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A B S T R A C T   

Textile reinforced concrete has raised increasing research interest during the last years, mainly due to its po-
tential to be used for freeform shell structures involving complex load situations. Yet, most experimental work 
has focused on test setups with primarily uniaxial loading. In the current work, such setups are complemented 
with a novel test setup of deep beams, including in-plane bending and shear. Further, nonlinear finite element 
analyses were carried out, applying an earlier calibrated bond-slip relation and efficiency factors for strength and 
stiffness of the textile reinforcement. It was found that the structural behaviour in terms of the overall stiffness, 
ultimate load and deformation, number of cracks, and total (summed) crack width, could be described with 
reasonably good accuracy. The inclusion of a calibrated efficiency factor for the stiffness of the yarn was shown 
to be vital. Moreover, it was shown to be important to weaken and randomise the material properties of the 
concrete at the location of transverse yarns, to trigger localisation (cracking) in the numerical model.   

1. Introduction 

Textile Reinforced Concrete (TRC) is an interesting material with 
large potential. It has been used in practical applications for strength-
ening [1], in facades [2], as well as in a pedestrian bridge [3,4], and has 
been suggested for slabs [5–8]. One very interesting application is 
freeform shell structures [9–11]. With corrosion-resistant textiles, and 
thus small required covers, thin elements can be obtained. Freeform 
structures entail a multitude of complex load situations. Yet, in most 
experimental work, test setups with mainly uniaxial loading are 
commonly used. Some examples are pull-out tests [12–16], uniaxial 
tension tests [17–21], and one-way flexure tests [22–26]. There is 
limited experimental work addressing more complex load situations; 
some examples are biaxial tension tests [27], and loading of two-way 
slabs [28], and shells [29,30]. To enable the use of TRC in freeform 
structures, more experimental work including complex load situations is 
needed, such as in-plane bending and shear. 

Further, there is a need to investigate how well analyses can be used 
to predict the behaviour in complex load situations. A recent review 
pointed out the need for generalised strategies for mechanical analysis of 

TRC [31]. TRC is a complex material; each textile yarn consists of many 
filaments [32], and slip takes place both between the filaments and 
between the yarns and the adjacent concrete [33]. Accordingly, the 
whole tensile capacity of the yarns cannot be utilised when embedded in 
concrete. In analyses, it is therefore common to apply an efficiency 
factor for the strength, as first suggested by Hegger et al. [34] and 
subsequently used by several researchers, e.g., [20,35–37]. However, 
interfilament slip will actually influence both strength and stiffness of 
the yarn. In recent work, the authors showed that analyses including a 
calibrated value of an efficiency factor for the stiffness improved the 
agreement between analyses and pull-out experiments [38]. Before this, 
only few researchers have applied an efficiency factor for the stiffness 
[39,40]. To further describe the structural behaviour of TRC in analyses, 
cracking of the concrete, as well as the slip and bond stress transfer 
between textile reinforcement yarns and concrete need to be included. 
The bond stress transfer is vital for the global structural behaviour of the 
composite [34,41], and is commonly included in modelling by applying 
a bond stress versus slip relation [26,42,43]. In earlier work of the au-
thors [38], two-sided asymmetrical pull-out tests were carried out, and 
an indirect procedure to calibrate a bond-slip relation and efficiency 
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factors for strength and stiffness of the textile reinforcement in concrete 
was developed. 

The aim of this work was to investigate how well analyses with a 
calibrated bond-slip relation and efficiency factors for strength and 
stiffness of the textile reinforcement can describe the behaviour in 
different load situations, including both mainly uniaxial stress states and 
more complex load situations, such as deep beams loaded in four-point 
bending. In such cases, the plane sections cannot be assumed to remain 
plane after deformation, and in addition, the effects of in-plane shear can 
be observed. To reach this aim, experiments were carried out, using both 
common test setups and one setup including a more complex load sit-
uation. The same materials as in earlier pull-out tests were used, to have 
knowledge on calibrated material parameters. 

The remainder of the paper is structured as follows: Section 2 de-
scribes the experimental program, including materials, test setups and 
procedures. Section 3 describes the numerical models of the experiments 
and Section 4 describes the results of both experiments and finite 
element analyses. Finally, conclusions and an outlook to future work are 
presented in Section 5. 

2. Experimental program 

2.1. Overview 

The experimental program consisted of three types of test setups: 
uniaxial tension tests, one-way flexure tests, and tests of deep beams. 
Two uniaxial tension tests and three of each of the other test types were 
conducted, with intentionally identical specimens for each test type. The 
specimens were named T for uniaxial tension, O for one-way flexure, and 
D for deep beams, while a,b,c were used to differ between the individual 
specimens of the same type. Pilot test series were conducted in student 
works during 2019–2020: one-way slabs in [44] and deep beams in [45], 
while the tests reported here were carried out in January 2021. The 
displacement field was monitored using Digital Image Correlation (DIC) 
in all tests; details are given in Section 2.4. 

2.2. Materials and production 

The concrete was produced from a commercial concrete mix, type 
StoCrete R 40 [46]. It contained cement of class CEM 1, and had a 
maximum grain size of 3 mm. The uniaxial compressive strength was 
measured in tests on cylinders according to standard [47], with an 
average value of 67.8 MPa. 

