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Abstract. The Digital Fabrication with Concrete (DFC) enables freedom of form. In order to 
fully leverage this freedom, the reinforcement should be rethought, as well. Such an oppor-
tunity is provided by the Robotic Fibre Winding (RFW). This in-situ and on-demand produced 
fibre reinforced polymer reinforcement can provide endless strands, which can be either digi-
tally deposited on concrete (concrete defines the form) or on a frame with subsequent appli-
cation of concrete (reinforcement defines the form), and combined particularly successful with 
the digital shotcrete or Shotcrete 3D Printing (SC3DP). 

The current paper critically analyses the results of the three previously published experi-
mental campaigns with glass fibre wound reinforcement: 1) one set of pull-out and direct ten-
sile tests with various RFW reinforcement types embedded in cast concrete, and 2) two sets 
of four-point bending tests with two different RFW reinforcement types. In all cases the exper-
imental results are re-analysed from the structural engineering point of view, with the special 
consideration of anchorage length required for the full activation of reinforcement. 

On basis of the obtained results it is concluded, that despite theoretically good bond, re-
sulting in required anchorage comparable to this of classical steel bars, many bending tests 
unexpectedly ended in pull-out failure. Hence, the mode of pull-out failure should be carefully 
observed in the upcoming experiments. Likewise, the focus should be put in the future on 
collection of all relevant data required for such detailed investigation of the bonding zone.  

Keywords: GFRP, Testing, Analysis, Anchorage Length 

1. Introduction

The digital fabrication with concrete (DFC) calls for new methods of reinforcement fabrication 
and integration. With digitally controlled concrete deposition tailored to form and function, the 
reinforcement should be able to do likewise. This is enabled by in-situ on-demand fabricated 
Fibre Reinforcement Polymer (FRP) reinforcement as enabled by the dynamic winding process 
[1]. 

The winding process takes place in a purposefully designed Dynamic Winding Machine 
(DWM) able to deliver endless reinforcement strands. The continuous process provides a 
range of reinforcement types depending on the raw material and fabrication parameters, such 
as: 1) mass diameter (tex) of primary yarn; and 2) tex, winding density, and pretension of the 
secondary yarn helically wound around the primary one [1], [2]. Thanks to the in-situ fabrica-
tion, the reinforcement strand can be deposited before the impregnating resin hardens. This 
enables novel construction processes where force-flow guided reinforcement is interacting with 
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concrete to define a unique structural form [3], such as: 1) robotic frame winding with subse-
quent deposition of concrete on reinforcement (reinforcement supports concrete) [4]; 2) wind-
ing on the concrete core with subsequent deposition of concrete cover (concrete supports re-
inforcement) [5], or 3) winding of reinforcement with subsequent embedment in concrete (no 
mutual support between concrete and reinforcement) [6].  

The current paper aims to critically re-analyse available experimental testing results of 
dynamically wound E-Glass Fibre Reinforced Polymer (GFRP) reinforcement, with the special 
consideration of tensile and concrete bond strengths. Their relation is critical from the structural 
engineering point of view, and reflected in the minimum anchorage length required for the full 
activation of reinforcement. This indicator defines the scale of experimental specimens, but 
even more importantly the detailing of structural elements, and therefore sets the boundary 
condition for the freedom of form. Since it is defined by interrelation of the fabrication method 
details, parameters, and quality, the knowledge on mass-produced GFRP reinforcement bars 
is of no relevance here. To this end, direct tensile and pull-out testing [2] is analysed to define 
the anchorage length, while the result of four point bending of reinforced plates [4], [7] and 
principles of inverse analysis [8] are used in order to verify those values in the scale closer to 
the structural. 

2. Direct pull-out testing 

The results of direct tensile and pull-out testing, presented in [2], are re-analysed. A set of 
specimens was prepared and tested according to RILEM recommendations [9], see Figure 1. 
The reinforcement was embedded in cast concrete (Nafufill KM 250, max. aggregate 2 mm) 
cube with an edge length of 200 mm. Using a plastic tube protected with silicone for debonding, 
the bond length was set to lb = 5∙db. The tests were executed under displacement control with 
constant displacement rate of 0.02mm/s.  

