overlap can significantly

reduce EF due to the loss of bond surface. Analysis

of the employed leno weave assembling technique

resulted in the identification of a minimum weft

spacing able to prevent fabric sliding, with the value

detected for the TRC used in the present study close

to 30 mm. Smaller values may favour delamination

effects.

2. Since curing conditions can affect matrix shrink-

age, they are also associated with the bond

phenomenon in the composite material. The

greater the shrinkage, the greater the bond

strength that develops; consequently both the first

cracking and peak strength increase. Three curing

methods were investigated: 28 days at room

temperature, 6 days at 60 �C and 28 days

immersed in water. The best solution in terms of

peak strength was achieved via the first method.

3. As with other cement-based materials, TRC

behaviour depends on strain rate. In the present

study, a loss in strength and ductility with

decreasing displacement rate was also associated

with a coarser cracking pattern. An apparent

stiffness increase due to creep effects was iden-

tified, although further research regarding this

phenomenon is required.

4. No significant peak strength reduction was

observed in terms of the size effect, despite the

experimental results fitting reasonably well with

Bažant’s law. Here specimen size partially

affected the post cracking branch, with a reduc-

tion in ductility observed with increasing speci-

men size. Finally, for specimen lengths larger than

twice specimen width, negligible variation in the

first cracking strength was found.

Identification of the uniaxial tension constitutive

law should be carried out via measurement of the

relative displacement between two points on opposite

sides of the specimen, excluding the end zones. Strain

evolution identified using stroke measurement not

only prevents the computation of a reliable elastic pre-

crack stiffness value, but also introduces not negligible

variation in the multicracking and cracked phases.
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