The reinforcement was a carbon mesh, type StoFRP Grid 1000C 390. 
It had yarns of rectangular cross-section and material parameters as 
listed in Table 1. The textile grid was produced in factory environment in 
an automated process, aligning the fibre yarns in the desired directions 
and impregnating them with epoxy resin. The connections to yarns in 
the transverse direction were very weak. 

At specimen production, the reinforcement mesh was kept in place 
by a wooden framework. All specimens were cast at the same time and 
tested after 28 to 30 days curing. 

2.3. Test set-ups and procedure 

2.3.1. Uniaxial tensile tests 
The uniaxial tensile tests were carried out according to the 

Table 1 
Technical specifications of the carbon textile reinforcement, StoFRP Grid 1000C 
390.  

Parameter Value Comment 

Young’s 
modulus,E0 

242 GPa From manufacturer 

Tensile capacity,F0 5500 N/yarn From manufacturer 
Fracture elongation 17 ‰ From manufacturer 
Density, composite 390 g/m2 From manufacturer 
Density, carbon 

fibre 
231 g/m2 From manufacturer 

Mesh free opening 34 mm Measured, same in both directions 
Yarn width 3.55 (0.46) mm Measured, average and standard 

deviation 
Yarn thickness 0.385 (0.075) 

mm 
Measured, average and standard 
deviation  

Fig. 1. Uniaxial tension tests. (a) Drawing of specimens; measurements in mm; (b) Test setup.  
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recommendations by RILEM TC 232-TDT [17]. The specimens were 
60 ⋅ 600 ⋅ 8 mm3, see Fig. 1. A single layer of carbon mesh was placed 
centrally in the thickness direction. Clamps placed at the ends of the 
specimens (Fig. 1) were allowed to rotate, to avoid applying bending 
moment. Between the steel clamps and the concrete surface, 1.5 mm 
thick natural rubber sheets were used to get even pressure and increase 
friction. The bolts at the clamps were tightened by hand to a level suf-
ficient to avoid slip in the clamps during testing yet avoiding crushing of 
the concrete at the clamps. At testing, load was applied by controlling 
the deformation between the clamps to a rate of 1.2 mm/min. At eval-
uation of the results from DIC measurements, the deformation over the 
mid 300 mm was used (marked as measuring range in Fig. 1) to avoid 
including possible slip at the clamps. Further, the crack width of each 
individual crack was evaluated from the DIC measurements as the 
displacement in the loading direction between two points situated on 
different sides of the individual crack. 

2.3.2. One-way flexure tests 
One-way flexure tests were carried out as four-point bending tests on 

thin slabs. The specimens were 200 ⋅ 900 ⋅ 20 mm3, see Fig. 2. A single 
layer of carbon mesh was placed with 5 mm cover. Four-point bending 
as shown in Fig. 2b was applied, with line loads and line supports across 
the width of the slabs. To enable good visibility of the crack pattern, the 
specimens were tested upside down. The two loads were applied by a 
hydraulic jack acting on a stiff load distribution beam in deformation 
control, with 3 mm/min of deformation at the hydraulic jack to a total 
deformation of 40 to 50 mm. At evaluation of the results, the mid-span 
deflection relative to the deflection at the loads was used. Further, the 
crack width of individual cracks was evaluated from the DIC measure-
ments as the displacement in the direction along the slab span between 

two points on each side of the individual crack. 
To plot the force versus mid-span deflection, the latter was computed 

relative to the mean deflection at the point loads, see Fig. 3. 

2.3.3. Tests of deep beams 
As described in the introduction, there is a need for experiments 

including more complex loading situations than the commonly used test 
setups. Yet, a suitable test setup shall at the same time have well-defined 
loading, boundaries and be uncomplicated to carry out. These criteria 
led to the development of a test setup for deep beams, in which thin 
specimens were subjected to bending and shear in the plane of the 
specimen. The specimens were 200 ⋅ 900 ⋅ 20 mm3, see Fig. 4. Three 
layers of carbon mesh were placed with 5 mm cover, and 5 mm spacing 
between the layers. 

Four-point bending as shown in Fig. 4b was applied; the two point 
loads were applied by a hydraulic jack acting on a stiff load distribution 
beam (Fig. 4d). Support and loading plates for vertical loads (Fig. 4e) 
were made of steel. At testing, a specimen was placed and centered in 
the 21 mm wide groove of the support plates, and the support plates 
were in turn placed on rollers. The grooves provided stability during 

Fig. 2. One-way bending tests of slabs. (a) Drawing of specimens; measurements in mm; (b) Test setup.  