Figure 1. Scheme and photograph of testing setup for direct pull-out of reinforcement from concrete 
cube adapted from [2] 

2.1 Theoretical required anchorage length 

The minimum required anchorage length allows for the full activation of reinforcement, i.e., 
achieving the tensile strength of reinforcement before the bond to concrete fails. To this end, 
the bond stress is calculated using the nominal diameter of reinforcement and nominal anchor-
age length for sake of engineering approach, while in [2] the measured diameter was used 
instead. As the concrete strength varied between the pull-out series (see [2]), the concept of 
normalised bond strength is utilised [10] normalising the bond strength for the concrete cube 
compressive strength fc, cube = 56.3MPa, according to the formula: 
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𝜏𝑏 = 𝜏𝑏
′ √𝑓𝑐,𝑐𝑢𝑏𝑒

√𝑓𝑐,𝑐𝑢𝑏𝑒
′

       (1) 

The tensile strength of reinforcement ft is taken directly from [2], and presented together 
with the normalised maximum bond stress τb, max in Table 1. Those values are then used to 
calculate the theoretical anchorage length required to activate the full tensile strength of the 
reinforcement, including the standard deviations obtained in the experimental testing.  

Table 1. Values of tensile strength, maximum bond strength, and theoretical anchorage length to acti-
vate the complete tensile strength based on available results from [2]. 

Reinforcement type ft [MPa] τb, max [MPa] f’c, cube [MPa] lb,rqd [mm] lb,rqd [Φ] 
Commercial A 4 mm 613 ±25.3 13.4 ±2.4 59.3 46.5 ±14.7 11.6 ±3.7 
Commercial A 6 mm 764 ±18.8 11.7 ±0.6 59.3 98.0 ±10.5 16.3 ±1.8 
Commercial A 8 mm 793.1 ±24.8 16.8 ±0.1 59.3 94.4 ±5.0 11.8 ±0.6 
Commercial B 4 mm 851.2 ±87.5 16.2 ±1.9 59.3 52.6 ±16.6 13.2 ±4.1 
DWM 4mm 300 mA 788.1 ±81.8 16.6 ±0.8 56.3 47.3 ±10.2 11.8 ±2.6 
DWM 6mm 300 mA 720.55 ±71.3 18.4 ±3.2 56.3 59.4 ±23.4 9.9 ±3.9 

For comparison, in case of the standard steel hot-rolled reinforcement bars B500B with fy 
= 500MPa and minimum Rm/Re = 1.05, the ultimate tensile strength is equal to ft = 1.05 * 
500MPa = 525MPa [11]. Taking good conditions and diameter below 32 mm, and assuming 
concrete of class C45/55 based on the cube compressive strength of reference material, the 
minimum required anchorage is obtained as 15.3Φ. Of course, the designed anchorage length 
should consider appropriate partial safety factors, resulting in required length of around 28Φ. 
However, for sake of comparison with experimental results, the partial safety factors should 
not be considered. 

This shows that: 1) reinforcement tested here requires similar anchorage length to the 
classical steel reinforcement, and 2) GFRP reinforcement produced with DWM presents similar 
properties to the commercially available prefabricated GFRP one.  

3. Four-point bending testing 

In order to verify the transferability of direct pull-out to the real structural behaviour, two series 
of testing under four-point bending (4P bending) are analysed. The testing procedure was in-
spired by methods applied for fibre reinforced cementitious composites [12], [13], where thin 
and wide plates are loaded in symmetrical four-point bending, see Figure 2. Subsequently, 
using proper modelling and principles of inverse analysis, the obtained force-deflection re-
sponse can be translated to estimate material properties under tension. With certain modifica-
tions, this method can be used also for discrete continuous reinforcement, such are GFRP or 
steel reinforcement bars, as well as for large structural elements [8], [14]. 

