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Abstract

Thin-walled textile-reinforced concrete beams have recently emerged as a prom-

ising approach for material-efficient design. However, the increased complexity

of the formwork is a major challenge in implementing such elements for broader

use in the construction industry. This study presents a novel type of stay-in-place

flexible formworks with integrated textile reinforcement. The use of weft-knitted

textiles allows the integration of continuous high-strength rovings as shear rein-

forcement and the introduction of spatial features within the fabric to guide

bending-active rods to shape the complex cross-section geometry. The

manufacturing procedure and the structural performance were investigated in an

experimental campaign consisting of four concrete beams with I-profile cross sec-

tions tested in three-point bending, where aramid rovings were used for the shear

and conventional deformed steel bars for the flexural reinforcement. The trans-

verse reinforcement ratio proved to be essential in increasing the shear strength.

Thereby, the use of digital image correlation measurements of the surface defor-

mations allowed the direct assessment of the strains and, thus, the mechanical

activation of the textile reinforcement. The full tensile capacity of all the aramid

rovings crossing the governing crack could not be exploited due to the brittle

material behavior, resulting in a progressive failure once the first roving reached

its tensile strength. Compatibility-based stress fields were used to predict the

load-deformation and failure behavior of the tested beams, which resulted in an

excellent agreement of the ultimate loads and failure modes obtained from the

model with the observations and results from the experiments.
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1 | INTRODUCTION

The geometrical optimization of concrete elements has
always been a fundamental part of the design philosophy

in concrete construction, which is not only represented
in complex solutions such as ribbed slabs or vaulted
shells but also in widespread applications such as hollow
box bridge girders. More recently, the reduction of the
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concrete volume used in construction triggered by sus-
tainability demands has become one of the critical drivers
for the development of new composite materials and
structural typologies. Thereby, thin-walled concrete
beams with T-profile or I-profile sections using textile
reinforcement have emerged as an extension of the
design spectrum of concrete structures with small to
medium spans, as highlighted in recent research in the
literature (e.g.,1–3). The use of noncorrosive materials for
the reinforcement allows to reduce the total element
thicknesses to a few centimeters since no minimum con-
crete cover has to be provided (typically between 20 and
60 mm depending on the building codes and exposure).
Textile reinforcement typically consists of bundles of fila-
ments (“rovings”) of high-strength materials, such as
aramid, carbon, and glass fibers, which are arranged in a
bi-directional grid.4 The rovings are usually coated or
even fully impregnated with a resin (e.g., epoxy) to
increase their robustness against lateral loading5 and to
improve the interfiber friction between individual fila-
ments for a more homogeneous stress distribution over
the roving section.6 While textile–concrete composites
present an efficient approach for reducing material con-
sumption, the increased cost and labor due to the higher
degree of formwork complexity presents a major chal-
lenge for a broad application in the construction sector.
Fabric formworks make use of flexible membranes as
concrete molds, which might simplify the construction of
concrete elements with nonstandard geometries. Recent
studies in the literature have investigated various struc-
tural elements, including columns, beams, slabs, and
shells (e.g.,7–9). Due to the low flexural stiffness of the
fabrics (in contrast to conventional formwork typically
made from stiff wood or steel panels), the formwork
exhibits large deformations caused by the hydrostatic
pressure from the wet concrete,10 making it more difficult
to achieve high geometrical precision in the final struc-
ture. The KnitCrete technology developed at ETH
Zurich11,12 is a stay-in-place flexible formwork system
that provides higher stiffness and strength during con-
struction by applying a thin layer of either fast-setting
cement paste or epoxy resin after tensioning the fabrics
in a scaffolding frame. Bending-active rods or cables may
be integrated within the textile as additional supports.
While the feasibility of the construction procedure on an
architectural scale was highlighted in the KnitCandela
pavilion,13 the type and placing of reinforcement for
structures built with this technology have not been solved
yet. Several previous studies focused on the mechanical
behavior of stay-in-place flexible formworks with inte-
grated textile reinforcement for thin membrane elements
in uniaxial tension and slender slab strips in
bending,14–16 showing a beneficial postcracking behavior.

The authors revised various potential reinforcement strat-
egies in Ref. [17], concluding that (i) ensuring structural
integrity only with textile reinforcement is challenging,
but (ii) the integration of continuous high-strength fiber
materials in the stay-in-place formwork offers the poten-
tial for an efficient structural design while maintaining
the advantages of the fast construction procedure. Based
on these findings, the authors investigated the use of
tubular textiles for linear bending beams with integrated
high-strength aramid inlays winding around the circum-
ference of the rectangular cross section and acting as
shear reinforcement, while the bending resistance was
provided by conventional deformed steel bars.18 The pre-
sent study explores the further optimization of the cross-
section geometry with a thin-walled I-profile cross
section manufactured using weft-knitted textiles where
the stirrups are integrated within the web and are fully
anchored, winding around the longitudinal reinforce-
ment. An experimental campaign consisting of four
beams with different transverse reinforcement ratios was
conducted to study the structural behavior and the failure
modes. The mechanical activation of the textile reinforce-
ment was assessed based on digital image correlation
(DIC) measurements. Furthermore, numerical simula-
tions using compatibility-based stress fields were used to
predict the load-deformation behavior and the shear
strength of the examined beams.

2 | CONCEPTUAL DESIGN AND
MANUFACTURING PRINCIPLES

The integration of reinforcement within the formwork leads
to various requirements on the manufacturing technology.
While the ease of use—regarding the installation of the tex-
tile, the placing of the reinforcement, and the concrete
casting—is the major criterion during construction, the tex-
tile reinforcement needs to be properly anchored to ensure
its mechanical activation under the intended loading condi-
tions in the final state. This section investigates the design
of structures using such a combined formwork and rein-
forcement system while considering both the technical fea-
sibility of manufacturing the fabric and the mechanical
characteristics of continuous high-strength fibers to achieve
a beneficial structural behavior.