Fig. 3. Definition of beam mid-span deflection,δ, which was computed relative 
to deflection at point loads. 
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mounting of the test setup. Further, horizontal supports on both sides 
were applied at a height of 42 mm from top of the specimen, with Teflon 
sheets between the support and the specimen to allow transversal 
movement. These horizontal supports consisted of socket head bolts 
with an area acting on the Teflon sheets with an outer diameter of 21.5 
mm. The bolts were carefully adjusted before testing to ensure a vertical 
placement of the test specimen. In addition, the bolts were tightened by 
hand to a level ensuring contact on both sides of the specimen yet 
allowing transversal movement. The DIC measurements were evaluated 
to ensure that transversal movement did indeed take place. At evalua-
tion of the results, the mid-span deflection relative to the deflection at 
the loads was used. Further, the crack width of individual cracks was 
evaluated from the DIC measurements as the displacement between two 

points along a line situated 25 mm above the bottom of the deep beam. 
The tests were carried out in deformation control, with the deformation 
rate of 0.25 mm/min at the hydraulic jack until all cracks were formed. 
Thereafter, the loading rate was increased to 1 mm/min. Similar to one- 
way flexure tests, the mid-span deflection was computed relative to the 
mean deflection at the point loads, see Fig. 3. 

2.4. Digital image correlation during testing 

During all tests, displacements and crack openings were captured 
with Digital Image Correlation (DIC), using GOM ARAMIS 12 M 
adjustable stereo camera system [48]. In the uniaxial tension tests (T- 
series), images were acquired with a frequency of 4 Hz, and 0.1 Hz in the 

Fig. 4. Tests of deep beams. (a) Drawing of specimens; measurements in mm; (b) Test set-up; (c) Drawing of test setup from the side, showing the arrangement of the 
vertical and horizontal supports; (d) Photo of the test setup (d) Drawing of vertical support and loading plates. 
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other tests (D- and O-series), respectively. The surfaces of the specimens 
were painted with a black and white high contrast speckled pattern 
allowing the software to produce full-field displacements and strains. 
The results were processed by the software GOM Correlate [49]. At 
evaluation of the test results, the crack widths were evaluated from the 
DIC measurements with virtual displacement transducers as described 
for each test type. 

3. Numerical modelling 

3.1. Overview 

To investigate how well the calibrated bond-slip relation and effi-
ciency factors for strength and stiffness describe the complex composite 
action of textile reinforced concrete, the experiments described in Sec-
tion 2 were simulated numerically. All specimens were modelled using 
the software DIANA [50], and a corresponding nonlinear Finite Element 
(FE) analysis was considered for each test. Each experiment type 
(denoted either T, O or D) was simulated with two sets of input pa-
rameters (denoted Input I and Input II, cf. Fig. 6). The input sets differed 
regarding the constitutive model describing the bond-slip relation and 
the use of efficiency factors for the stiffness of the textile yarns, ac-
cording to [38]. Furthermore, the concrete was weakened at the posi-
tions of the transverse yarns together with a random distribution of 
stiffness, strength and fracture energy (according to Eqs. (5)–(7) in the 
following section), upon which ten realisations were analysed for each 
of the two sets of input parameters. Thus, in total, sixty finite element 
simulations were carried out. In the following, the material models used 
in modelling are summarised, and the models used in individual analysis 
types are presented. 

3.2. Material models 

For the concrete, the Young’s modulus, tensile strength and fracture 
energy were computed based on the measured compressive strength, 
according to Model Code 2010 [51]. A nonlinear material model with 
damage formulation both in tension and compression was used. In the 
linear range, the Young’s modulus Ec = 40.7 GPa and a Poissson’s ratio 
νc = 0.2 were specified. The compressive behaviour was modelled using 
the stress versus strain behaviour suggested by Thorenfeldt [52], where 
the compressive strength of concrete was given as 67.8 MPa. 

The stress–strain relation in compression can be expressed as 

σ(ε) = − fP
ε
εP

⎛

⎜
⎜
⎜
⎜
⎝

n

n −

(

1 −

(
ε

εP

)nk
)

⎞

⎟
⎟
⎟
⎟
⎠
, (1)  

where fP is the compressive peak stress and εP is the compressive peak 
strain. The parameters n and k are determined as 

n = 0.80+
fcc

17
; k =

⎧
⎨

⎩

1

0.66 +
fcc

62

if εP ≤ ε ≤ 0

if ε ≤ εP
, (2)  

where fcc is the cube compressive strength of concrete. 
In tension, a nonlinear tension softening model according to Hordijk 

et al. [53] was used. Within this setting, a tensile strength of 4.35 MPa 
and a fracture energy of 156 N/m were used. The crack band width was 
assumed to equal the mesh size. Hordijk tension softening describes the 
relation between the crack stress,σn, and the crack opening, w as: 

σn(w)
ft

=

⎧
⎪⎪⎨

⎪⎪⎩

(

1 +

(

c1
w

wult

)3
)

e− c2
w

wult −
w

wult

(
1 + c3

1

)
e− c2 if w < wult

0 if w ≥ wult

, (3)  

wherec1 = 3, andc2 = 6.93. The ultimate crack opening, wult depends 
on the fracture energy,GF, and the tensile strength, ft as follows: 

wult = 5.136
GF

ft
. (4) 

To properly trigger localization (cracking), and to account for the 
variability of material parameters, the tensile strength,ft , fracture 
energy,GF, and the Young’s modulus,Ec, of the concrete elements 
directly adjacent to transverse yarns were sampled from Gaussian dis-
tribution with the mean and variance taken as: 

ft ∼ N (ζ⋅4.35 MPa, 0.1 MPa2), (5)  

GF ∼ N (ζ⋅156
N
m
, 5

N2

m2), (6)  

Ec ∼ N (ζ⋅40.7 GPa, 0.5 GPa2). (7)  

The reduction factor ζ reflects the conservation of volume in the model. 
Due to the presence of the transverse yarn, the volume of the concrete in 
the (weakened) element is effectively smaller. The reduction factor ζ 
thus depends on the mesh and reinforcement configuration and is given 
for each analysis type in the following sections, i.e., in Section 3.3.2 for 
the uniaxial tensile tests, in Section 3.3.3 for one-way flexure tests, and 
in Section 3.3.4 for tests on deep beams. 

