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A B S T R A C T   

This study investigates the fabrication and the structural performance of concrete beams using weft-knitted 
tubular fabrics as stay-in-place formworks with integrated textile reinforcement. The use of non-corrosive 
high-strength textile materials for flexible formworks offers great potential for efficient construction processes 
and a bespoke design of material-efficient concrete structures. To this end, an experimental campaign consisting 
of ten three-point bending tests on beams with rectangular cross-sections made with flexible stay-in-place 
formworks was conducted, where aramid rovings were integrated within the textile as transverse reinforce
ment to withstand the shear forces while the longitudinal reinforcement consisted of conventional deformed steel 
bars. The use of digital image correlation measurements and distributed fibre optical sensing allowed the refined 
analysis of the deformations, including the strains in the textile reinforcement and the estimation of the crack 
kinematics, which were used to assess various contributions from the reinforcement and the concrete to the shear 
strength in the governing crack. The amount of textile reinforcement proved to be a decisive parameter in 
increasing the shear strength, although the full tensile capacity of the rovings could not be exploited due to the 
lack of ductility in the material behaviour. The thorough consideration of the shear transfer mechanisms revealed 
a strong dependence of the concrete contribution, specifically aggregate interlock and the formation of a direct 
strut, on the crack patterns. The combination of the brittle aramid rovings as shear reinforcement and con
ventional steel reinforcing bars in the tension chord provided a large deformation capacity if the shear rein
forcement was able to sustain the load until a bending failure was reached.   

1. Introduction 

The design of lightweight concrete structures is one of the key 
principles for reducing material consumption and the ecological foot
print of the construction sector. Although the technological advances in 
construction processes, concrete mix design and structural analysis 
methodologies have led to a considerable improvement in material ef
ficiency, the further optimisation of concrete structures still faces 
inherent challenges. The requirement for a minimum concrete cover to 
protect steel reinforcing bars against corrosion (usually between 20 and 
60 mm, depending on building codes and exposure class) limits reducing 
the dimensions of concrete elements. A promising approach studied in 
the literature (e.g. [1–3]) and showcased in various practical applica
tions (e.g. [4–6]) is the use of non-corrosive high-strength textile rein
forcement, which typically consists of bundles of continuous filaments 
(‘rovings’) assembled in a bi-directional grid [7] and allows reducing the 

total concrete thickness to few centimetres. Several studies (e.g. [8–10]) 
have investigated the potential of such textile reinforced concrete ele
ments in bending, proving their suitability for both ultimate and 
serviceability limit states by providing high strength and stiffness at a 
low self-weight. However, the increased complexity of formwork – 
especially when considering further optimisation of the beam geometry, 
such as a variation of the depth as suggested by [11] – presents a chal
lenge in promoting broader use beyond niche applications. Fabric 
formworks provide new possibilities for material-efficient design for 
various structural elements, including columns, beams and slabs (e.g. 
[12–14]). However, the low stiffness of the fabric usually leads to large 
deformations of the formwork during concrete casting, which might 
present new facets in the design language, but is usually unwanted due 
to aesthetic or functional requirements. 

A potential approach for improved formwork stability using flexible 
fabrics is the KnitCrete technology developed at ETH Zurich [15]. A 
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weft-knitted textile is tensioned within a scaffolding frame and sup
ported by cables or bending-active rods. It is coated with a fluid fast- 
setting cement paste or epoxy resin. The concrete is then cast on the 
stiffened fabric. The feasibility of this construction procedure on an 
architectural scale was highlighted in the KnitCandela pavilion [16] in 
Mexico City, which originated from the collaboration of the Block 
Research Group and Zaha Hadid Architects. However, the type and the 
placement of the reinforcement most suitable for such structures is still 
an open research question. The authors investigated the integration of 
high-strength fibrous materials in the knitted fabric and its activation as 
textile reinforcement under various loading conditions [17–19], which 
generally proved the feasibility of using the stay-in-place formworks as 
reinforcement in the final state. While these previous applications 
mainly focused on slab strips and shell structures, the present study 
investigates the potential of weft-knitted formworks with integrated 
textile reinforcement for linear members such as beams. The knitting 
procedure offers great geometric flexibility and the possibility of intro
ducing spatial features within the fabric [20,21]. While the construction 
technology enables a broad spectrum of cross-section types [22], the 
present study focuses on reinforced concrete beams with rectangular 
cross-sections, where the shear reinforcement is integrated within the 
formwork, winding around the circumference. The simple geometry 
allows assessing the deformations over the full height of the specimens 
based on digital image correlation and fibre optical sensing, providing 
insight into the shear transfer mechanisms. The structural behaviour of 
the integrated textile reinforcement was examined in an experimental 
campaign consisting of ten beams in three-point bending, focussing on 
the mechanical activation of the textile and the estimation of the con
crete contribution to the shear strength in the governing crack based on 
the refined analysis of the measurements. The proper understanding of 
the load-bearing behaviour presents a solid foundation for the further 
optimisation of lightweight concrete structures, leading to non-standard 
geometries and a substantial reduction of the material consumption. 

2. Integrating high-strength rovings in tubular fabrics for stay- 
in-place flexible formworks 

Stay-in-place formworks present many advantages where the con
struction needs to be fast and only limited space for additional scaf
folding is available, such as in industrial buildings or bridge decks. Flat 
slab systems are most common, for which there is a wide variety of 
geometries and material combinations, including precast concrete ele
ments with short fibres [23] or steel reinforcement [24], corrugated 
steel sheets [25], or beech-laminated timber [26]. While several studies 
in the literature have examined the potential of stay-in-place formworks 
for manufacturing concrete beams using textile reinforced cementitious 
composites (e.g. [27,28]), the direct integration of high-strength fibres 
within the flexible formwork is a further step in the development of 
lightweight concrete construction. 

Previous studies on the mechanical behaviour of weft-knitted textile 
reinforcement in the tensile [17] and flexural [18,19] response of con
crete elements concluded that the introduction of straight aramid rov
ings (‘inlays’) into a weft-knitted textile coated with epoxy resin led to 
the most efficient utilisation of the material strength and was best suited 
for the knitting procedure. Carbon and glass fibres, which are often used 
in conventional textile reinforcement, were less convenient to handle 
since they do not allow small bending radii, which may lead to damage 
to the fibres during manufacturing. The textiles with aramid inlays 
exhibited a linear-elastic behaviour and a brittle failure. The textile 
rovings progressively failed once the first filament reached its tensile 
strength due to the lack of ductility and the consequent inability to 
redistribute stresses within the roving cross-section. Other studies in the 
literature examining the behaviour of conventional textile reinforced 
concrete members observed this brittle type of failure in shear as well (e. 
g. [8–10]). Valeri et al. [10] concluded that adding steel reinforcement in 
the tension chord of the beam may significantly improve the 

deformation capacity in the flexural response if the textile reinforcement 
in the web can transfer the shear force until the bending resistance is 
eventually reached. Following this principle, this study focuses on the 
integration of high-strength aramid inlays in the weft-knitted textiles as 
shear reinforcement, while the bending capacity is provided by con
ventional steel reinforcing bars. 