While the fibrous materials typically used for textile
reinforcement (e.g., aramid, carbon, or glass fibers) pre-
sent many advantages, such as the robustness against
environmental influences (except UV) and the high
strength at moderate to high stiffness, the brittle failure
behavior—i.e., the rovings progressively fail once the first
filament reaches its tensile strength—challenges the
established design principles for conventional reinforced
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concrete structures, which rely on the internal redistribu-
tion of forces and large deformation capacity of the used
materials and elements to achieve a robust behavior. The
lack of ductility in typical textile reinforcement materials
and their sensitivity to nonaxial loading leads to a large
scatter in determining their strength and differences
between the nominal values and the resistance observed
in experimental testing. While the strength can be
adjusted using reduction factors as suggested in several
studies in the literature (e.g.,5,19,20), and the scatter of the
material properties is related to the safety format as
investigated in Refs. [21,22], the inherent challenges of a
sudden collapse prevail when the structure only relies on
materials that do not exhibit ductile behavior. A brittle
behavior was observed in most studies on conventional
textile-reinforced concrete members for thin-walled ele-
ments in the literature,1,2,20,23 where besides the rupture
of the textile reinforcement, premature spalling of the
concrete cover in the web and splitting cracks in the
flanges were the predominant causes for failure.

In a previous study,18 the authors investigated the fabri-
cation and the structural behavior of concrete beams made
from tubular fabrics where continuous aramid rovings were
integrated within the textile. Most specimens exhibited a
sudden failure in shear once the peak load was reached.
However, the use of deformed steel bars in the tension
chord provided a large deformation capacity given that the
transverse textile reinforcement could sustain the shear
force until the beam failed in bending due to the rupture of
the flexural reinforcement. The activation of the textile rein-
forcement in shear, i.e., assuming the role of stirrups in
conventional reinforced concrete beams, could be directly
measured using DIC, which revealed a substantial debond-
ing of the textile from the concrete, emphasizing the impor-
tance of the proper mechanical anchorage of the “stirrups.”
While tubular textiles allow a wide range of feasible cross-
section types, one major disadvantage is the need to cast
the specimens upright since the openings of the textiles are
located at the ends of the beam, which limits the feasible
spans due to the formwork pressure exerted by the wet con-
crete. Possible solutions to prevent large deformations or
even failure of the formwork include set-on-demand con-
crete processes as used in other construction technologies,
enabled by using ultra-thin formworks,24,25 or holes in the
textiles to fill the concrete in a horizontal position, whose
feasibility depends on the roving spacing.

This study explores an alternative method where the
cross section can be formed by folding a flat textile into
the desired shape, with cables or bending-active rods
defining the vertices, and being tensioned using ropes in
a scaffolding frame. In contrast to tubular textiles, one
side of the cross section is left open (as shown in
Figure 1a), allowing the concrete to be cast with the

beam in a horizontal position. The inlays are only inte-
grated into the straight part of the web and form a loop
around the longitudinal reinforcing bars in the tension
and compression flange (Figure 1b). The direct connec-
tion of the textile roving around the longitudinal rein-
forcement ensures proper anchorage. Furthermore, it
fixes the position of the reinforcing bars as an integral
part of the textile, considerably simplifying the placing of
the reinforcement during construction.

3 | EXPERIMENTAL PROGRAM

The feasibility of the fabrication processes was validated
by manufacturing four concrete beams with thin-walled
I-profile cross sections using stay-in-place formworks
with integrated textile reinforcement, which were tested
to failure in three-point bending. The structural behavior
was investigated regarding the applied loads and the
measured deformations based on DIC.

3.1 | Specimens, materials, and
manufacturing

All specimens were manufactured and tested in the
Structures Laboratory at ETH Zurich. Table 1 summa-
rizes the specimen configurations, whereby the inlay
spacings varied between 12 and 50 mm, and one speci-
men did not contain any transverse reinforcement.

3.1.1 | Textiles

The textile formwork was produced in one piece using a
gauge 7 CNC flat-bed knitting machine (Steiger Libra
3.130). The knitting was done in the length direction of
the beam, with the sectional perimeter (outline) of the
beam representing the weft direction of knitting. Two
polyester yarns (PES 167 t 30/2) were used to create a
sheet of textile that includes longitudinal channels for
the insertion of shaping rods, as described in Section 2.
Straight inlay aramid yarns were automatically placed
during the production process in weft direction, having
the correct length and spacing. These inlays formed two
continuous zig-zags side-by-side along the length of the
textile, thus, connecting the longitudinal reinforcement
in the bottom and top flanges of the cross section, which
was inserted into these zig-zags (Figure 1b).

As concluded in the authors' previous studies on the
mechanical behavior of weft-knitted textile-reinforced
concrete,14–16,18 aramid rovings with a fineness of 800 tex
(1 tex = 1 g/km of yarn) were chosen for the inlays since
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they exhibited the highest utilization of the material
strength and the most convenient handling in the knitting
procedure. The inlays had spacings of 50, 20, and 12 mm
(as denoted in the specimen nomenclature in Table 1). In
the specimen without transverse reinforcement (“ISB-T”),
a nonstructural “dummy” yarn at a spacing of 50 mm was
used to fix the position of the longitudinal reinforcing bars,
as described in Section 2. The textiles were coated with a
low-viscous two-component epoxy resin,26 which was left
to cure for at least 24 h at room temperature before cast-
ing. The material properties of the high-strength inlays
were determined in uniaxial tension tests on coated ara-
mid rovings, as described in Ref. [14], which yielded the
mean values for the tensile strength of fu = 2583 MPa and
for the Young's modulus of Et = 112 GPa.

3.1.2 | Steel reinforcing bars

The longitudinal reinforcement in the tension and the
compression chords consisted of deformed steel bars with

enhanced corrosion resistance, which exhibit high
strength and adequate ductility. The layout of the longi-
tudinal reinforcement consisted of two steel bars with a
diameter of Ø20 mm in the tension and Ø8 mm in the
compression chord for all specimens. The material prop-
erties were determined on bare bars from the same batch
in separate uniaxial tension tests, whose results are sum-
marized in Table 2.