For the textile reinforcement, Young’s modulus, E0, was specified as 
242 GPa according to Table 1. Uneven stress distribution within the yarn 
motivated the introduction of an efficiency factor for the stiffness,ηE: 

E = ηEE0 (8)  

Similarly, the capacity of the yarn was set to 

F = ηFF0 (9)  

where F0 is the yarn capacity reported by the manufacturer (Table 1), 
and the efficiency factor for the strength ηF was set to 34 % according to 
earlier pull-out tests and calibration [27]. The material model of the 
yarn is linear elastic up until the maximum force ηFF0 is reached, after 
which the simulation is terminated. 

For the interface, a similar bond-slip model as presented for tradi-
tional rebars in fib Model Code [51] was used. The model considers an 
initially nonlinear development of bond stress upon increasing slip, 
reaching a plateau at the maximum value of the bond stress. After the 
plateau, the stress decreases linearly until a final plateau is reached, see 
Fig. 5. In total, the model formulation requires 7 parameters. Among 
those, four are slip values s0 - s3, and two are bond stress values τmax and 
τf for the maximum and final bond stress, respectively. The last 
parameter, α, describes the nonlinear growth in the first segment as 

Fig. 5. Bond-slip model from Model Code 2010 [51], with seven parameters: s0 

- s3,τmax, τf , andα. 
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τ(s) = τmax

(
s
s1

)α

(10)  

It is noteworthy, that the parameter s0 is not included in [51], but is used 
in the software implementation. For numerical performance, a linear 
stiffness of the interface is considered for slip values up to the initial slip 
of s0. 

As already alluded to, two sets of input parameters were chosen. The 
main difference between them were whether the efficiency factor for 
stiffness,ηE, was set to 1.0 or a calibrated value. However, also the bond- 
slip response varied in the different inputs; as its calibration in [38] 
depended on the assumedηE.Thus, the two input sets were defined by:  

• Input I (ηE=1): The efficiency factor for the stiffness,ηE, was set to 1.0, 
and the bond-slip relation calibrated with this assumption was used.  

• Input II (ηE∕=1): The efficiency factor for the stiffness,ηE, was set to its 
calibrated value of 0.353, and the bond-slip relation from the same 
calibration procedure was used. 

The bond-slip relation for both input sets can be seen in Fig. 6. 

3.3. Numerical simulations 

3.3.1. General 
In tensile and one-way flexure (T- and O-series) analyses, quadri-

lateral 4-node plane stress elements based on bi-linear interpolation 
with a side length of 2 mm were used for the concrete solid, whereas a 
side length of 2.5 mm was used in analyses of deep beams (D-series). For 
the textile reinforcement, 2-node truss elements (with the same size as 
the corresponding concrete elements) were used. Between the constit-
uents, interface elements with linear shape functions were generated by 
the software. 

The analyses were run in displacement control, until a prescribed 
displacement was reached. For the equilibrium iterations, the Newton- 
Raphson method was used, and the relative convergence tolerance 
was set to 0.01 for both the iterative displacement increment and out-of- 
balance force norms. In practice, the simulations were run until failure 
of convergence, which corresponded to ultimate failure of the specimen. 
In addition to choosing a suitable crack band width (equal to the element 
length), mesh independence was assured with a convergence analysis 
(with respect to element size) in terms of the value of the first peak/ 
cracking load. For each input set and test type, ten realisations were 
analysed with randomised distribution of the concrete properties at the 
positions of the transverse yarns. 

3.3.2. Model of the uniaxial tensile test 
The uniaxial tensile tests (T-series) were modelled in two-dimensions 

assuming plane stress, with the thickness of the concrete solid equal to 8 
mm. Due to presence of the machine clamps, only a 300 mm long strip of 
the panel was modelled, so that seven openings fit within the measuring 
range (based on the measurements of the mesh in Table 1, the centre- 

centre yarn spacing was equal to 37.5 mm). The textile reinforcement 
mesh was placed as in the experiments. Corresponding with the yarn’s 
measured average width and thickness (Table 1), a cross-section area of 
1.367 mm2 and a perimeter of 7.872 mm were assigned to each yarn. 

The restraint from the testing machine was simulated by constrain-
ing the vertical displacements of all the nodes at the bottom edge 
(including the yarn displacements). The vertical displacement of all the 
nodes, concrete and yarn, at the top edge was tied (equally) to the 
vertical displacement of a dummy master node, see Fig. 7. The experi-
ment was then simulated by prescribing a vertical displacement to this 
master node. 

As described in Section 3.2, a reduction factor ζ was introduced for 
the material properties of the concrete at the position of the transverse 
yarns. Starting from the conservation of the cross-sectional area of the 
element row highlighted in Fig. 7, we see that the nominal cross- 
sectional area can be expressed as hctc , where hc is the element length 
and tc is the thickness of the specimen. Accounting for the cross-sectional 

Fig. 6. Bond stress versus slip used as input, results of the calibration procedure from [38].  