3.1 Principles of inverse analysis 

In order to conduct an inverse analysis, a simple spreadsheet-based computational model is 
established. The force-displacement datapoints from experimental testing are imported and 
translated to bending moment-deflection. For each datapoint, a classical formula (2) from elas-
ticity theory is used to calculate the curvature φ based on: deflection δ, distance between sup-
ports L and distance between force application point and support a. Subsequently, the curva-
ture is translated to strain at the bottom εb based on the position of the neutral axis x(n-n), see 
eq. (3). 

δ=φ / 24 (3L2-4a2)     (2) 
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φ=εb / x(n-n)      (3) 

Since the position of neutral axis depends on the force balance in cross-section, it is taken 
at mid-heigh for the first data point, and then on basis of the calculation of neutral axis position 
of a previous datapoint for each subsequent datapoint. This is well-justified, as for the first 
datapoint the concrete is not cracked, and hence the stress distribution is as for a fully elastic 
material in this rectangular cross-section. Subsequently, the shift of the neutral axis position is 
stepwise as concrete cracking progresses, and therefore the calculation error is very small, 
provided that sufficient number of datapoints is taken into analysis. 

Figure 2. a) Four-point bending testing setup and specimen shape for inverse analysis, adapted from 
[8]; b) Testing of sample with fibre wound reinforcement, adapted from [4]. 

In order to calculate the internal stress distribution at each datapoint, a layered model is 
used under assumption of Euler- Bernoulli elastic beam theory and perfect bond. The cross-
section is divided into 100 discrete layers representing concrete, and the additional layer rep-
resenting reinforcement [14]. For a given εb, and respecting the defined constitutive stress-
strain model for concrete and reinforcement, such a x(n-n) is found that the sum of forces is 
equal to zero. Subsequently, the resulting mending moment Mcal is calculated. 

As such, for each datapoint and resulting εb and x(n-n), a Mcal is obtained, reflecting the 
assumed material properties. The resulting deflection, calculated again with formulas (2) and 
(3), is almost identical to measured one, with the discrepancy stemming from the previously 
utilised procedure to translate experimental results to εb; this discrepancy is confirmed to be 
minimal. If needed, the calculation can be re-run, updating the approximations of x(n-n). As such, 
the theoretical bending moment-deflection curve is obtained. 

In the procedure of inverse analysis such material properties are found, that the calculated 
and experimental bending moment-deflection curve are similar. The input material properties 
are then representative for the real as-build material properties, respecting the simplifications 
used in the procedure. This approach is established for fibre-reinforced cementitious materials. 
It was also experimentally confirmed for large elements with discrete reinforcement through 
strain measurement and comparison with the theoretically obtained strain distribution [8]. 

Due to relatively large scatter of obtained results, the inverse analysis is performed simul-
taneously for all specimens from a given testing series, rather than one by one for each spec-
imen. Furthermore, the theoretical [7] or mean [4] thickness of specimens is taken respectively. 
As such, the obtained fitted values should be treated as an approximative one. 

 

a) 

 

b) 
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The above procedure is valid for small deformations, i.e., without formation of plastic hinge 
in the critical crack cross-section of the tested element, as well as for perfect bond of reinforce-
ment. Once those assumptions are no more valid, the modelled curve ceases to follow the 
experimental one. As the GFRP exhibits no plastic deformation, the formation of plastic hinge 
could result only from crushing of concrete, which can be verified during the inverse analysis. 
Therefore, the divergence of theoretical and experimental curves will most certainly indicate 
the onset of pull-out failure, and as such will be used to verify whether the previously calculated 
required anchorage length holds in the tested specimens. 

In the same time, the calculated reinforcement stress could not be used to estimate the 
bond stress, as to this end the location of critical crack defining the anchorage length should 
be precisely measured. This information is not included in the databases. 