3.1.3 | Bending-active glass fiber rods

The elements to shape the cross section geometry con-
sisted of solid round bending-active rods with a diameter

Base textile

Open top face for concrete filling

Shaping elements

Integrated high-strength inlays

Flexural reinforcement

Tensioning ropes

GFRP rods (A-F)

Reinforcing bar Ø
20

Inlay

Base textile

(a) (b)

A

B C

DE

F

Rein
fo

rc
in

g bar
 Ø

8

A

B

C

D

E

F

FIGURE 1 Thin-walled concrete beams from folded textiles: (a) cross section (in upside-down casting position); (b) flat textiles before

tensioning with integrated flexural and textile reinforcement, and shaping elements.

TABLE 1 Specimen configurations: dimensions (nomenclature defined in Figure 3a), inlay spacing (s), tension chord reinforcing bar

diameter (Øs), and concrete mix batches.

Specimen
binf
(mm)

tinf
(mm)

tw
(mm)

bsup
(mm)

tsup
(mm)

h
(mm)

d
(mm)

s
(mm)

Øs

(mm)
Concrete
batch

ISB-T 114.5 57.5 31.3 112.5 57.5 292.5 263.0 — 20 i

ISB-A-s50 120.0 58.0 30.3 117.5 56.0 294.0 268.5 50 ii

ISB-A-s20 113.5 55.5 32.0 118.5 53.0 294.5 262.5 20 iii

ISB-A-s12 122.0 56.0 32.0 120.5 56.5 304.5 269.0 12 i

TABLE 2 Young's modulus (Es), yield (fsy), ultimate strength

(fsu), and strain at rupture (εsu) of steel reinforcing bars.

Batch Es (GPa) fsy (MPa) fsu (MPa) εsu (‰)

Ø08 168.1 676.1 797.3 55.0

Ø20 174.7 701.9 889.2 68.9
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of Ø10 mm, which were made from unidirectional glass
fiber rovings impregnated with a polyester resin (GFRP).
The notional tensile strength and Young's modulus speci-
fied by the manufacturer were 700 MPa and 33 GPa,
respectively.

3.1.4 | Concrete

All specimens were cast with self-consolidating concrete
with a maximum aggregate size of 8 mm, which was
either prepared in the laboratory using commercially
available premixed concrete or delivered from a local
ready-mix concrete supplier, resulting in three different
batches. The Young's modulus and the uniaxial compres-
sion strength were obtained from three standard cylin-
ders with a diameter of 150 mm and a height of 300 mm
per batch. The tensile strength was determined from dou-
ble punch tests27 on two cylinders with a diameter of
150 mm and a height of 150 mm per batch. The material
properties of the concrete were determined on the day of
the three-point bending tests, as summarized in Table 3.

3.1.5 | Manufacturing of the specimens

The manufacturing procedure generally followed the prin-
ciples introduced in Section 2, tensioning the textile in a
scaffolding frame as illustrated in Figure 2a. The steel rein-
forcing bars and the GFRP rods were threaded through
the loops created by the inlays and the channels within
the textile, respectively, while lying flat on the ground, as
shown in Figure 2b. The longitudinal bars and the rods
were then fixed at the end plates of the scaffold. The
beams were cast upside down with the main flexural rein-
forcement (steel bars with Ø20 mm) in the upper flange.
This creates more space in the geometrically tight condi-
tions of the lower flange (given that the steel bars in the
compression chord had a lower diameter) and ensures the
proper flow and distribution of the concrete within the
formwork, but required the specimens to be flipped before
testing. The textile was tensioned in the wooden

framework using ropes to maintain the shape of the cross
section and the position of the reinforcing bars over the
length of the beam (Figure 2c). The epoxy coating was
applied on the textile using paint brushes while the form-
work was suspended in the frame. After the coating had
hardened, the bottom ropes were cutoff, and a temporary
wooden pedestal to support the formwork from the bottom
was inserted. The concrete was cast from the top side
along the whole length of the beam. At the supports and
the point of load application, concrete diaphragms, as
illustrated in Figure 3, were cast using conventional form-
work, and the surface was leveled with local epoxy beds.

Comparing the nominal (illustrated in Figure 3a)
with the actual measured (summarized in Table 1) cross-
section dimensions reveals some deviations, which were
caused by the deformations of the formwork during cast-
ing and the manual tensioning procedure. However, the
latter is expected to be a minor issue when implemented
in a more industrialized production line, where robotic
tensioning devices ensure a higher accuracy and can be
automatically controlled considering the nonlinear
stretching behavior of the textile.

3.2 | Test setup

All beams were tested in three-point bending with a total
span of 2000 mm and shear spans of 810 and 1190 mm, as
illustrated in Figure 3b. The asymmetric setup led to shear
slendernesses (a/d) of 3 and 4.4, resulting in a 47% larger
shear force in the shorter span than in the longer one. The
supports consisted of rocker bearings, where one end was
resting on a PTFE sheet to allow a free horizontal move-
ment. The load was applied through a steel plate con-
nected to the actuator via a spherical bearing. The load
was manually controlled using a hydraulic hand pump,
which resulted in a loading rate of �6 kN/min. Every
beam was tested twice: once failure had occurred in a first
monotonic loading cycle, the specimen was unloaded, and
the broken span was transversally reinforced using pre-
stressing tendons, as shown in Figure 3b. The specimen
was then subjected to a second loading cycle until failure.

3.3 | Instrumentation

The applied load was directly measured from the load
cell between the actuator and the steel plate at the load
introduction. The surface deformations over one full side
face of the beam were assessed using 3D-DIC. A pair of
ProSilica GT 6600 cameras (6576 � 4384 pixels) with
lenses of 28 mm focal length (Zeiss) at a stereo angle of
�25� covered the field of view of �2300 mm in width,

TABLE 3 Young's modulus (Ec), cylinder compressive strength

(fc,cyl), and tensile strength (fct) of the different concrete batches.