Fig. 7. Schematic view of the finite element model of the uniaxial tensile tests 
with boundary conditions and prescribed deformation. Tensile strength, frac-
ture energy, and Young’s modulus of the elements adjacent to transverse yarns 
were sampled according to Eqs. (5)–(7). 
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area of the yarn,Af , the modified thickness of the element row can be 
calculated as tc −

Af
hc 

so that the total volume is conserved. The ratio of the 
modified and nominal thickness gives the final reduction factor. Thus, 
for the T-series, it was determined as: 

ζ = ζT = 1 −
Af

hctc
, (11)  

and was calculated to be 0.914 for the chosen mesh. 
To compute the force versus deformation response, the total force 

was obtained as the vertical reaction force in the master node, whereas 
the deformation was obtained as the vertical displacement of the same 
node. Similarly, the crack widths were extracted from the model as the 
difference in vertical displacement of the nodes at opposite sides of each 
crack. 

3.3.3. Model of the one-way flexure test 
The specimen in the one-way flexure test (O-series) was modelled in 

plane stress with the length of 900 mm and the height of 20 mm. A 
schematic view of the model can be seen in Fig. 8. A thickness of 200 mm 
was assigned to the concrete, representing the complete test specimen. 
For the textiles, only the longitudinal yarns were modelled. In the ex-
periments, there were, in total, 5 longitudinal yarns over the thickness 
(see Fig. 2); accordingly, the reinforcement in the model was defined 
with a cross-section and perimeter of 6.835 mm2 and 39.36 mm (5 times 
the area and perimeter of a single yarn), respectively. 

The nodes close to supports and point loads were tied eccentrically. 
This allowed for rigid body rotation of the edge around the master 
nodes, which were chosen at the centre of the supports and point loads. 
To run the simulation in displacement control, it was necessary to define 
a rigid dummy beam, which ends were tied to the beam (see Fig. 8). By 
doing this, it was possible to prescribe a vertical displacement in a single 

master node (in the middle of the rigid dummy beam). In this way, the 
load was divided equally to both loading points of the beam, simulating 
the real experiment. The total force was obtained as the vertical reaction 
force in the master node at the rigid dummy beam, and the mid-span 
deflection was computed according to Fig. 3. 

In order to mimic the presence of the transverse textile yarns and to 
trigger cracking, material properties of evenly spaced elements (with 
spacing of 37.5 mm) at the level of the longitudinal yarn (see Fig. 8) 
were sampled according to Eqs. (5)–(7). 

Regarding the reduction factor ζ, similar argument as for the T-series 
can be used to calculate the modified thickness of the highlighted 
element row as tc −

Af tc
h2

c 
for the O-series. Thereby, the reduction factor for 

the O-series model can be determined as: 

ζ = ζO = 1 −
Af

h2
c
, (12)  

where Af is the cross-sectional area of the transverse yarn, and hc is the 
size of the concrete element. For the chosen mesh, ζO was calculated to 
be 0.658. 

3.3.4. Model of the deep beam 
For the D-series, each specimen was modelled as a two-dimensional 

deep beam in plane stress with the length of 900 mm and the height of 
200 mm. A thickness of 20 mm was assigned to the concrete. For the 
textile reinforcement grid, both the longitudinal and transverse yarns 
were modelled. The reinforcement in both longitudinal and transverse 
direction was modelled with the corresponding cross-section area and 
perimeter of 4.101 mm2 and 23.634 mm (3 times the area and perimeter 
of a single yarn, as there were 3 layers of reinforcement over the 
thickness in the experiments, see Fig. 4 ), respectively. A schematic view 
of the model can be seen in Fig. 9. 

Fig. 8. Schematic view of the finite element model of the one-way flexure tests along with boundary conditions and prescribed deformation. Tensile strength, 
fracture energy, and Young’s modulus of the elements at the location of transverse yarns were sampled according to Eqs. (5)–(7). 
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As in the O-series model, the nodes close to supports and point loads 
were tied eccentrically, to simulate support and loading plates. Simi-
larly, a rigid dummy beam was used to control the loading process with a 
single master node. 

In order to trigger localization (cracking), material properties of el-
ements adjacent to transverse yarns (see Fig. 9) were sampled according 
to Eqs. (5)–(7). For the D-series model, the corresponding reduction 

factor was determined identically as for T-series model as: 

ζ = ζD = 1 −
Af

hctc
, (13)  

where Af is the cross-sectional area of the transverse yarn, tc is the 
thickness of the concrete elements, and hc is the size of the concrete 
element. For the chosen mesh, ζD was calculated to be 0.918. 

Fig. 9. Schematic view of the finite element model of deep beams along with boundary conditions and prescribed deformation. Tensile strength, fracture energy, and 
Young’s modulus of the elements adjacent to transverse yarns were sampled according to Eqs. (5)–(7). 

Fig. 10. Load (P as defined in Fig. 7) versus deformation for uniaxial tensile tests and analyses. Shaded areas indicate the spread of the random numerical real-
isations, while the dashed lines show the experimental results. 
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The total force was obtained as the vertical reaction force in the 
master node at the rigid dummy beam, and the mid-span deflection was 
computed according to Fig. 3. 