3.2 Material models and properties 

In all experimental campaigns the same cementitious material was used, Nafufill KM 250, with 
maximum aggregate size 2mm. The producer declares 28 days compressive modulus of elas-
ticity Ec, cast = 22.6 GPa and Ec, spray = 26.0 GPa, while the compressive strength fc, cast = 55 MPa 
and fc, spray = 68.1 MPa, respectively for cast and for sprayed material application process [15]. 
Own previous research consistently shown however the mean compressive strength around 
fc, spray = 80MPa, and this value is used for sprayed concrete, while per proportionality value fc, 

cast = 65MPa is used for cast concrete, due to lack of assisting material testing specimens. 
There is no information available regarding the direct tensile material properties, and they are 
fitted based on the experimental results within realistic range. 

For cementitious material in compression, a bi-linear perfectly elastic-perfectly plastic ma-
terial model was taken. The end of plastic plateau is assumed at εcu3 = 1.2 εc3, where the latter 
is the end of elastic state as defined by fc and Ec; a similar ratio is expected in material of such 
compressive strength [11]. For cementitious material in tension, a perfectly elastic-softening 
model was taken, despite the fact that similar materials are better characterised by a bi-linear 
softening behaviour [16]. For sake of simplification, the third branch was disregarded, with the 
second branch ending at the inflection point, i.e. at point fct,soft, εct, soft. Due to lack of reliable 
information on the used material, realistic values were fitted on basis of experiments. They 
were supported by the results of 3 point bending testing of the accompanying 7 x 7 x 28 cm3 
specimens available with one of datasets presented here [7], consistently showing the ultimate 
tensile strength fct in the range of around 3.5 MPa; they are not discussed here for sake of 
brevity. No information regarding the descending branch is available, however due to presence 
of synthetic fibres it is expected that the fracture energy is relatively large. 

For GFRP, a linear perfectly elastic model is adopted until tensile failure, representing well 
the behaviour of this material in direct tension. Both material properties, i.e., modulus of elas-
ticity EGFRP and tensile strength fGFRP are fitted in the inverse analysis procedure. 

3.3 Influence of transverse reinforcement and material deposition 
method 

The first dataset is for frame-winding reinforcement with two layouts of transverse reinforce-
ment, and with two concrete application methods: cast concrete and digitally sprayed concrete 
using Shotcrete 3D Printing (SC3DP) [7]. After deposition of the first layer of concrete, the 
frame with wound reinforcement is placed directly on the fresh concrete, and subsequently the 
remaining concrete applied. After hardening, the top surface is CNC-milled, and an element 
cut into six identical plates. For each combination of transverse reinforcement and concrete 
application, six plates were tested under span L=300 mm, each one with dimensions: length = 
400 mm x b = 150 mm x h = 55 mm, with reinforcement depth of 11 mm, see Figure 3.  
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The 19200 tex e-glass direct roving is used as primary fibre strand resulting in the rein-
forcement diameter of approx. 4 mm. The secondary fibre EC-9 136 X3 S135 is wound helically 
with a pitch of 7 mm and pre-tensioned by a hysteresis break set to 150 mA, resulting in a 
resistance torque of approx. 24 N/mm. A Carboplast resin L 285 and hardener H 286 epoxy 
resin is used. This reinforcement can be compared to previously discussed ‘DWM 4mm 300 
mA’ reinforcement due to the same primary strand, but with smaller hysteresis break (150 mA 
vs 300 mA) and a larger secondary yarn pitch (7 mm vs 4 mm). In all cases five longitudinal 
strands were present in each specimen, while the number and distribution of the transverse 
strands varied, see Figure 3. 

Figure 3. Two layouts of transverse reinforcement in fabricated elements; from each six identical 
specimens were extracted and tested; adapted from [7]. 

Table 2. Fitted material properties for specimens with variable transverse reinforcement. 