Batch Ec (GPa) fc,cyl (MPa) fct (MPa)

ia 37.1 73.0 5.6

iib 33.7 61.3 4.9

iiib 36.9 67.2 5.0

aReady-mix concrete from local supplier.
bSelf-consolidating concrete premix.
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resulting in a resolution of 2.9 pixels/mm. A random dark
speckle pattern was applied onto the white-painted speci-
men using a stiff brush to achieve maximum contrast,
thus, improving the correlation. The correlation was per-
formed with the commercial software “VIC-3D”
(Correlated Solutions Inc.28). The measurement uncer-
tainty was determined with the zero displacement test
following,29,30 which resulted in an average noise level of
σ(U, V) = 6 � 10�3 mm and σ(ε1, ε2) = 300 με, using the
following correlation parameters: subset size = 19 pixels,

step size = 5 pixels, and strain filter size = 9. The crack
pattern and kinematics on the surface of the beams were
analyzed with the open-source software “Automated
Crack Detection and Measurement” (ACDM)31,32 based
on the quasicontinuous displacement and strain fields
from the DIC measurements. Note that the measure-
ments of the cracks on the surface of the specimens cor-
respond to the deformations in the textile. The crack
kinematics in the concrete could not be directly assessed
due to the slip between the textile and the concrete

(b)

(a) (c)

Scaffolding frame

Tensioning ropes

End plates for fixing bar position

GFRP rods

Steel bars

Integrated aramid rovings

Ø20

B C D E F

Ø20Ø8

inlays

FIGURE 2 Manufacturing of thin-walled concrete beams with stay-in-place formworks and integrated textile reinforcement:

(a) scaffolding frame and assembly, (b) textile before tensioning with deformed steel bars and GFRP rods threaded in inlay loops and

channels within the fabric, respectively, and (c) tensioning of textile within frame.

Q

810 1190200 200binf = 120
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Integrated aramid rovings
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shear span for reloading cycle
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FIGURE 3 Specimen configuration: (a) cross-section dimensions, (b) test setup and instrumentation (dimensions in [mm]).
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surface, whose implications on the assessment of the
crack behavior were reported in Ref. [18] and are
described in Section 4.3.

4 | EXPERIMENTAL RESULTS
AND DISCUSSION

The structural performance of the specimens was exam-
ined regarding the global displacements of the beams, the
observed failure modes, and the surface deformations of
the textile measured with DIC, which allows characteriz-
ing the influences of the high-strength aramid rovings
and the concrete on the mechanical behavior of thin-
walled concrete beams. A particular focus was on the
mechanical activation of the transverse textile reinforce-
ment as the key parameter for increasing the shear
strength. The findings from the previous study on the
concrete beams with tubular textiles18 concluded that the
estimation of the concrete contribution to the shear
transfer across the governing crack essentially relies on
the exact measurements of the crack pattern and kine-
matics, which cannot be directly assessed using DIC due
to the presence of the stay-in-place formwork, as dis-
cussed in Sections 4.3 and 4.4. However, this contribution
is expected to have a minor influence in this study due to
the relatively large crack openings,18 the slender dimen-
sions of the web20, and the moderate shear slenderness
(a/d ≥ 3).33

4.1 | Load-deformation behavior and
failure modes

Figure 4 shows the load–deflection relationship of the
tested beams, where the initial loading cycle is drawn as
a solid and the reloading cycle after reinforcing the

broken span as a dashed line. While the flexural response
of most specimens generally exhibited a fairly linear post-
cracking behavior and a slight decrease in the stiffness
before reaching failure, Specimen “ISB-T” exhibited sub-
stantial deflections without an increase of the load in its
initial loading cycle. While such behavior might suggest a
ductile, hence, benign behavior, it was apparent—already
from visual observations during the experiments, as
shown in Figure 5a, that a distinct shear crack had
formed in the short span, and the sustained load was pre-
sumably carried by crack sliding until the diagonal crack
abruptly opened, leading to collapse. Note that the strains
illustrated in Figure 5a, measured on the textile, corre-
spond to the crack kinematics smeared by local debond-
ing of the textile from the concrete.

All beams with high-strength inlays exhibited a sud-
den drop of the applied force and rupture of the aramid
rovings when reaching the ultimate load (Figure 5b) in
the first loading cycle. The shear cracks, which formed as
expected in the shorter span, propagated to the flanges,
causing horizontal cracks at the web–flange interface and
in the compression chord, as shown in Figure 5c,d. The
failure loads increased with the transverse reinforcement
ratio, as shown in Figure 6, highlighting the significant
beneficial influence of the aramid inlays on the shear
strength.

When reloading the specimens after strengthening of
the short shear span, only the beams without high-
strength inlays and with an aramid roving spacing of
50 mm exhibited a shear failure in the longer span. Speci-
men “ISB-T” reached a higher total load, corresponding
to the same shear force in the long shear span as attained
in the short shear span in the initial loading cycle (see
Table 4). However, Specimen “ISB-A-s50” only reached
approximately the same failure load, corresponding to a
lower shear resistance in the longer span. The damages
that the concrete and the textiles experienced during the
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ISB - A - s20
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FIGURE 4 Load–deflection relationship of concrete beams with thin-walled I-profile sections: experimental results and predictions

based on Compatible Stress Field Method (CSFM) assuming nominal dimensions.
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initial loading cycle and failure of the short span are chal-
lenging to assess, which might explain the lower peak
load of this specimen in the reloading cycle. Specimens
“ISB-A-s20” and “ISB-A-s12” exhibited failure due to the
crushing of the concrete in the compression zone (see
Figure 5e), reaching higher and lower failure loads at
reloading than under initial loading, respectively. The
structural integrity of the compression chord in Specimen
“ISB-A-s12” was already compromised due to the cracks
in the flanges caused by the failure in the initial loading
cycle and is, thus, presumably not representative of the
actual resistance.