4. Results and discussion 

4.1. Uniaxial tensile tests and analyses 

For the tensile tests, two specimens were considered, named Ta and 
Tb according to Section 2.1. Starting with the global response, external 
load versus deformation for all uniaxial tensile tests and the corre-
sponding numerical analyses is presented in Fig. 10. In the figure, the 
scatter in the numerical realisations is indicated by the shaded areas. 
The initial cracking load agreed reasonably well for both sets of input, 

and the maximum load and deformation at failure was captured well by 
Input II. After initial cracking, subsequent cracks formed at approxi-
mately the same load level as the initial crack; this behaviour was 
observed both in experiments and in analyses regardless of the input set. 
The overall observed stiffness was much higher for Input I, where failure 
took place at a deformation of around 1.5 mm. In the analyses with 
Input II, a deformation of around 4 mm was reached before failure, 
agreeing well with the experimentally observed. 

Both uniaxial tests showed a very similar behaviour, see Fig. 11. 
Cracking transverse to the loading direction took place, starting at 
relatively low load levels with increasing number of cracks for 
increasing load. The first crack always appeared at a crossing yarn, so 
did also most of the later cracks. In one specimen, Ta, the first two cracks 
appeared outside the measuring range; one of these is visible in Fig. 11 

Fig. 11. Experimental (Ta and Tb) and numerical (Input I and Input II) results of uniaxial tension tests. Left: Contour plots of the main principal strain at maximum 
load (P as defined in Fig. 7). The placement of the textile mesh is indicated. Cracks are numbered in order of appearance. Right: Load and crack widths versus 
deformation over the 300 mm long measuring range. 
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but they are not given any crack numbers as the results focus on the 
measuring range. At higher loads, smaller cracks along the yarns in the 
loading direction were also visible. Failure took place by rupture of the 
yarns at a cross-thread. 

Corresponding results from the finite element analyses, from one 
realisation selected to be representative for each set of input parameters, 
can be seen in the lower part of Fig. 11. In the analysis applying Input I, 
only four cracks were observed before the textile yarns failed in rupture. 
In contrast, seven cracks formed before failure for Input II, which agrees 
better with the experimental results. The individual crack widths in the 
simulation applying Input II were also in agreement with the experi-
mental results, with the majority of the cracks growing to widths around 
0.5 mm. 

In order to investigate the cracking process further, the number of 
cracks and the total (summed) crack width are presented in Fig. 12, 
where the shaded regions indicate the spread of the simulations with 
randomised material parameters. From the figure, it is evident that the 
number of cracks agrees well with experiments when Input II is applied, 
although the number of cracks depends on the realisation (with the 
possibility of having either fewer or more cracks than in the experi-
ment). The total summed crack width is almost identical with the 
deformation in both experiments and numerical simulations, with 
almost no visible scatter. This is an expected result as uniaxial tension is 

studied; it means that all deformation is taken in the cracks, and that the 
deformation between the cracks is negligible. It should be noted, though, 
that the results from analyses with Input I end at a deformation around 
1.5 mm; this is difficult to see in Fig. 12 (bottom) but can be seen in 
Fig. 10 and Fig. 12 (top). 

4.2. One-way flexure tests and analyses 

Experimental (Oa, Ob, and Oc tests according to Section 2.1) and 
numerical load–deflection results of the one-way flexure tests are shown 
together in Fig. 13, with the shaded regions indicating the spread of the 
random numerical realisations. Although the initial cracking load was 
overestimated in the analyses for both input sets, the maximum load and 
deflection at failure was captured reasonably well by Input II. The overall 
observed stiffness was much higher in the analyses applying Input I, 
where failure took place at a mid-span deflection of around 3.5 mm. In 
the analyses applying Input II, a deflection of around 10 mm was reached 
before failure, agreeing well with experimental observations. It is 
noteworthy that the scatter of experimental results is larger than in the 
previously described test type (T-series). A possible explanation may be 
that this test setup is very sensitive to small deviations in the placement 
of the reinforcement mesh, as that directly influences the inner lever arm 
and thereby the bending capacity. No such variation was applied in the 

Fig. 12. Detailed crack information for uniaxial tensile tests and analyses. Top: number of open cracks versus deformation. Bottom: summed crack width versus 
deformation. 

Fig. 13. Load (P as defined in Fig. 8) versus mid-span deflection for the one-way flexure tests and analyses.  
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Fig. 14. Experimental (Oa, Ob, Oc) and numerical (Input I and Input II) results of one-way flexure tests. Left: Contour plots of the main principal strain at maximum 
load (P as defined in Fig. 8). The placement of the textile mesh is indicated. Cracks are numbered in order of appearance. Right: Load and crack widths versus mid- 
span deflection relative to the deflection at the load positions, see Fig. 3. 
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numerical realisations. 
The experimental results of the one-way flexure tests are shown in 

the top part of Fig. 14. After an initial stiff behaviour, cracking took 
place, first in the region between the loads, and for higher loads also 
between the loads and the supports. It can be noted that cracking pref-
erably took place at the transverse yarns, and in later stages, one crack 
appeared at each transverse yarn in the mid part of the slab. Rupture of 
the longitudinal yarns limited the maximum load, without any visible 
slip between the yarns and the concrete. 