Tubular textiles can be shaped into any prismatic or gradually 
varying cross-sectional geometry by introducing shaping elements by 
means of cables or bending-active rods that define the vertices, as 
illustrated in Fig. 1a. The use of a CNC flat-bed knitting machine allows 
the integration of straight or curvilinear rovings (denoted as yellow 
lines) in the textile, winding around the whole cross-section, which 
ensures the enclosure of the longitudinal reinforcement and the 
compression zone, leading to a proper stress transfer from the transverse 
reinforcement to the tension chord. The variation of the connection 
between the inlay and the base textile along the circumference enables 
the design of cross-sections with inward corners (as found in T- or I- 
beams), with the inlay maintaining its straight course from the web to 
the top flange for the proper anchorage of the stirrups, as illustrated in 
Fig. 1a. The spacing of the inlays can be varied along the beam by 
changing the number of knitted rows, which allows the optimisation of 
the inlay layout according to the shear loading, as shown in Fig. 1b. 
Furthermore, the circumference of the tube may vary by increasing the 
number of loops within a row, which may be used for beams with var
iable depth, as illustrated in Fig. 1c. 

However, the closed surface around the circumference requires the 
concrete to be filled from one end of the beam, standing upright unless 
the variation of inlay spacings provides zones where holes for filling the 
concrete could be placed. Thus, the increasing hydrostatic pressure from 
the wet concrete, which may lead to large deformations or even failure 
of the formwork, is limiting the range of feasible spans or requires the 
use of set-on-demand concrete solutions, as found in other approaches 
using ultra-thin formworks [29,30]. Furthermore, the position of the 
longitudinal reinforcing bars is not inherently attached to the formwork 
and needs to be fixed using spacers or at an external scaffold. These 
boundary conditions make this manufacturing procedure particularly 
suitable for the prefabrication of elements rather than cast-in-place ap
plications on the construction site. The scaffolding frames may be reused 
in a mass-production line while providing customizability of the indi
vidual elements through the flexible formworks. 

Fig. 1. Selection of feasible geometries using weft-knitted textile with inte
grated high-strength inlays: (a) cross-section types, (b) variation of inlay 
spacing, (c) beams with variable depth. 
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3. Experimental programme 

The fabrication processes and the structural performance of stay-in- 
place formworks with integrated textile reinforcement were investi
gated in an experimental campaign consisting of ten beams. A three- 
point bending testing configuration was used to assess the shear ca
pacity. The simple geometry and proper anchorage of the stirrups 
allowed the thorough consideration of the mechanical behaviour based 
on digital image correlation measurements (‘DIC’) and distributed fibre 
optical sensing (‘DFOS’). 

3.1. Specimens, materials and manufacturing 

Table 1 summarises all specimen configurations tested in this study. 
The nomenclature of the specimens indicates the type of textile (‘R’ =
reference without textile, ‘T’ = base textile-only without high-strength 
inlay, and ‘A’ = base textile with integrated aramid inlays), the diam
eter of the longitudinal reinforcing bars, and the spacing of the high- 
strength inlays if present. The latter varied between 12 and 50 mm. 
Additionally, specimens without high-strength inlays, only using the 
textile as flexible formwork, and reference specimens without any 
textile, cast using conventional wooden formwork, were examined. Due 
to technical problems, the tests of Specimens ‘A-Ø12-s30a’ and ‘A-Ø12- 
s20a’ had to be interrupted, leading to an uncontrolled unloading and a 
subsequent reloading cycle. Therefore, these configurations were 
repeated to study the behaviour under monotonic loading. 

3.1.1. Textiles 
Following the findings from the authors’ previous studies on 

weft-knitted textile reinforced concrete [17–19], aramid fibres with 
a fineness of 800 tex (1 tex = 1 g per km of yarn) were chosen for 
the inlay material, while the base textiles were made from non- 
structural acrylic yarn. The inlays had spacings of 50, 30, 20 and 
12 mm depending on the specimen configuration (Table 1). The 
transverse textile reinforcement ratios of the rovings (ρtw) were 
chosen to be in the equivalent range as those suggested by building 
codes for conventional steel reinforcement ρsw, i.e.ρsw,min⩾0.1%,

ρtw,min⩾ρsw,min⋅fsu/ftu = 0.1%⋅625 MPa/2500 MPa = 0.025%,  
where ftu and fsu are the tensile strengths of textile and steel rein
forcement, respectively. In the case of the specimens without high- 
strength inlays, a non-structural ‘dummy’ yarn at a spacing of 50 
mm was used. All textiles were coated with a low-viscous two- 
component epoxy resin [31], developed specifically for the lamina
tion and impregnation of textile fibres. The epoxy coating was cured 
for at least 24 hours at room temperature before casting. The 

material parameters of the coated aramid rovings were tested in 
separate uniaxial tension tests, as described in [17], which resulted 
in mean values of the tensile strength of ftu = 2583 MPa and of the 
Young’s modulus of Et = 112 GPa. 

3.1.2. Steel reinforcing bars 
The longitudinal reinforcement consisted of deformed steel bars with 

enhanced corrosion resistance. Besides the lower feasible concrete 
cover, this reinforcing steel has high yield and ultimate strengths while 
providing relatively high ductility. The material properties were deter
mined in tension tests on bare bars and are summarised in Table 2. Note 
that while the reinforcing bars with a diameter of Ø8 mm were taken 
from the same coil, the bars with Ø12 mm were from two different 
batches, resulting in slightly different material properties. 

3.1.3. Bending-active glass fibre rods 
The cross-sectional geometries were shaped using solid round 

bending-active rods, which consisted of unidirectional glass fibre rov
ings impregnated with a polyester resin (‘GFRP’) and had a diameter of 
Ø8 mm. The notional tensile strength and Young’s modulus specified by 
the manufacturer were 800 MPa and 35 GPa, respectively. 

3.1.4. Concrete 
A self-consolidating concrete with a maximum aggregate size of 8 

mm was used for all specimens. The concrete was either prepared in the 
laboratory using pre-mixed concrete ‘Sikacrete®-08 SCC’ or delivered 
from a local ready-mix concrete supplier, resulting in four different 
batches. The Young’s modulus and the uniaxial compression strength 
were determined from three standard cylinders with a diameter of 150 
mm and a height of 300 mm per batch. The tensile strength was obtained 
from double punch tests [32] on two cylinders with a diameter of 150 
mm and a height of 150 mm per batch. The concrete was left to harden 
for at least 21 days before testing. The material parameters were 
determined on the day of the three-point bending tests; the mean values 
are summarised in Table 3. 

3.1.5. Manufacturing of the specimens 
As described in Section 2, the beams were cast upright. The longi

tudinal reinforcing bars and the GFRP rods for tensioning the textiles 
were threaded through holes in the top and bottom plate (in casting 
position) of the tensioning frame to fix their position, as illustrated in 
Fig. 2a. The bending-active rods were additionally attached to the 
scaffold using strings to maintain the shape over the length of the beam, 
as shown in Fig. 2a and Fig. 2b. The textiles were then coated with epoxy 
resin using brushes (see Fig. 2c). After hardening, the concrete was cast 
through the opening in the top plate. The nominal and actual cross- 
section dimensions of the tubular beams are illustrated in Fig. 3a and 
summarised in Table 1. The deviations in the dimensions originated 
from the deformations of the textile during concrete casting and the 
manual tensioning procedure, which, however, is expected to be a minor 
challenge in a more industrialised manufacturing setting, using auto
mated tensioning devices. Local epoxy beds were cast before testing to 
ensure a smooth surface for the load introduction in the specimens. 
Additionally to providing an anchorage length of 200 mm at both ends 
of the beam, the longitudinal reinforcement was anchored using 
coupling nuts bonded to the reinforcing bar with a high-strength 

Table 1 
Specimen configurations: dimensions, inlay spacings, reinforcing bar diameters 
(batches in superscript), and concrete mix batches.  