4.2 | Behavior of the tension chord and
contribution from GFRP rods

The deformations in the tension chord were assessed
based on the DIC measurements following the methodol-
ogy presented in,15 and adjusted in Ref. [18] The mean
strains of the steel bars (εsm) were determined from the
slope obtained from linear regression on the horizontal
displacements of the beam at the depth of the reinforce-
ment in the region where the bending moment exceeded
80% of the maximum value. The depth of the

(b)(a) (c)

(e)(d) (f)

FIGURE 5 Crack and failure behavior of tested concrete beams: (a) substantial crack in textile of Specimen “ISB-T” before failure
(illustrated by the measured principal tensile strain field); (b) ruptured aramid rovings in “ISB-A-s20”; (c) propagation of shear crack along

web–flange interface and into compression chord; (d) cut specimen after testing (“ISB-T”); (e) concrete crushing in compression chord; (f)

governing crack in the concrete (green) and failure crack in textile (red) after testing.
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compression zone was estimated from the crack tip
obtained when applying linear regression on the opening
of the bending cracks in the proximity of the maximum
bending moment at 70% of the ultimate load obtained by
applying ACDM on the surface deformations of the tex-
tile as described in Section 3.3.

The mechanical activation of the GFRP rods depends
on the bond conditions, which are difficult to assess since
the rods are essentially glued by the epoxy coating within
the channel of the textile and are not in direct contact
with the concrete, as seen in the cut cross section of Spec-
imen “ISB-T” after testing in Figure 5d. Therefore, the
contribution of the GFRP rods in the tension chord to the
flexural response was deemed to be ineffective and was,
therefore, neglected in this study (note that the assump-
tion of a full activation of all six rods in the lower flange

would have only contributed to roughly 10% of the bend-
ing moment at ultimate load). The stresses in the steel
reinforcement (σs) were then determined by applying
equilibrium on the cracked cross section.

Figure 7 shows the resulting stress–strain relationship
of the steel reinforcing bars in the tension chord. The ten-
sioning stiffening effect from the interaction of the longi-
tudinal reinforcement with the surrounding concrete was
practically zero as most specimens closely followed the
behavior of the bare steel obtained from the material
tests, as described in Section 3.1.2. Specimen “ISB-A-s20”
displayed even larger strains than the bare steel at the
same stresses, but the stiffness for loads close to failure
coincided fairly well. This suggests some unwanted slip
due to insufficient bond and anchorage at lower load
levels until the reinforcement was properly activated. The
reloaded specimens exhibited some peculiar behavior
while approaching the ultimate load, such as the sudden
change of the stiffness as in Specimen “ISB-A-s20,” which
presumably originated from the failure of the flexural
compression zone. Specimen “ISB-T” exhibited a stagna-
tion of both stresses and strains close to the ultimate load,
which underlines that the large deformations observed in
Figure 4 were indeed not the result of plastic deforma-
tions in the tension chord but were rather caused by the
substantial crack sliding, as described in Sections 4.1
and 4.4.

4.3 | Mechanical activation of the textile
reinforcement and contribution to the
shear strength

As the stay-in-place formwork enclosed the surface of the
concrete beams, the measurements from DIC could
directly assess the displacements and strains of the textile
reinforcement. However, the assessment of the crack pat-
tern and kinematics is subject to higher uncertainty, as
described in Ref. [18]. The textile debonded from the

TABLE 4 Shear force in shorter span at failure observed in experiment (Vexp), contributions from the textile reinforcement to the shear

strength based on digital image correlation measurements (Vtw) and theoretical maximum shear resistance provided by the textile

reinforcement (Vtw,nom), predictions based on Compatible Stress Field Method (VCSFM) under initial loading, and in shear force at failure in

longer span under reloading (Vexp,RL).

Specimen Vexp (kN) Vtw (kN) Vtw/Vexp (�) Vtw,nom (kN) VCSFM (kN) VCSFM/Vexp (�) Vexp,RL (kN)

ISB-T 33.1 — — — 32.4 0.98 33.9

ISB-A-s50 59.3 20.6 0.35 31.0 49.1 0.83 41.3

ISB-A-s20 65.4 39.9 0.61 78.3 69.5 1.06 50.1

ISB-A-s12 83.1 70.6 0.85 107.1 82.2 0.99 47.6

Note: Vtw and Vtw,nom correspond to the sum of the vertical forces (determined from the measured strains) and tensile resistances, respectively, of the inlays

activated in the stress field, as described in Section 4.3.
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concrete with increasing crack opening due to the low
bond shear stresses between the textile and the concrete,
which depend solely on friction and adhesion. The cracks
typically—but not necessarily—were distinguishable at
initial crack formation, as shown in Figure 8a, which
shows the principal tensile strains (ε1) on the surface of
the beams at 50% of the ultimate load of the initial load-
ing cycle. The locations of the cracks in the textile
(denoted as gray lines in Figure 8b) were determined at
their initial formation using ACDM. The debonding of
the textile at higher load levels led to substantial smear-
ing of the strains over the height of the web for the speci-
mens with high-strength inlays, which is generally
beneficial for the strength and deformation capacity of
the aramid inlays since the deformations are being spread
over a larger region instead of being concentrated in the
vicinity of the cracks as in stirrups fully embedded in the
concrete (as described in Ref. [18]), but made it impossi-
ble to distinguish individual cracks. Specimen “ISB-T”
(without any aramid rovings) did not exhibit this behav-
ior since the epoxy-coated base textile had ruptured
before the failure since the shear strength was presum-
ably mainly provided by the concrete.