Test series fc,t [Mpa] fsoftening [Mpa] fGFRP [Mpa] EGFRP [Gpa] 
Cast, Reinforcement A 2.3 1.2 550 41 

Cast, Reinforcement B 2.3 1.2 550 40 

SC3DP, Reinforcement A 2.3 1.2 720 35 

SC3DP, Reinforcement B 2.3 1.2 850 38 
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Figure 4. Experimental and fitted bending moment - deflection curves for specimens with variable 
transverse reinforcement, with calculated stress in reinforcement; bending moment - deflection curves 

measured (gray) and fitted (red) and calculated reinforcement stress (black dashed). 

The fitted material properties are presented in Table 2, while the fitted curves are pre-
sented in Figure 4. The range of y-axis for stress in reinforcement was proportionally aligned 
to the obtained bending moment-deflection curve, i.e., the achieved stress for a given bending 
moment can be directly taken from the figure.  

It is clear that in any case a relatively large scatter was achieved. For example, for cast 
specimens with reinforcement type A, one of specimens failed under bending moment of 
around 1.1 kNm resulting in stress in reinforcement of around 400 MPa, while for other speci-
men the failure occurred at around 1.5 kNm, hence stress of around 550 MPa. This can be 
observed for all testing series. No clear difference was exhibited for two arrangements of the 
transverse reinforcement.  

The cast specimens are coherently weaker than the sprayed specimens, proving the im-
portance of well controlled cementitious material deposition, as well as difference in hardened 
properties depending on the deposition method. In case of some of the sprayed specimens, 
the model exhibited failure of concrete in compression. In reality, it could be either this mode 
of failure, or failure of reinforcement in tension, as the achieved stress is close to the lower 
bound of direct tensile results and both modes lead to sudden collapse. The dataset does not 
contain any observations which could indicate the mode of failure.  

On basis of previously mentioned similarities to ‘DWM 4mm 300 mA’ (compare Table 1) it 
can be stated that most of the achieved results are well below the true tensile strength, and 
the premature failure in all cases stems from weaker bond, probably due to the lower hysteresis 
break and larger pitch. It would also indicate that the specimen cross-section was in fact over-
reinforced, but failing in tension due to somewhat weaker tensile bond. 
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3.4 Built-in vs reference specimens 

Another dataset [4] investigated fibre winding supporting shotcrete. In order to improve the 
concrete deposition process, a glass fibre fleece tape was automatically deposited with the 
last layer of GFRP reinforcement. It formed a thin, complex-curved surface onto which con-
crete was sprayed. After the exposition of the demonstrator, in total twelve plates were sawn-
cut from it: six from the lower and six from the upper part of the executed structure, to investi-
gate the influence of respectively inclined and almost horizontal surface orientation during con-
crete deposition. Subsequently, at thin concrete layer was sprayed on the surface of exposed 
reinforcement at the back surface of the demonstrator. 

Additionally, reference reinforced specimens with and without the fleece tape were pre-
pared, four of each type, to investigate its influence on the bond. They were prepared similarly 
to the ones described before, i.e., the layer of concrete was sprayed, subsequently the rein-
forcement installed, and the SC3DP continued until the full height was achieved. 

In this case thinner, 9600 tex e-glass fibre roving was chosen, resulting in 3 mm diameter. 
That thin fibre rowing was not tested in the previously mentioned experiments. The secondary 
helical fibre was the same as previously, i.e., EC-9 136 X3 S135 with pitch 7mm. All plates had 
dimension 300 mm x 120 mm, thickness around 40mm (see [4]), and testing span of 255 mm. 
The results are presented in Table 3 and Figure 5. 

Again, large scatter in each series can be noticed. Importantly, due to different geometry 
of the specimens, a similar bending moment is achieved for reference and demonstrator spec-
imens, while the achieved reinforcement stress in reference specimens is higher. Likewise, 
despite apparently less stiff response of the reference specimens, the fitted EGFRP are higher 
for reference series than for the demonstrator, reflecting potentially better bond mechanism in 
reference specimens, as well as a slight slip due to the presence of the tape. 