Specimen b h d s ρtw Øs Concrete 
batch 

[mm] [mm] [mm] [mm] [%] [mm] 

R-Ø08  103.8  179.1  146.7 –  – 8 SCC-i 
R-Ø12  96.0  177.8  147.9 –  – 12a SCC-i 
T-Ø08  105.3  178.1  150.8 –  – 8 SCC-iv 
T-Ø12  105.0  185.4  151.7 –  – 12a SCC-iv 
A-Ø08- 

s50  
100.2  175.9  147.0 50  0.022 8 SCC-ii 

A-Ø12- 
s30a  

101.2  175.5  147.8 30  0.035 12a SCC-iii 

A-Ø12- 
s30b  

96.0  175.3  147.1 30  0.035 12b SCC-iv 

A-Ø12- 
s20a  

100.9  176.5  148.3 20  0.054 12a SCC-iii 

A-Ø12- 
s20b  

95.7  174.1  147.9 20  0.054 12b SCC-iv 

A-Ø08- 
s12  

103.8  179.1  146.7 12  0.108 8 SCC-ii  

Table 2 
Young’s modulus (Es), yield (fsy) and ultimate (fsu) strength, and strain at rupture 
(εsu) of steel reinforcing bars.  

Batch Es fsy fsu εsu 

[GPa] [MPa] [MPa] [‰] 

Ø08  182.3  741.6  861.4  47.4 
Ø12a  180.2  724.9  853.4  60.9 
Ø12b  167.1  651.2  791.6  61.6  
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injection mortar. 

3.2. Test setup 

All experiments were conducted in the Structures Laboratory at ETH 
Zurich. The beams were tested in a three-point bending configuration 

with asymmetric spans, as shown in Fig. 3b. The total span was 800 mm, 
with shear spans of 350 mm and 450 mm, resulting in shear slender
nesses (a/d) of 2.3 and 3, respectively. The supports and the load 
application consisted of cylindrical rollers. The controlled displacement 
rate of the hydraulic actuator was 0.1 mm/min, whereby it was 
increased up to 1 mm/min during the test for specimens with large 
deformations (i.e. after yielding of the longitudinal reinforcement). 

3.3. Instrumentation 

The force measurements were taken from the load cell at the load 
introduction. One side face of the beam was analysed using 3D-digital 
image correlation (‘DIC’), which allowed measuring the deformations 
of the beams over the surface. A pair of FLIR Grasshopper®3 cameras 
(4096 × 3000 px) with a focal length of 24 mm (Schneider-Kreuznach) 
at a stereo angle of approximately 25◦ were used. The field of view 

Table 3 
Young’s modulus (Ec), cylinder compressive strength (fc,cyl) and tensile strength 
(fct) of the different concrete batches.  

Batch Ec fc,cyl fct 
[GPa] [MPa] [MPa] 

SCC-i  32.2  58.2  4.4 
SCC-ii  35.2  54.9  4.3 
SCC-iii  34.8  56.5  4.4 
SCC-iv  37.6  69.0  5.2  

Fig. 2. Manufacturing of specimens: (a) scaffolding frame for tensioning of the textile and concrete casting, (b) tensioned textile, (c) textile with integrated aramid 
inlay (yellow roving) after coating. 

Fig. 3. Specimen configuration: (a) cross-section dimensions, (b) test setup and instrumentation (dimensions in [mm]).  
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covered a length of 1100 mm, leading to a resolution of 3.7 px/mm. To 
increase the contrast and, thus, improve the correlation, the specimens 
were painted white, and a random speckle pattern was applied using a 
stiff brush or markers, yielding speckle sizes in the range of 0.5 mm to 2 
mm. The correlation was carried out with the commercial software ‘VIC- 
3D’ (Correlated Solutions Inc. [33]). The zero displacement test 
following [34,35] resulted in an average noise level of σ(U,V) = 3⋅ 
10− 3mm and σ(ε1, ε2) = 160 με, using the following correlation pa
rameters: subset size = 19 px, step size = 5 px, and strain filter size = 9. 
The crack behaviour was analysed with the open-source software 
‘Automated Crack Detection and Measurement (ACDM)’ [36,37] based 
on the quasi-continuous displacement and strain fields from digital 
image correlation measurements to assess and evaluate the crack pat
terns and kinematics. 

Additionally, fibre optical sensors were installed on the side face not 
instrumented with DIC to assess the deformations in the web. Bending- 
insensitive polyimide-coated single-mode fibres (type SM1250B3[9.8/ 
125]P) were glued with epoxy onto the outer surface of the beam along 
six inlays within the shorter shear span (as illustrated in Fig. 3b) to 
measure the deformations of the textile reinforcement (note that in the 
conventional concrete reference specimens, no fibre optical sensors 
were installed, and that in the specimens without high-strength inlays, 
the sensors were uniformly distributed over the length of the short 
span). 

4. Experimental results and discussion 

This section presents the observations and results regarding the load- 
deformation behaviour and the failure modes of the specimens, which 
allows characterising the general mechanical behaviour of the tubular 
textiles as novel type of stay-in-place formwork and reinforcement sys
tem. The findings presented in this study generally prove the feasibility 
of the construction technology and highlight the particular character
istics of the reinforcement compared to conventional steel stirrups. 
Furthermore, the contributions from various load-bearing mechanisms 
are studied in more detail based on the measurements from DIC and 
DFOS. 

4.1. Load-deformation behaviour and failure modes 

Fig. 4 shows the load–deflection relationship for all specimens. The 
deflection was taken at the position of the load application determined 
from the digital image correlation measurements. All specimens with a 
reinforcing bar diameter of Ø8 mm (Fig. 4a) exhibited a similar 
behaviour in the post-cracking phase with a fairly linear load increase. 
Note that the elastic unloading and loading cycles – as seen in Specimen 
‘A-Ø08-s50′ at approximately 60 kN, for instance – were caused by 
relaxation when temporarily interrupting the applied displacement rate. 
The stiffness slightly decreased near the failure load. The specimens 
without high-strength inlays (‘R-Ø08′ and ‘T-Ø08′) and with an aramid 
inlay spacing of 50 mm (‘A-Ø08-s50′) failed due to the formation of a 
diagonal shear crack, and the rupture of the textile (where present). 
While the failure occurred in the shorter shear span for Specimens ‘T- 
Ø08′ and ‘A-Ø08-s50′, the governing crack formed in the longer span in 
Specimen ‘R-Ø08′, despite the 22% lower shear force. Due to the limited 
shear slenderness of the short span (2.3), there must have been a sub
stantial contribution from the direct transfer of the compression force 
from the applied load to the support, which will be discussed in Section 
5.2.2. The formation of a direct strut depends on the crack pattern and 
kinematics since the capacity of the concrete to transfer the compressive 
stresses is significantly reduced by the presence of a crack, which may 
explain why the governing crack occurred in the span with the smaller 
shear load only for a few specimens. Specimen ‘A-Ø08-s12′ was the only 
beam failing in bending. Once reaching a local maximum of the applied 
force, the deformations of this beam concentrated in a single bending 
crack, as shown in Fig. 5a, leading to large deflections while the rein
forcing bars were yielding. The specimen eventually failed due to the 
rupture of the steel bars. Notably, there were some distinct drops of the 
applied load after reaching the first local maximum. 