The contribution of the textile reinforcement to the
shear strength was determined from the strains in the
vertical direction (εyy) measured with DIC. Figure 9
shows the strain distribution in the textile of the speci-
mens with high-strength inlays and the representative
values (εtw, determined as 95%-quantile of the strains at

every section) along the span at ultimate load. The tensile
capacity of the transverse textile reinforcement was not
fully exploited as the strains reached the ultimate value
(εtu = ftu/Et ) only in limited regions, where the failure
crack in the textile would eventually be initiated. Speci-
men “ISB-A-s50” locally exceeded the failure strain,
which, however, occurred mostly between two adjacent
inlays where the epoxy-coated base textile had ruptured
prior to collapse, whereby the exceedance of the strains
in some rovings was within the scatter of the material
properties. The strain field measurements in the web sug-
gest the activation of the transverse reinforcement by a
load suspension mechanism modeled as a discontinuous
stress field, as illustrated in Figure 10a. The shear
strength provided by the aramid rovings (Vtw) was, thus,
determined from

Vtw ¼
Xnrov

i

εtw,i �Et �Arov ð1Þ

where εtw,i, representative strain in one roving activated
in the stress field(denoted as red dots in Figure 9); Arov,
cross-sectional area of one roving; nrov, number of rovings
activated in the stress field (denoted as gray lines in
Figure 9). It was assumed that the strains in the rovings
were the same on both sides of the web since there were
no measurements available from the back side of the
specimen. Table 4 summarizes the resulting forces

at 0.5 · σtu

ISB
T

at 1.0 · σtu

ISB
A - s50

ISB
A - s20

ISB
A - s12

(a) (b)

0 1 2 3 4 5

ε
1
 [‰]

0 5 10 15 20

FIGURE 8 Principal tensile strains (ε1) on the surface of the beams for the initial loading cycle at (a) 50% and (b) 100% of the ultimate

load and cracks determined at initial formation (denoted as gray lines).
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carried across the governing crack by the textile rein-
forcement in the initial loading cycle, which is consider-
ably smaller than the measured load at failure observed

in the experiments for lower amounts of high-strength
inlays but correlates well for higher transverse reinforce-
ment ratios. The difference between the ultimate shear
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FIGURE 9 Full field strain measurements in direction of aramid inlays (εyy) and maximum strains (εtw) along the beams, with the gray

lines denoting the inlays crossing the governing crack in the concrete, the red dots denoting the representative strains in the rovings

considered for the textile contribution, and the red solid and dotted lines denoting the failure crack in the textile on the front and back side

of the specimen, respectively.

(a) (b)

FIGURE 10 Load suspension mechanism in beams under point load: (a) pure fan action; (b) combined fan and direct strut.
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force in the experiment and the measured contribution
from the textile reinforcement crossing the crack can be
explained by flatter inclinations of the compressive stres-
ses in the web, enabled by aggregate interlock in the
steeper cracks, as well as direct strut action, as illustrated
in Figure 10b.

The utilization of the aramid rovings, i.e., the forces
carried by the textile reinforcement measured with DIC
(Vtw,exp) divided by the nominal shear strength (Vtw,nom),
setting εtw,i = ftu in Equation (1), was between 50% and
66%, showing that the full tensile capacity of the trans-
verse textile reinforcement could not be exploited. Note,
however, that only the measurements from the front side
of the specimens were available. The maximum strains in
the textile reinforcement are dependent on the degree of
debonding, which may slightly differ on either side of the
web, as highlighted in Ref. [18]. Considering the utiliza-
tion of the roving strength, discontinuous stress fields
with a reduced tensile strength of the textile reinforce-
ment may present a simple design approach to estimate
the shear resistance, as proposed in Refs. [2,20].

ISB - T
αcr  = 43.8°

ISB - A - s50
αcr  = 28.1°

ISB - A - s20
αcr  = 35.8°

ISB - A - s12
αcr  = 28.1°

FIGURE 11 Crack patterns in the textile detected with digital image correlation and Automated Crack Detection and Measurement

(gray lines), failure cracks in the textile (red lines), and cracks in the concrete from visual inspection after testing (green solid and dashed

lines denoting governing and secondary cracks, respectively) with average inclination of governing crack (αcr).
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However, more experiments with various transverse rein-
forcement ratios and shear slendernesses are necessary
for the calibration of the reduction factors.

4.4 | Crack behavior

The assessment of the crack pattern and kinematics was
not directly possible from the displacement and strain
measurements on the surfaces of the specimens, as
described in Section 4.3. The cracks in the concrete were
located after testing (both loading cycles) by stripping off
the formwork and determining the crack patterns from
visual inspection, as illustrated in Figure 5f, which only
allowed the detection of the major shear cracks since
most of the bending cracks were not recognizable by eye
after unloading. Figure 11 shows the combined crack pat-
terns of the textile (gray lines), the failure cracks in the
textile (red solid and dotted lines, denoting the front and
back side, respectively), and the cracks in the concrete
(green solid and dashed lines, denoting the governing
and secondary cracks, respectively). Note that the illus-
trated crack patterns are the result of both the initial and
reloading cycle. All specimens exhibited the formation of
multiple diagonal cracks in the web. While the initial
cracks with an inclination of �45� coincided well
between the textile and the concrete, the cracks with flat-
ter inclination—which formed at higher load levels—and
specifically the governing shear crack (denoted as a bold
green line, with the average inclination αcr indicated in
Figure 11) were often not detected in the crack pattern in
the textile determined with ACDM. The locations of the
failure cracks in the textile were generally not identical to
the cracks in the concrete and also differed between the
front and the back sides of the specimens.