The fitted fGFRP is quite smaller in the demonstrator than in the reference specimens indi-
cating lower bond strength, probably as the concrete was first applied only from one side of 
the reinforcement, and only later applied from the other. Thus, it did not penetrate and embed-
ded the reinforcement and the fleece tape. Furthermore, a delamination of the old and new 
concrete at the level of the fleece tape could have been observed towards the end of the 
specimen testing, as visible towards the left support on the Figure 2 b). 

Interestingly, the fc,t fitted for reference specimens was significantly lower than for other 
specimens, which cannot be explained on basis of the available data. 

Table 3. Fitted material properties for specimens from demonstrator and assisting ones. 

Test series fc,t [Mpa] fsoftening 
[Mpa] 

fGFRP 
[Mpa] EGFRP [Gpa] 

Demonstrator, 
Bottom 

2.3 1.2 570 18 

Demonstrator, 
Top 

2.3 1.2 530 16 

Reference, w. 
tape 

1.8 0.5 700 20 

Reference, w/o 
tape 

1.8 1.2 780 24 
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Figure 5. Experimental and fitted bending moment - deflection curves for specimens from demonstra-
tor and assisting ones, with calculated stress in reinforcement; bending moment - deflection curves 

measured (gray) and fitted (red), and calculated reinforcement stress (dashed black). 

4. Discussion 

As presented in the above experimental research, the understanding of structural behaviour 
of in-situ fabricated GFRP reinforcement is crucial, and non-trivial. It stems from the number 
of parameters influencing the required anchorage length, and is conjoint with the quality of 
resin penetration, as discussed already in [2]. Furthermore, multiple modes of bond failure can 
be expected, including the failure of the secondary yarn of the reinforcement through rupture 
or debonding from the primary yarn. As such, further investigation of those parameters is cru-
cial to indicate the best set of fabrication parameters resulting in the optimised design of the 
reinforcement strand. Such an optimised strand can be later implemented in the reinforced 
concrete element with foreseeable structural properties.  

The used concrete material and deposition method is of critical importance, as well. Fur-
thermore, to correctly analyse the obtained testing data, the accompanying specimens are 
required, providing information on its compressive and tensile properties. This requires inter-
disciplinarity encompassing material, structural, and civil engineers collaborating with the ar-
chitects, as well as meticulous planning and execution. Last but not least, the design of spec-
imens needs to be carefully considered to reflect the intended application method.  

As demonstrated, on basis of the pull-out testing it can be stated that the anchorage length 
of around 60 mm is sufficient to activate the full tensile strength of 4 mm reinforcement even 
in cast concrete. However, when the similar reinforcement was tested under bending in the 
section 3.3 it failed largely below its tensile strength through pull-out, indicating too short an-
chorage length, although it was longer than theoretically required 60 mm. The above demon-
strates the complexity which comes with the freedom of fabrication. 
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5. Conclusions 

This paper discusses performance of wound GFRP reinforcement from perspective of the re-
quired anchorage length on basis of available datasets, i.e., one dataset presenting the direct 
pull-out testing from unconfined concrete cube, and two datasets presenting four-point bending 
of reinforced concrete plates. Those datasets where not analysed before up to this level of 
detail. On this basis, the following remarks can be drawn: 

 Under favourable conditions, and with appropriate reinforcement fabrication settings (hys-
teresis break, secondary yarn pitch), the in-situ wound reinforcement can have similar re-
quired anchorage length as classical steel reinforcement bars. 

 The analysis of reinforced concrete plates proven, that the reinforcement fails through pull-
out, despite anchorage much longer than theoretically required; additional research is 
needed to indicate the reasons for that 

 When the same cementitious material is applied in two manners (cast vs sprayed), the re-
sulting bond with the identical reinforcement can be radically different. 

All the above demonstrates, that while the digital fabrication enables freedom, it causes 
multiple parameters to interact. Thus, carefully planned, holistic, and interdisciplinary research 
is required to further advance the knowledge, and clearly identify which parameters or details 
need be corrected for successful implementation of digital methods into practice. 
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