The specimens with a reinforcing bar diameter of Ø12 mm generally 
displayed the same behaviour as the specimens with a bar diameter of 
Ø8 mm. Due to technical problems with the testing machine, Specimens 
‘A-Ø12-s30a’ and ‘A-Ø12-s20a’ experienced an uncontrolled drop in the 
load. Fig. 4b shows only the reloading cycle, where the specimens 
exhibited the fully cracked stiffness from the start of the loading. In all 
specimens, a governing diagonal shear crack formed and the textile 

Fig. 4. Load-deflection relationship of beams with tubular textiles: specimens with longitudinal reinforcing bars with a diameter (a) Ø8 mm and (b) Ø12 mm with 
various transverse reinforcement ratios. 
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ruptured where present, as shown in Fig. 5b and Fig. 5c. Specimens ‘A- 
Ø12-s30b’ and ‘A-Ø12-s20b’ failed in the shorter span, as expected from 
the higher shear force. However, the reloaded specimens with the same 
configurations (‘A-Ø12-s30a’ and ‘A-Ø12-s20a’) exhibited the governing 
crack in the longer span, considerably exceeding the failure load 
attained in their monotonically loaded counterparts, as shown in Fig. 4b. 
The higher shear force in the shorter span was presumably resisted by a 
significant contribution from the concrete to the shear transfer across 
the governing crack, which will be discussed in Section 5.2. 

As expected, the reference specimens without textile displayed the 

lowest failure load, and the shear force at ultimate load increased with 
the number of transverse aramid rovings, as shown in Fig. 6 and sum
marised in Table 4. However, the specimen with only the textile and 
without high-strength inlays (‘T-Ø12′) exhibited a surprisingly high 
failure load, even exceeding the ones of the specimens with transverse 
reinforcement at spacings of 50 and 30 mm. While the slightly larger 
cross-sectional dimensions, as presented in Table 1, and the higher 
strength of the concrete compared to the reference specimen without 
textile (see Table 3) are potential reasons for this unexpected result, a 
direct strut or dowel action might have had a substantial contribution to 
the shear strength, which will be discussed in more detail in Sections 5.2 
and 5.3, especially considering that a significant diagonal crack had 
already formed in the textile, as shown in Fig. 5d. 

4.2. Behaviour of the tension chord and contribution from GFRP rods 

The deformations in the tension chord were determined using the 
digital image correlation measurements based on the methodology 
presented in [18]. The linear moment distribution in the beam leads to a 
parabolic change in the elongation of the reinforcement when assuming 
a fully cracked beam, which is nearly linear in the proximity of the 

Fig. 5. Crack and failure behaviour of specimens with textiles: (a) governing bending crack in ‘A-Ø08-s12′, (b) failure crack in textile (‘A-Ø12-s30b’), (c) rupture of 
aramid inlays and base textile (‘A-Ø12-s20b’), (d) crack in textile at ultimate load (before collapse) in ‘T-Ø12′, (e) crack formation in base textile between two 
adjacent aramid inlays, denoted as yellow lines (‘A-Ø08-s50′), (f) failure crack in textile (red) and governing shear crack in concrete (green) determined after 
stripping the textile (‘A-Ø12-s30b’). 

Fig. 6. Maximum shear load Vexp vs transverse reinforcement ratio ρtw.  

Table 4 
Contributions to the shear transfer across the governing crack (excluding other 
sources such as direct strut and residual tensile stresses in the fracture process 
zone) and comparison with experimental values.  

Specimen Vexp Vtw,nom Vtw Vag Vdow 
∑

Vi 
∑

Vi/Vexp 

[kN] [kN] [kN] [kN] [kN] [kN] [-] 

R-Ø08  19.0  –  –  20.3  1.9  23.0  1.21 
R-Ø12  25.6  –  –  12.4  6.3  19.3  0.75 
T-Ø08  30.9  –  –  0.0  8.5  8.5  0.27 
T-Ø12  44.6  –  –  6.9  20.0  26.9  0.60 
A-Ø08-s50  38.1  14.4  7.2  2.5  8.1  17.8  0.47 
A-Ø12-s30a  43.5  28.7  11.0  0.3  1.3  12.6  0.29 
A-Ø12-s30b  40.4  23.0  10.1  0.5  2.1  12.7  0.31 
A-Ø12-s20a  46.4  37.3  14.3  0.0  2.8  17.0  0.37 
A-Ø12-s20b  50.3  30.1  19.6  0.6  9.7  29.8  0.59  
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maximum bending moment. Hence, the mean steel strains (εsm) were 
estimated by applying linear regression on the horizontal displacements 
obtained from DIC at the depth of the steel reinforcing bars in the range 
where the applied bending moment exceeded 80% of the maximum 
loading. The depth of the compression zone (xc) resulted from the DIC 
measurements of the crack openings within the region where the 
bending moment extended above 80% of the maximum and the length of 
the cracks exceeded half the specimen height, assuming linearly opening 
cracks and applying linear regression to obtain the location of the crack 
tip as described in [18]. The strains in the GFRP rods (εgf) were then 
determined assuming a linear strain variation over the depth, as illus
trated in Fig. 7a. It was assumed that the GFRP rods could be activated 
fully in tension at the cracked cross-section due to their presumably rigid 
glued connection to the textile. However, the bond conditions of the 
GFRP rods are difficult to assess since the contact surface with the 
concrete is limited, and the surface texture of the rods is smooth, leading 
to a low stress transfer between the rods and the concrete. Therefore, it 
was assumed that the GFRP rods exhibited zero tension stiffening. The 
stresses in the steel reinforcement were determined by applying moment 
equilibrium on the cracked cross-section, as illustrated in Fig. 7a, 
assuming linear behaviour of the concrete and the GFRP rods, which 
yielded. 

σs =

Q⋅a⋅(l− a)
l − Agf ⋅εgf ⋅Egf ⋅

(
dgf −

xc
3

)

As⋅
(
ds −

xc
3

) (1)  

where Q = applied load, a = shorter shear span, l = total span, Agf =

cross-sectional area of the GFRP rods, εgf = strains in the GFRP rods, Egf 
= Young’s modulus of the GFRP rods, dgf = static depth of the GFRP rods, 
xc = depth of the compression zone, As = cross-sectional area of the steel 
reinforcing bars, ds = static depth of the steel reinforcing bars. 

Note that the derivation of the steel stresses is only valid as long as 
the deformations do not concentrate in a single crack. The resulting 
stress–strain relationships of the steel reinforcing bars are shown in 
Fig. 7b and c, where the tensioning stiffening effect (Δε in tension, and 
Δχ = Δε/(d − x) in bending as illustrated in the moment–curvature di
agram in Fig. 7a) is visible as a reduction of the mean strains in the 
tension chord compared to the bare steel at the same stress level. The 
contribution of the GFRP rods (denoted as green line in Fig. 7a) to the 
total bending moment (denoted as black line) obtained using Eq. (1) at 
90% of the ultimate load was around 20% for the specimens with a 
longitudinal reinforcing bar diameter of Ø8 mm and around 10% with 

Ø12 mm. The analysis of the crack openings of the bending cracks 
(denoted as grey lines) for Specimen ‘A-Ø08-s12′ in Fig. 8a shows that 
the deformations at peak load were mainly concentrated in a single 
crack (denoted as red line). Despite the large crack opening, the GFRP 
rods did not rupture. The shape of the governing bending crack at 
various load levels (Fig. 8b) shows the contribution from the GFRP rods 
in tension since bending cracks would typically exhibit a linear opening 
(extrapolation shown as dashed line). The distinct drops of the load in 
Specimen ‘A-Ø08-s12′ and its capability to further increase the load 
suggest that some damage to the GFRP rods or their connection to the 
textile might have occurred prior to the rupture of the steel 
reinforcement. 