While there were no direct measurements of the
crack opening and slip available, a valid approach to

estimate the shear crack opening consists in measuring
the relative deflections of the top and bottom chord of
the concrete beam, as described in Ref. [18]. Figure 12
shows the shear force in the governing span (V) against
the maximum vertical component of the shear crack
opening (Δδ). The shear cracks started opening within
a close range of the applied shear force in all specimens
under initial loading, whereby the subsequent load
increase was dependent on the inlay spacing. All speci-
mens with transverse textile reinforcement exhibited a
similar crack opening at failure in the initial loading
cycle. However, the governing crack in Specimen “ISB-
T” grew to a considerably higher opening without
increasing the load, supporting the hypothesis of sub-
stantial crack sliding as described in Sections 4.1 and
4.2, while the reloading cycle and the failure in the lon-
ger shear span occurred at a small crack opening, as
expected in concrete beams without transverse rein-
forcement. The shear force-crack opening relationships
of the specimens that failed due to concrete crushing in
flexure (“ISB-A-s20” and “ISB-A-s12”) followed rela-
tively closely with the curve obtained under initial load-
ing. However, Specimen “ISB-A-s50” displayed the
opening of the governing shear crack at much lower
load levels, suggesting that a substantial shear crack
had already formed under initial loading, which pre-
sumably had caused the lower failure load in the
reloading cycle.

5 | NUMERICAL MODELING
BASED ON COMPATIBLE STRESS
FIELD METHOD

The load–deformation and the failure behavior of the
thin-walled concrete beams were examined using the
commercial software “IDEA StatiCa Detail,”34 which
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FIGURE 13 Modeling of constitutive laws in Compatible Stress Field Method: (a) tension stiffening effect in reinforcement,

(b) compression softening in concrete, (c) compression softening law. MCFT, modified compression field theory.
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was developed in a collaboration of the Institute of
Structural Engineering (ETH Zurich) and the software
company IDEA RS. The applied method consists of con-
tinuous stress fields based on a nonlinear finite element
analysis (“Compatible Stress Field Method” [CSFM]),35

which considers simple uniaxial constitutive laws for
concrete and reinforcement and automatically yields the
effective compressive strength of the concrete. A similar
approach based on elastic-cracked stress fields was suc-
cessfully applied by Valeri et al.2 to thin-walled concrete
beams with conventional textile reinforcement in bend-
ing. Besides the strain compatibility, the consideration
of tension stiffening is unique to the methodology pre-
sented in this study, making it particularly suitable for
investigating the behavior of concrete structures with
brittle reinforcement materials since their strength is
essentially dependent on the deformation state, and
methods based on limit analysis (e.g., discontinuous
stress fields) are generally not applicable due to the lack
of ductility, and the related insufficient deformation
capacity.

5.1 | Main assumptions

The CSFM models the response of reinforced concrete
elements under in-plane loading by assuming fictitious,
rotating, stress-free cracks, where the principal directions
of stresses and strains coincide. The tensile strength of
the concrete is neglected, except for its tension stiffening
effect, which allows capturing the mean strains in the
reinforcement (εm), as shown in Figure 13a. Tension stiff-
ening is implemented by modifying the stress–strain rela-
tionship of the bare reinforcing bars to consider the
average stiffness of a bar due to its interaction with the
concrete, where the effective area activated in tension is
calculated based on the geometric layout of the reinfor-
cing bars in the tension chord (for a more detailed
description, see Ref. [34]). The constitutive law of con-
crete follows the parabola-rectangle diagram of
EN1992-1-1,36 and its strength is adjusted according to
the compression softening effect for cracked concrete
based on the principal tensile strain (ε1) using the kc
reduction factor, illustrated in Figure 13b,c. This
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constitutive behavior corresponds to a level-of-
approximation IV according to the classification frame-
work for stress fields and strut-and-tie models proposed
in the fib Bulletin 100.37 Despite the simplicity of the
model assumptions, the evaluation of the response in the
concrete and reinforcement using uniaxial laws has
proven to yield accurate predictions of the global load–
deformation behavior and the bearing capacity for rein-
forced concrete members.34 However, the analysis of con-
crete elements without transverse reinforcement needs to
be treated with more caution since the shear transfer
across cracks typically relies on other contributions from
the concrete, such as aggregate interlock or residual ten-
sile stresses in the fracture process zone, which are not
considered in CSFM.

5.2 | Model parameters

The specimens were modeled as I-profile sections with
the nominal dimensions, as specified in Figure 3, neglect-
ing the presence of the GFRP rods and the nonstructural
base textile. The compressive strength and Young's mod-
ulus were defined for each specimen according to the
material tests presented in Section 3.1.4. The aramid rov-
ings were modeled as closed stirrups with zero concrete
cover and different spacings, according to Table 1. The
software only allows for a minimum reinforcing bar
diameter of 1 mm. Therefore, the material properties of
the transverse reinforcement were adjusted to provide
the same strength and axial stiffness of the rovings, as
presented in Section 3.1.1, leading to equivalent values
for the tensile strength and Young's modulus of
1827 MPa and 79.2 GPa, respectively, implemented in a
linear elastic stress–strain relationship (brittle failure
with no ductility). The reinforcing bars were modeled as
straight bars with a bi-linear constitutive law where the
material properties were defined following Table 2. The
tension stiffening effect was considered using the default
parameters for determining the effective concrete area
activated in tension. All partial safety factors were set to
one. The load was incrementally increased until the ulti-
mate load was reached.