Corresponding results from finite element realisations selected to be 
representative can be seen in the bottom part of Fig. 14. In contrast to 
experiments (where a view from the bottom is used to show the cracks), 
the specimens are shown from the side. The crack widths were computed 
as the difference in horizontal deformation on both sides of the crack, at 
the tensioned side of the slab. Three and four cracks were observed 
before the textile yarns failed in rupture, in the analyses with Input I and 
II, respectively. Thus, fewer cracks were obtained in the analyses than in 
the experiments. Further, larger crack widths appeared in the analyses 
than in the experiments. It can also be noted that in the analyses, 
sometimes two cracks appeared simultaneously, which contrasts the 
experimental results where one crack at a time was observed. This dif-
ference, together with the fewer cracks in the analyses, explains the 
lower number of local peaks in the load–displacement diagram from the 

simulations. 
As already mentioned, the initial cracking load was overestimated in 

the analyses for both input sets compared to the experimental results. By 
looking more into detail in the results around this first peak in the 
analysis, it was clear that there were issues for the first crack to localise. 
The load that can be calculated from beam theory and tensile strength 
(0.23 kN) agrees well with the cracking load in the experiments. 
Cracking did indeed take place at this load in the simulations, but the 
load could be further increased while cracking spread to several 
neighbouring elements. The localisation could be forced to take place for 
a lower load by exaggerating the reduction factor; however, instead of 
choosing an ad-hoc value, it was chosen to use the value motivated from 
the conservation of volume according to Eq. (12). Increasing the vari-
ance in the assumed Gaussian distribution of the material parameters 
may also have triggered first localisation in a better way. Another 
possible reason to this localisation issue can be that the applied consti-
tutive model for concrete in tension (Hordijk et al. [53]) may over-
estimate the capacity directly after cracking. 

To explore the cracking behaviour further, the number of cracks and 
the total (summed) crack width are presented in Fig. 15. As mentioned, 
the analyses resulted in fewer but larger cracks than the experiments. 
Still, the sum of the crack widths produced by Input II agreed very well 
with the experiments. Similar as for the uniaxial tension test series, the 

Fig. 15. Detailed crack information for the one-way flexure tests and analyses. Top: number of open cracks versus deflection. Bottom: summed crack width 
versus deflection. 

Fig. 16. Load (P as defined in Fig. 9) versus mid-span deflection for the tests and analyses of deep beams.  
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numerical spread of the total crack width due to material randomness is 
negligible. 

4.3. Tests and analyses of deep beams 

Experimental (Da, Db, and Dc tests according to Section 2.1) and 
numerical load–deflection results for the tests and analyses of deep 
beams are shown together in Fig. 16, where the shaded regions indicate 

Fig. 17. Experimental (Da, Db, Dc) and numerical (Input I and Input II) results of tests on deep beams. Left: Contour plots of the main principal strain at maximum 
load (P as defined in Fig. 9). The placement of the textile mesh is indicated. Cracks are numbered in order of appearance. Right: Load and crack widths versus mid- 
span deflection. 
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the spread due to the random realisations in the analyses. The initial 
cracking load in the analyses agreed reasonably well with the experi-
ments, although slightly overestimated. Similarly, the maximum load 
and deflection at failure in the analyses with Input II were also agreeing 
reasonably well with experimental results, with a slight overestimation 
in the analyses. Failure with rupture of the yarn took place, both in 
experiments and analyses. The overall observed stiffness was much 
higher in the analyses with Input I, which had a deflection of around 2.5 
mm at failure. This can be compared to a deflection around 6 to 7 mm in 
experiments and simulations with Input II. 

The load versus mid-span deflection from the experiments of deep 
beams is shown in the top part of Fig. 17. The average maximum load 
was 6.9 kN, ranging from 6.75 kN to 7.0 kN. In all three tests, the general 
behaviour was the same: The first bending cracks appeared between the 
loading points at loads of about 2.5 kN, after which several more 
bending cracks appeared for increasing load. The first cracks started 
from the bottom edge and gradually grew over the height of the beam. 
At loads between 3.5 and 6 kN, more cracks between the point loads 
appeared; these cracks typically appeared all over their height instan-
taneously. At load levels between 4 and 5 kN, cracks also appeared in the 
shear spans, but still close to the point load positions. At higher load 
levels, of about 5.5 to 6 kN, inclined cracks appeared in the shear span. 
Finally, failure took place in the zone between the point loads, with large 
opening of one of the bending cracks and rupture of the yarns in the 
bottom part of the beam. At failure, smaller cracks along the loaded 
yarns close to the opening crack also appeared; likely because slip 
occurred along the loaded yarns at failure. The failure was very brittle, 
and the remaining load capacity after failure was very small. 

Corresponding results from one finite element realisation selected to 
be representative for each input set are shown in the lower part of 
Fig. 17. The crack width of individual cracks was evaluated from the 
displacement between two points along a line situated 25 mm above the 
bottom of the deep beam, in a similar manner as the crack widths from 
experiments. For Input I, only five cracks were observed before the 
textile yarns failed in rupture. In contrast, twelve cracks formed before 
failure for Input II. Similar as in the experimental results, individual 
cracks are associated with local peaks in the load–deflection diagram. 