4.3. Activation of the textile reinforcement 

Most applications of digital image correlation for testing structural 
concrete usually aim to detect the crack pattern and measure the crack 
opening and slip [35]. Here, in contrast to conventional reinforced 
concrete structures, the weft-knitted textile reinforcement covers the 
outer surface of the beam, allowing the direct measurement of the 
reinforcement strains using DIC, but complicating the determination of 
crack kinematics from the measurements. Fig. 9 shows the principal 
strains (ε1) at 50% and 100% of the ultimate load for selected beams. 
The crack patterns were clearly visible for the reference specimen 
without textile (‘R-Ø12′) at both load levels: the concentrated de
formations due to the presence of the opening cracks are represented as 
high strain areas; note, however, that the concept of strain is meaning
less across cracks. In the measurements of the beams with textiles, the 
bending cracks were still distinguishable at the lower load level. How
ever, the strains spread over larger areas at the ultimate load. While the 
cracks could be determined using ACDM when they initially formed, 
denoted as grey lines in Fig. 9b, no individual cracks were detectable at 
ultimate load in the specimens with a high transverse reinforcement 
ratio (e.g. ‘A-Ø12-s20b’). Since there were no spatial features to enhance 
the mechanical interlock between textile and concrete, as presented in 
previous studies [19], bond relied on adhesion and friction alone, 
leading to the debonding of the textile from the concrete with increasing 
deformations. The proper anchorage around the cross-section ensured 
the mechanical activation of the aramid inlays, and the debonding led to 
a more uniform distribution of strains over the height of the beam 
instead of concentrating them in the vicinity of the crack as in stirrups 
fully embedded in the concrete. 

Fig. 7. Behaviour of the tension chord: (a) stress and strain state in cracked cross-section and resulting moment–curvature relationship (considering different 
contributions from steel reinforcement and GFRP rods), and stress–strain relationships of steel reinforcement in specimens with bar diameter of (b) Ø8 mm and (c) 
Ø12 mm compared to bare steel (denoted as grey lines). 
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Due to the brittle material behaviour of the aramid inlays, the full 
tensile capacity of the shear reinforcement could not be activated since a 
progressive failure occurred once the first roving reached its tensile 
strength. As illustrated in Fig. 10, which shows the strains in vertical 
direction (εyy), the textile reached the failure strain (i.e. εtu = ftu/Et =

2.31%) only in locally limited areas at the ultimate load. This obser
vation was confirmed by the fibre optical measurements on the opposite 

side, shown in Fig. 10. The distribution of strains was more pronounced 
in the specimens with higher transverse reinforcement ratios (i.e. 
spacings of 30, 20 and 12 mm) than in the specimens with no or fewer 
inlays, where the activation of the textile did not propagate over the full 
height of the beam. Specimen ‘T-Ø12′, which had displayed a surpris
ingly high failure load, even exhibited the formation of a distinct diag
onal shear crack in the textile before failure, as shown in Fig. 10, which 

Fig. 8. Analysis of bending cracks of Specimen’ A-Ø08-s12′: (a) applied load Q vs crack openings wr for all cracks (grey: all bending cracks; red: governing bending 
crack), and (b) crack opening over the specimen height of the governing bending crack at various load levels. 

Fig. 9. Principal tensile strains (ε1) on the surface for selected beams at (a) 50% and (b) 100% of the ultimate load and cracks determined at initial formation 
(denoted as grey lines). 
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Fig. 10. Strain measurements using digital image correlation and distributed fibre optical sensing (dotted grey lines denoting where the signal was lost) at ultimate 
load for specimens with tubular textiles (with and without high-strength inlays). 

Fig. 11. Crack patterns of all specimens with the governing crack in the concrete as solid green line, secondary concrete cracks as dashed lines, the failure cracks in 
the textiles as red lines (solid on front side, dotted on back side of the specimen), and the cracks in the textile determined at the last load stage before debonding as 
grey lines. 
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supports the suggestion described in Section 4.1 of a substantial 
contribution from the concrete in the shear transfer across cracks. The 
strains in the textile rovings in the shorter spans for the specimens that 
needed to be reloaded (‘A-Ø12-s30a’ and ‘A-Ø12-s20a’) were generally 
lower at ultimate load than in their counterparts (‘A-Ø12-s30b’ and ‘A- 
Ø12-s20b’), suggesting a larger contribution from the concrete to the 
shear capacity in the shorter span and explaining the different failure 
locations in the reloaded and monotonically loaded specimens, 
respectively. 

4.4. Crack kinematics 

While the initial crack pattern could be determined at lower load 
levels with DIC and ACDM, as described in Section 4.3, the further 
propagation of the governing cracks could not be detected due to the 
smearing of deformations over the area of interest by the tubular tex
tiles. Therefore, the measurements of the actual opening and slip of the 
crack in the concrete, which are essential for estimating the shear 
transfer across cracks by specific mechanisms such as aggregate inter
lock, exhibit high uncertainty depending on the degree of debonding of 
the textile. While the governing crack (in the concrete) opened in the 
textile between adjacent high-strength inlays in Specimen ‘A-Ø08-s50′

as well, see Fig. 5e, the specimens with closer inlay spacing (i.e. 30 and 
20 mm) usually did not exhibit visible shear cracks in the textile before 
failure. After testing, the textile was stripped from the specimens, and 
the crack pattern and the location of the governing cracks were deter
mined by visual inspection of the concrete surface, as shown in Fig. 5f. 
Only cracks with a substantial opening at failure could be detected since 
most cracks closed again when unloading the specimen and were not 
recognisable by eye after the test. Fig. 11 shows the initial crack patterns 
on the textile surface obtained from DIC (grey lines), the failure crack in 
the textile (red lines, with the solid and dotted lines indicating cracks in 
the textile on the front and back side of the specimen, respectively), and 
the manually determined cracks in the concrete after testing (green 
lines, governing crack as solid and secondary cracks as dashed lines). In 
the case of the reference specimens (‘R-Ø08′ and ‘R-Ø12′, top row in 
Fig. 11), the crack patterns were directly obtained from the concrete 
surface using the DIC-based ACDM approach. In most specimens, the 

cracks in the concrete generally coincided well with the initial crack 
pattern obtained from the DIC measurements of the textile, whereby the 
shear cracks propagated further up the beam. The failure cracks in the 
textile usually did not follow the shear crack in the concrete and 
exhibited different shapes on the front and back side of the specimen. 

Despite the lack of direct measurements, the crack kinematics can be 
estimated by the total vertical deformation of the beam along its axis, 
which can be determined from the relative displacements of the top and 
bottom edge of the specimen, as illustrated in Fig. 12a, and corresponds 
to the total vertical component of the crack opening of all cracks crossing 
the section. Fig. 12 shows the maximum vertical crack displacement 
against the shear load in the governing span. The crack opening at 
failure generally increased with the transverse reinforcement ratio. The 
initial formation of the shear crack is visible as an increase in the vertical 
crack component. Specimen ‘A-Ø12-s30a’ had to be reloaded, and the 
shear crack had already formed in the first loading cycle, which explains 
the opening of the crack at already low load levels. The specimens that 
exhibited an early debonding of the textile once the shear crack started 
forming (e.g. ‘A-Ø12-s30b’ or ‘A-Ø12-20a/b’) exhibited only a slight 
increase or even a decrease of force with the initial opening of the crack, 
which may have been caused by the need for deformations to either 
activate the textile reinforcement or the stresses in the crack through 
aggregate interlock. The specimens with a lesser degree of debonding – 
namely ‘A-Ø08-s50′ and ‘T-Ø12′ – showed a steeper increase of shear 
load with increasing crack opening, which might suggest that – despite 
the smaller transverse reinforcement ratio – other shear transfer mech
anisms such as a direct strut might have contributed to the load-bearing 
behaviour, as will be discussed in Section 5.2. 