5.3 | Results from simulation and
comparison to experimental results

The predictions using CSFM were validated with the
experimental results regarding their global load–
deformation behavior, the ultimate load, and the failure
modes. The load–deflection relationships denoted as red
curves in Figure 4 generally compared well with the

tested beams. The postcracking stiffness of Specimen
“ISB-T” was underestimated, and the simulation did not
capture the distinct crack sliding prior to failure. While
the load–deflection curve of Specimens “ISB-A-s20” and
“ISB-A-s12” exhibited good agreement in the initial
postcracking phase, the flexural stiffness slightly
decreased in the experiments once the governing shear
crack started forming (as described in Section 4.4 and
shown in Figure 12), which did not occur in the CSFM
simulations as the postcracking stiffness was fairly lin-
ear and only decreased shortly prior to failure. The
shear forces at failure are illustrated in Figure 6 and
Table 4, which show an excellent correspondence
between the experiments and the model predictions.
The largest deviation occurred in Specimen “ISB-A-s50”
(17%), which, however, was on the conservative side.
Figure 14 shows the utilizations of the textile (red) and
steel (blue) reinforcement and the concrete (green), with
the location of the maximum value (i.e., utilization = 1)
marked as yellow dots. While the reinforcement carried
the forces in the directions of their axes, the principal
directions of the stresses in the concrete are denoted as
the inclinations of the plotted lines, which can be inter-
preted as the representation of the stress fields transfer-
ring the loads within the beams. All specimens with
high-strength inlays exhibited the failure in the textile
reinforcement at the interface between the web and
either the top or bottom flange, which agrees well with
the observations in the experiments, where the failure
crack in the textile was initiated in one roving and prop-
agated over the height of the web and along the web–
flange interface, as described in Sections 4.1 and 4.3.
The stresses in the rovings did not exhibit distinct peaks
but were fairly uniform over the entire height of the
beam due to the small contact area between the con-
crete and the roving (resulting from the small circumfer-
ence of the roving and the modeling of zero concrete
cover, as described in Section 5.2), leading to a limited
stress transfer. The inclinations of the principal
stresses—which coincide with the cracks, as described
in Section 5.1—corresponded well to the experimental
results, lying in a similar range around 25�–30�, as
shown in Figure 11.

The predicted load transfer of Specimen “ISB-T” with-
out high-strength inlays (shown in Figure 14) mainly
depended on the formation of a direct strut from the load
introduction to the support, which is reflected by a flat
inclination of the compressive stresses. Clearly, the
model assumption of stress-free, rotating cracks differs
from the actual behavior due to the absence of transverse
reinforcement, as observed in the experiment, where the
governing shear crack exhibited a steeper inclination and
hardly any flatter cracks formed. The failure eventually
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occurred in the compression zone in the top flange.
While the model provided a reasonable prediction of the
load–deflection relationship and an excellent agreement
of the ultimate load, one should keep in mind that CSFM
does not consider the shear transfer mechanisms that are
typically governing in concrete beams without transverse
reinforcement (as described in Section 5.1), and the
results may differ for other geometrical configurations.

6 | CONCLUSIONS

This study investigated the potential of stay-in-place flexi-
ble formworks with integrated transverse textile rein-
forcement for thin-walled concrete beams. The
production of the fabrics using a CNC flat-bed knitting
machine allowed the introduction of spatial features to
integrate continuous rovings and guide shaping elements
within the textile, which led to the development of a
novel formwork and reinforcement system. The
manufacturing procedure was validated in an experimen-
tal campaign consisting of four concrete beams with I-
profile cross-sections tested in three-point bending to
assess their structural performance. The transverse rein-
forcement was integrated into the flexible formworks by
means of high-strength aramid rovings winding around
the deformed steel bars in the top and bottom flanges to
ensure proper anchorage.

The experimental results revealed a beneficial post-
cracking behavior, with the shear resistance being essen-
tially dependent on the amount of transverse
reinforcement. All specimens failed due to the formation of
a shear crack and the rupture of the textile reinforcement
(where present) under initial loading. After externally rein-
forcing the beam in the broken shear span, the specimens
were subjected to another loading cycle, which led to
ambiguous results since the degree of damage during the
first loading cycle could not be sufficiently assessed.

The transverse reinforcement ratio proved to be the
major parameter in increasing the shear strength. The
presence of the textile on the outer surface of the speci-
mens allowed directly assessing the stresses in the shear
reinforcement based on DIC deformation measure-
ments. The low bond shear stresses between the textile
and the concrete, which solely rely on adhesion and fric-
tion, led to a substantial debonding of the transverse
reinforcement at high load levels, spreading the strains
over the entire depth of the web and effectively reducing
the peak strain values in the vicinity of the cracks. How-
ever, the full tensile capacity of the aramid rovings
crossing the governing crack could not be exploited due
to the brittle material behavior, which led to a progres-
sive failure once the first roving reached its tensile

strength. While the observed failure modes were brittle,
the combination of high-strength textiles as shear and
deformed steel bars as flexural reinforcement promises a
benign failure behavior if the transverse reinforcement
is designed such that it can sustain the shear forces until
a bending failure is reached, as highlighted in a previous
study by the authors on concrete beams with rectangu-
lar cross sections.18

The CSFM, based on a finite element analysis assum-
ing fictitious, rotating, stress-free cracks, was used to pre-
dict the load-deformation and failure behavior of the
tested specimen. Due to the consideration of the strain
compatibility and the tensioning stiffening effect, this
method is particularly suitable for modeling concrete
structures with brittle reinforcement materials since their
strength is essentially dependent on the deformations.
The model predictions yielded an excellent agreement
between the applied shear at failure and the experimental
values for the specimens with high-strength inlays, even
providing the inclinations of the governing cracks. The
methodology based on compatible stress fields, thus, pre-
sents a valid approach for the design of the transverse
textile reinforcement in thin-walled concrete beams to
achieve a ductile failure behavior in bending. While the
predicted ultimate load of the specimen without trans-
verse reinforcement also corresponded well with the
experimental value, the model did not capture the
observed large deformations prior to failure, which is
attributed to crack sliding.

In this study, a novel type of stay-in-place flexible
formworks with integrated transverse textile reinforce-
ment is introduced, which offers many possibilities for a
material-efficient design of concrete structures. The use
of weft-knitted textiles allows the further optimization of
the elements, including the variation of the depth of the
cross section and the inlay spacing along the length of
the beam, which may be the subject of future research.
However, the placement of the textile reinforcement on
the exterior of the elements due to its use as stay-in-place
flexible formworks presents challenges regarding its
behavior under fire due to the direct exposure to the envi-
ronment and the relatively low glass transition tempera-
ture of epoxy resins typically used as coating, which
require further examinations.
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