Contrary to the tests, two or more cracks often appeared simultaneously 
in the analyses, as can be seen in Fig. 17. The first cracks appeared in the 
mid-region of the beam, with some distance between them. Later, cracks 
appeared both in between already existing cracks in the mid-region of 
the beam, as well as closer to supports. The individual crack widths 
varied more in the analyses than in the experiments, but the average 
crack width at failure (around 0.5 mm) agreed rather well, regardless of 
the input set. 

To explore the cracking behaviour further, the number of cracks and 
the total (summed) crack width are presented in Fig. 18. Similar as for 
the one-way slab series, the analyses have slightly fewer cracks than the 
experiments. The sum of the crack widths in analyses with Input II agreed 
very well with the experiments, reaching a value of around 6 mm at 
failure. In the analyses of the deep beams, there is a noticeable spread of 
the summed crack width in the analyses, and the experimental results 
seem to be contained within it. 

5. Conclusions and outlook 

In this work, experiments of TRC specimens were carried out, using 
both common test setups such as uniaxial tension and one-way slab tests, 
and a novel test setup of deep beams including a more complex load 
situation. Further, nonlinear FE analyses of the specimens were carried 
out, applying an earlier calibrated bond-slip relation and efficiency 
factors for strength and stiffness of the textile reinforcement. The aim 
was to investigate how well the behaviour can be predicted by such 
analyses, especially for the complex load situations. The following 
conclusions can be drawn:  

• By applying the parameters obtained from the calibration procedure 
suggested earlier, the structural behaviour of TRC could be described 
well in analyses, not only for specimens subjected to primarily uni-
axial loading but also for a more complex loading case including in- 
plane bending and shear. This statement is true when the calibrated 
bond-slip input including a calibrated efficiency factor for the stiff-
ness of the yarn was applied. In these analyses, the overall stiffness, 
ultimate load and deformation, number of cracks, and total 

Fig. 18. Detailed crack information from tests and analyses of deep beams. Top: number of open cracks versus deformation. Bottom: summed crack width versus 
deformation. 
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(summed) crack width, could be described with reasonably good 
accuracy. On the other hand, when the efficiency factor for the 
stiffness of the yarn was set to 1.0, the analyses typically showed too 
stiff behaviour compared to experiments. Thus, the inclusion of a 
calibrated efficiency factor for the stiffness of the yarn was shown to 
be vital. The analyses including a calibrated efficiency factor for the 
stiffness of the yarn are in focus in the remainder of the conclusions.  

• The material properties of the concrete at the location of transverse 
yarns were randomised and weakened to account for the volume of 
the concrete in the (weakened) element row being effectively smaller 
due to the presence of the transverse yarn. These remedies were done 
to trigger strain localisation and were shown to ensure cracks to 
appear at the transverse yarns in the analyses, in a similar manner as 
in experiments. Still, the initial cracking load in bending was over-
estimated because of problems for the first crack to localise.  

• In the analyses describing bending behaviour, both one-way slabs 
and deep beams, the number of cracks was slightly underestimated, 
and individual crack widths slightly overestimated when comparing 
with experimental results. Further, the variation in width of indi-
vidual cracks was larger in analyses than in experiments.  

• The more complex the loading situation was, the larger the spread of 
total crack width in different randomised numerical realisations. 

For future work on analyses of TRC, it is recommended to include 
efficiency factors for both the stiffness and the strength of the yarn, 
together with calibrated bond-slip relation describing the interaction 
between yarn and concrete, and to weaken and randomise the material 
properties of the concrete at the location of transverse yarns to trigger 
cracking. Due to the relatively small scale of the textile reinforcement 
grid (compared to conventional steel reinforcement), multiscale nu-
merical procedures should preferably be developed to analyse large 
scale structures efficiently, omitting the need to resolve every single 
yarn. 
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Fig. A1. Comparison of the load-deformation results for the same random realizations modelled with and without the reduction factors ζT , ζO, ζD .  
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Appendix A. Influence of the reduction factor ζ 

In this Appendix, the influence of the reduction factors ζT, ζO, ζD on the structural load-deformation response is briefly discussed. As already 
presented in Section 3, the reduction factor is defined as the ratio of the modified and nominal thickness of the model. The modified thickness can be 
calculated from the conservation of the volume in a part of the model when accounting for the presence textile reinforcement. It is then effectively used 
to reduce the stiffness, strength and fracture energy of concrete to properly trigger localization. To show the effect of using the reduction factors, one 
random realisation of each model was analysed without applying the factor, i.e., setting it equal to 1. The results are illustrated in Fig. A1. 

The biggest impact of the reduction factor can be seen for one-way flexure and deep beam tests (O- and D-series), i.e., where cracks grew pro-
gressively instead of localising within an entire element row at once (which occurred in the T-series). If no reduction factor is used, the first peak/ 
cracking load tended to be higher than the one found in experimental tests. This effect was not present in T-series models, as each crack localised in the 
full width of the model. Moreover, fewer cracks tended to form in all models (also for T-series models) compared to the experiments when no reduction 
factor was used. 
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