Measuring the deformations of the concrete surface in the reference 
specimens using DIC and analysing them with ACDM directly yields the 
crack kinematics, as illustrated in Fig. 13a. While this direct method 
cannot be used in the specimens with tubular textiles, as the latter 
debond from the concrete, the crack opening and slip in these specimens 
can be estimated from the vertical crack component. Assuming that the 
opening of the crack is caused by a rotation around the crack tip, as 
described in [38], the opening (δn) and slip (δt) can be determined as the 
components of the crack opening vector, which is defined by its vertical 
component (Δδ) and the position of the rotation centre defining its 

Fig. 12. Shear force (V) vs vertical component of the shear crack opening (Δδ) determined from global deformations for specimens with reinforcing bar diameters of 
(a) Ø8 mm and (b) Ø12 mm, respectively. 
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direction, as illustrated in Fig. 13b, i.e., 

δn = Δδ⋅
cos

(
αcr − αp

)

cos
(
αp
) (2)  

δt = Δδ⋅
sin

(
αcr − αp

)

cos
(
αp
) (3)  

where Δδ = total vertical displacement in one section, αcr = inclination 
of the crack, αp = inclination of the line from the measuring point to the 
crack tip, as illustrated in Fig. 13b. The approach is validated with the 
reference specimen without textile (‘R-Ø12′), where the direct mea
surements of the crack kinematics were available from DIC and ACDM. 
Fig. 13c compares the direct measurements of the crack opening and slip 
(red curve) with the estimations using the proposed approach (blue 
curve), generally showing a good correspondence. The application to 
concrete beams with textiles is, however, linked to more uncertainties 
since one of the governing parameters for the estimation is the location 

of the crack tip. As already described, the propagation of the crack at 
higher load levels cannot be directly measured due to the smeared de
formations. Furthermore, multiple cracks crossing the same section 
cannot be distinguished, leading to an overestimation of the crack 
opening. Here, the centre of rotation was assumed according to the 
idealised shape of the governing crack proposed by Cavagnis et al. [38], 
and the vertical crack opening was linearly interpolated in the regions 
where multiple shear cracks occurred. The estimations of the crack 
opening and slip using this approach are thus suitable of roughly indi
cating the range of deformations to validate the plausibility of the shear 
transfer mechanisms, but do not exhibit the same accuracy as direct 
measurements of the crack kinematics. 

5. Estimation of the contributions to the shear transfer across 
the governing crack 

Existing studies on the shear transfer across a governing crack in RC 
beams with and without transverse reinforcement based on refined 
measurements (e.g. [39,40]) showed that, besides the activation of the 
transverse reinforcement, the shear transfer mainly depends on the ki
nematics and the shape of the governing crack. While the stresses in the 
textile can be obtained from the deformations of the textile based on the 
DIC and DFOS measurements, the estimation of the crack kinematics as 
described in Section 4.4 is used here as an indicator for the crack ki
nematics and the resulting contribution from the concrete to the shear 
capacity of the governing crack, which are summarised in Table 4 and 
discussed in the following sections. 

5.1. Textile reinforcement 

The contribution of the textile reinforcement to the shear transfer 
was determined by adding the contribution of every inlay crossing the 
governing crack, estimated from the DIC and DFOS strain measure
ments. The shape of the governing crack was assessed from the inspec
tion of the concrete surface on the front side after stripping the textile 
(solid green lines in Fig. 11). The representative strain in an individual 
aramid inlay 

(
εt,i

)
was obtained as the 95%-quantile of the strains along 

the inlay to filter out the strain peaks in the DIC measurements at the 
edges of the area of interest and in the vicinity of cracks in the base 
textile between two adjacent high-strength rovings. The resulting shear 
strength provided by the textile reinforcement (Vtw) was then deter
mined from. 

Vtw =
∑nrov

i
εt,i⋅Et⋅Arov (4)  

where Arov = cross-sectional area of one roving, nrov = number of rovings 
crossing the governing crack. Where no measurements from DFOS were 
available, the corresponding measurement from DIC on the front side 
was used instead. The contribution of the epoxy-coated base textile was 
neglected due to its considerably lower stiffness and strength, as 
observed in the previous studies on weft-knitted textile reinforcement 
presented in [17–19]. The textile forces based on the measured strains 
(Vtw) are compared to the theoretical maximum shear strength (Vtw,nom) 
when considering the full tensile strength (ft) of all inlays crossing the 
governing crack in Table 4, indicating low utilisation of the textile 
reinforcement (between 38% and 65%) owing to the lack of ductility in 
the material behaviour of the aramid rovings, leading to a progressive 
failure once the first inlay reached its tensile strength. Fig. 14 shows the 
maximum strains in the textile (εtw,max) over the specimen height plotted 
against the length of the governing shear span of Specimens ‘A-Ø12- 
s30a’ and ‘A-Ø12-s30b’ at ultimate load. The dotted lines indicate the 
position of the inlays on the front of the specimen, where the de
formations were assessed with DIC. The measurements from the fibre 
optical sensing are denoted as ‘+’. While the strains in Specimen ‘A-Ø12- 
s30b’ were generally well below the failure strain, there were some 

Fig. 13. Estimation of crack opening and slip from global deformations and 
validation with the reference specimen ‘R-Ø12′: (a) direct measurements of 
crack kinematics using ACDM, (b) determination of opening and slip from the 
vertical component of global deformations of the beam, (c) comparison of direct 
measurements and approximations. 

M. Lee et al.                                                                                                                                                                                                                                      



Engineering Structures 271 (2022) 114970

12

distinct local peaks in Specimen ‘A-Ø12-s20b’. These local peaks 
occurred mostly between two adjacent inlays within the epoxy-coated 
base textile. The slight exceedance of the failure strain for some inlays 
lies still within the scatter of the material properties. Furthermore, the 
high strain area caused by the cracks within the base textile might have 
been smeared over a larger area, distorting the very local measurement 
of the strain in the inlay. The differences in the measurements based on 
DIC and DFOS depend on the different degrees of debonding of the 
textile between the front and the back side, which lead to a more or less 
pronounced concentration of the strains over the length of the inlay 
(=specimen height). 

5.2. Concrete contribution 

The contribution of the concrete to the shear capacity mainly consists 
of the following phenomena [41,42]: (i) aggregate interlock, (ii) shear in 
compression zone (=direct strut), and (iii) residual tensile stresses in the 
fracture process zone. The latter is essentially dependent on the crack 
kinematics at the crack tip, whose estimation is subject to high uncer
tainty in this study, as described in Section 4.4, and is, therefore, 
omitted. While the residual tensile stresses can have a significant in
fluence on the shear capacity of concrete beams without transverse 
reinforcement [40], studies on shear beams with transverse reinforce
ment [39] showed that their influence was negligible compared to the 
other shear transfer mechanisms. 

5.2.1. Aggregate interlock 
The ability of concrete to transfer stresses across cracks is primarily 

due to aggregate interlock. The rough surface of the crack face leads to 
the development of normal and tangential stresses, which are dependent 
on the crack opening and slip. Several models have been proposed in the 
literature to estimate the aggregate interlock stresses [43–45], whereby 

the calculated stresses for given crack kinematics often exhibit relatively 
large differences depending on the applied model [46]. The present 
study relies on the Two-Phase-Model proposed by Walraven [43] due to 
its physically-based definition of the contact area between the aggre
gates and the cement matrix. Hence, the normal (σag) and shear (τag) 
stresses at the interface are determined from. 

σag = σpu⋅(At − μ⋅An) (5)  

τag = σpu⋅(An + μ⋅At) (6)  

where σpu = 6.39⋅f0.56
c,cube with fc,cyl = 0.8⋅fc,cube, μ = 0.4 = friction coef

ficient between the aggregate and the matrix, An, At = average contact 
areas between aggregates and cement matrix perpendicular and parallel 
to the crack edge, respectively, which have to be determined numeri
cally and are dependent on the crack opening and slip, and the 
maximum aggregate size Dmax. The crack kinematics at ultimate load 
were estimated according to the approach described in Section 4.4. The 
shear strength from aggregate interlock (Vag) then follows from 

Vag = b⋅
(∫ lcr

0
τag⋅sin(αcr(t) )⋅dt +

∫ lcr

0
σag⋅cos(αcr(t) )⋅dt

)

(7)  

where b = width of the specimen, lcr = length of the crack, αcr = incli
nation of the crack. The resulting contributions from aggregate interlock 
are summarised in Table 4. 

The shear strength provided by aggregate interlock was in a 
reasonable range for the reference specimens (‘R-Ø08′ and ‘R-Ø12′), 
where the direct measurements of the crack openings and slips from 
ACDM were available. All specimens with textiles (both with and 
without high-strength inlays) displayed rather low contributions from 
aggregate interlock due to the larger crack openings at failure. 

5.2.2. Direct strut 
The low shear slenderness in the short span of the beam basically 

allowed the formation of a direct strut from the load application to the 
support. The capacity of the concrete to transfer the related stresses is 
highly dependent on the crack pattern and kinematics. Cavagnis et al. 
[40] showed that the contribution of the direct strut may be dominant 
for the shear transfer if the governing crack did not penetrate into the 
strut. The compressive strains measured in the textile differed from the 
concrete strains due to debonding, and cannot be directly used for the 
calculation of concrete stresses, and eventually, the quantitative esti
mation of the contribution from the direct strut. However, the direction 
and the magnitudes of the principal strains allow a qualitative assess
ment of the load-bearing behaviour. Fig. 15 shows exemplary results of 
principal compressive strains at ultimate load for specimens (a) without 
textile (‘R-Ø12′), (b) with epoxy-coated textile but without inlays (‘T- 
Ø12′), and (c) with aramid inlays at a spacing of 30 mm (‘A-Ø12-s30b’). 
The governing cracks in the concrete are shown as solid green lines. Note 
that the governing cracks in the concrete were assessed after the failure 
for the specimens with textiles, and the crack presumably had not 
propagated as far into the depth of the compression zone at the peak 
load. The compressive strains in the reference specimen without textile 
were not very high but seemed to align fairly horizontally at the 
compression chord (Fig. 15a). The crack was located rather near the 
support, which hindered the formation of a direct strut due to the crack 
crossing its theoretical line of action. Both specimens with textiles (with 
and without high-strength inlays) exhibited pronounced inclinations of 
the principal strains, but the different crack geometries suggest a 
fundamentally different load-bearing behaviour. In the specimen 
without high-strength inlays (Fig. 15b), the compressive strains fol
lowed the direction of the governing crack, which had a steep inclina
tion and formed close to the load introduction, allowing the compressive 
stresses to be transferred within the uncracked concrete. The strut did 
not directly lead to the support but followed the branching crack, which 

Fig. 14. Measurements of the maximum textile strains along the governing 
span at ultimate load based on DIC on the front side (blue line) and DFOS on the 
back side (red crosses) for Specimens’ A-Ø12s30b’ and ‘A-Ø12s20b’ (dotted 
grey lines = location of the aramid inlays crossing the governing crack on the 
front side of the specimen). 

M. Lee et al.                                                                                                                                                                                                                                      



Engineering Structures 271 (2022) 114970

13

probably formed due to the contribution from dowel action, see Section 
5.3. The governing crack in the specimen with aramid inlays had a 
flatter inclination (Fig. 15c), with most of the compressive strains 
crossing the crack nearly horizontally since the vertically aligned textile 
reinforcement was activated in tension, bridging the opening crack. In 
the specimens ‘R-Ø08′, ‘A-Ø12-30a’, and ‘A-Ø12-20a’, the governing 
crack did not cross the compression strut due to its close location to the 
load introduction or its flat inclination; thus, the action of a direct strut 
presumably led to the formation of the failure crack in the long span. 
While the influence of the direct strut seems to be significant in the load- 
bearing behaviour of the examined beams with relatively low shear 
slenderness, it is expected that its contribution may decrease for higher 
shear slendernesses (a/d > 3) since it is more likely for the compression 
strut to intersect the governing crack due to its lower inclination, as 
described in [39]. 

5.3. Dowel action 

Besides their primary purpose to guarantee the flexural capacity of 
the concrete beams, the longitudinal steel reinforcing bars contribute to 
the shear transfer across the governing crack by transferring forces 
perpendicular to their axes [47]. Its magnitude essentially depends on 
the vertical displacements of the bars. While there are several experi
mental investigations in the literature examining this phenomenon (e.g. 

[48]), the present study applies the analytical approach proposed by 
Cavagnis et al. [40], which estimates the contribution to the shear 
strength from the flexural deformation of the reinforcing bar, assuming a 
linear elastic behaviour. The deflections are approximated using a third- 
order polynomial based on the surface measurements from DIC in the 
vicinity of the governing shear crack and the branching dowel crack, as 
illustrated in Fig. 16. Differentiating the deflections three times and 
assuming that the GFRP rods in the tension chord adopted the same 
deflection curve as the steel reinforcing bars yields the shear force car
ried by dowel action (Vdow): 

Vdow =
(
ns⋅Es⋅Is + ngf ⋅Egf ⋅Igf

)
⋅
d3δ(x)

dx3

=
12⋅

(
ns⋅Es⋅Is + ngf ⋅Egf ⋅Igf

)

l3
dow

⋅
(

δ1 − δ0 +
ldow

2
⋅
(
δ′

0 + δ′

1

)
)

(8)  

where ns = number, Es = Young’s modulus, and Is = moment of inertia of 
the steel reinforcing bars, respectively; ngf = number, Egf = Young’s 
modulus, and Igf = moment of inertia of the GFRP rods, respectively; δ0,

δ1 = deflections, and δ’
0, δ’

1 = slopes of the reinforcing bar at the dowel 
crack, respectively. 

The deflections and slopes were determined at a distance of half a bar 
diameter from the intersection of the governing shear crack and the 
dowel crack with the longitudinal reinforcing bar, respectively, as 
illustrated in Fig. 16. The resulting shear forces from dowel action are 
summarised in Table 4. While most of the beams displayed moderate 
contributions from dowel action, Specimen ‘T-Ø12′ exhibited a sub
stantial shear force, which might have supported the direct strut, as 
described in Section 5.2.2. 

5.4. Discussion on the validity of the models 

The comparison of the experimentally observed shear capacities 
(Vexp) and the sum of various contributions to the shear transfer across 
the governing crack based on the deformation measurements 

( ∑
Vi =

Vtw + Vag + Vdow
)

exhibits large deviations (see rightmost columns of 
Table 4). While existing literature highlights the possibilities arising 
from refined measurements [39,40], most estimation procedures rely on 
the detailed assessment of the crack pattern and kinematics, which could 
partly only be indirectly obtained in this study, making use of several 
assumptions. The estimations of the aggregate interlock forces were 
close to zero for all specimens with textiles (with and without high- 
strength inlays). Here, the estimation of the crack opening and slip is 
essentially dependent on the location of the crack tip, which was 
determined on manually assessed crack geometries after failure. In the 
reference specimens, where direct measurements of the crack 

Fig. 15. Direction and normalised magnitudes of compressive strains in gov
erning span for Specimens (a) ’R-Ø12′, (b) ’T-Ø12′, and (c) ’A-Ø12-s30b’ (with 
crack pattern denoted as green lines). 

Fig. 16. Deformations of the flexural reinforcement in the vicinity of the dowel 
crack of Specimen ‘A-Ø08-s50′: measurements based on DIC (blue line) and 
third-order polynomial approximation (red line). 
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kinematics were available, the combination of the estimated contribu
tions to the shear transfer across the governing crack agreed better with 
the measured shear capacity. This result emphasises the importance of 
precise measurements and the reliable assessment of the crack geometry 
and kinematics. The activation of the aramid inlays could be directly 
obtained from the surface deformations of the textile and yielded 
reasonable results regarding the increase of shear strength for higher 
transverse reinforcement ratios, and indicated that the brittle material 
behaviour prevents the full exploitation of the tensile capacity. The 
dowel action was estimated based on simple but mechanically sound 
assumptions, which, however, rely on the surface displacements of the 
beam and the crack patterns obtained from visual inspection, whose 
accuracy lies in the range of a few millimetres. The actual deformation of 
the reinforcing bars, which was presumably slightly different, could 
have been assessed more accurately using DFOS measurements along 
the reinforcing bar, as suggested in [49]. The estimations are still useful 
for explaining peculiar results, such as the surprisingly high shear 
strength of Specimen ‘T-Ø12′ without high-strength inlays, which could 
be partially attributed to the dowel action, as discussed in Section 5.3 
and Table 4. The direct strut, which cannot be quantified in the speci
mens with tubular textiles due to the impossibility to measure the con
crete deformations, appears to be the major shear contribution in these 
specimens since the combined contributions of all quantified mecha
nisms merely explains 30–60% of the resistance. 

While the lack of direct measurements of the crack kinematics 
generally hindered the reliable quantitative assessment of the shear 
transfer contributions from the concrete, the meticulous analysis of the 
deformations of the specimens revealed fundamental insights for un
derstanding the load-bearing behaviour, such as the contribution from a 
direct strut, which is highly dependent on the crack pattern and could be 
qualitatively studied using the principal compressive strains obtained 
from DIC. 

6. Conclusions 

The present study investigated the potential of stay-in-place form
works with integrated textile reinforcement to increase the shear ca
pacity of concrete beams with conventional longitudinal steel 
reinforcing bars. Tubular weft-knitted textiles present many possibilities 
for various cross-section geometries when using shaping elements, such 
as cables or bending-active rods. The feasibility of the manufacturing 
procedure and the structural performance were validated in an experi
mental campaign consisting of ten specimens with rectangular cross- 
sections. The reinforcing approach ensured the proper anchorage of 
the shear reinforcement by means of continuous winding around the 
cross-section, in contrast to conventional textile reinforcement, which 
usually requires lap splices and a certain anchorage length. 

Compared to the reference specimens without any shear reinforce
ment, the beams with textiles exhibited a considerably higher shear 
capacity even without the integration of high-strength inlays, whereby 
the failure mode remained brittle. The increase in the transverse rein
forcement ratio led to a fairly linear increase in the failure load. The only 
exception was one specimen without high-strength inlays, which 
exhibited a surprisingly high peak load (+50% compared to the corre
sponding specimen with the same textile configuration but with a lower 
longitudinal reinforcement ratio), even exceeding those of the speci
mens with aramid inlays. The consideration of various contributions to 
the shear transfer across the governing crack revealed that the shear 
capacity is highly dependent on the crack pattern. However, the con
tributions from the concrete to the load-bearing behaviour were difficult 
to assess since the concrete compressive strains and crack kinematics 
could not be directly measured due to the presence of the textile on the 
outer surface of the concrete beam. Therefore, the crack opening and slip 
were determined based on the global deformations of the beam and the 
crack patterns from visual inspection after testing. While the estimations 
of the aggregate interlock forces led to reasonable results for the 

reference specimens (accounting for 50% to 100% of the resisted shear 
force), where the direct measurements of the crack kinematics were 
available, the specimens with textiles (with and without high-strength 
inlays) exhibited contributions close to zero. While it is clear that 
larger crack openings lead to smaller aggregate interlock stresses, the 
results need to be treated with caution due to the dependence of the 
procedure on exact crack measurements. The qualitative consideration 
of the compressive strains over the surface of the beams showed the 
substantial influence of the direct transfer of the compression forces 
from the load introduction to the support, which strongly depends on the 
shape of the governing crack. The dowel action of the longitudinal 
reinforcing bars and the GFRP rods had a minor role for most beams, 
except the specimen without high-strength inlays, where significant 
dowel action could explain the surprisingly high shear strength. 

The strains in the textile could be directly obtained from the DIC and 
DFOS measurements. The low bond shear stresses between textile and 
concrete led to the delamination of the textile with increasing de
formations, causing a spread of strains over a larger area rather than 
being concentrated in the vicinity of the crack. However, it was not 
possible to reach the full tensile capacity of the shear reinforcement 
(utilisations between 40% and 65%) due to the brittle behaviour of the 
aramid inlays and the consequent progressive failure once the first 
roving reached its tensile strength. The beam with the highest amount of 
aramid inlays resisted the shear loading until, eventually, a bending 
failure due to the rupture of the longitudinal steel reinforcing bars at 
large deformations occurred. The combination of a brittle material, i.e. 
epoxy-coated continuous aramid fibres, as shear reinforcement with a 
ductile material, i.e. deformed steel bars, as flexural reinforcement 
proved to be successful in achieving large deformation capacity in this 
specimen. 

The manufacturing procedure and the validation of the structural 
performance in the experimental campaign showed the potential of 
weft-knitted flexible formworks with integrated high-strength inlays, 
which enable a wide spectrum of cross-section types and opportunities 
for material-efficient concrete structures. However, the vertical casting 
position limits the range of feasible spans, which should be addressed in 
further developments of the flexible formwork systems, allowing the 
concrete to be filled from the top face of the cross-section as in con
ventional concrete construction. While the rectangular cross-sections 
presented in this study allowed a detailed consideration of the de
formations, which significantly helped to understand the load-bearing 
behaviour, the resulting relatively low transverse reinforcement ratio 
led to a rather dominant contribution from the concrete to the shear 
transfer capacity across the governing crack when compared to the 
aramid inlays. To improve the understanding of the load-bearing 
behaviour dependent on the deformations of the reinforcement and 
the concrete, comparative investigations using finite element analyses 
may be the subject of future research. Furthermore, thin-walled cross- 
sections using textile reinforcement may lead to further optimisation of 
the material consumption and would likely enable a more reliable 
assessment of the shear strength. 
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