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CHARACTERIZATION AND ANALYSIS OF FILLED KNITTED FABRIC

FORMWORKS FOR ADVANCED MANUFACTURING OF COMPOSITE STRUCTURES

Diddyer Barajast, Eduardo Pereira?, Vitor Cunha®, Filipa Monteiro®*, Luclécia Silva®, Andrea Zille®

ABSTRACT: An alternative construction methodology has been raising interest, consisting of employing fabrics
as formworks. The implementation of flexible formworks allows the production of highly optimized organic
structures, avoiding the use of unnecessary materials and consequently reducing construction loads, costs and
waste. This study aims to integrate the experimental characterization of the mechanical behaviour of the knitted
textiles used as formworks, the mechanical and deformational behaviour of the formworks while being filled with
fresh mortar, and the numerical simulation of the multi-step process leading to the final structure. The integration
of these different processes is essential for a sound design of this composite system as a construction strategy. To

this end, this investigation identified several aspects, related to either experimental or computational mechanics
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that are relevant to the topic and should be further investigated, with the aim of a future integrated material and

structural design approach.
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large deformations; Textile formwork
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1. INTRODUCTION

According to the Textile Institute, technical textiles are those used for their technical and performance
properties rather than for their appearance or decorative features [1]. Depending on the material and manufacturing
method, technical textiles can offer a wide range of physical, thermal and mechanical properties, e.g., lightness,
high stiffness, corrosion resistance, fatigue resistance, insulation, conductivity and filtration [1-3]. For this reason,
technical textiles are increasingly used for the manufacture of advanced structures in the automotive, aerospace,
maritime, medical products and construction industries [2, 3].

The main methods of textile manufacturing are weaving, knitting, braiding and non-woven. Each of these
methods has advantages that fit different fields of application [4, 5]. Woven fabrics are used in high-performance
applications because the arrangement of the fibres gives them high strength and stiffness that prevents the growth
of damage and deformation [1, 3, 6-8]. Braided fabrics are better adapted to the realization of large slender
structures and intricate formworks, using mandrels in the manufacture, hence, this technique is optimal for the
development of aerospace components [3, 5, 9-11]. Knitted fabrics allow the elaboration of elastic complex
formworks in a single piece, minimizing the waste of material during production. In addition, they have a
significant energy absorption capacity and can maintain a large portion of the initial resistance after damage [12—
15]. Non-woven fabrics are made from the union of intermingled fibres, which makes their production fast and
economical. This gives them enormous versatility, however, their mechanical properties are diminished compared
to other types of textiles [1, 16].

In the construction industry, technical textiles have mainly been implemented to produce geotextiles with
greater resistance to severe temperatures or climatic conditions, making them excellent for soil reinforcement [2,
17]. Likewise, some studies have focused on the use of technical textiles as reinforcement in concrete composite
structures, where this type of light reinforcement can be manufactured to conveniently adapt to the direction of
loads, while providing the structure with greater strength and stiffness [18-21]. Another application of technical
textiles that is being studied consists of their implementation as flexible formworks, in which concrete is poured
to create organic structures [17]. This construction method fetches a series of advantages at a structural,
constructive, architectural, sustainability, and cost level that makes it very attractive. This encourages the study
and development of tools to overcome the difficulties of its application in novel high-end industrial applications
[22].

Some of the current main challenges for the commercial use of this construction method are : i) current

numerical tools have not been sufficiently developed for the prediction of the behaviour of this type of structures;
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ii) there is still no standardized methodology for the characterization of technical textiles in the construction
industry; iii) the application of a form-finding procedure to predict the initial shape of the fabric formwork to reach
the required shape when filled with cementitious mixture; iv) after obtaining the initial shape of the formwork, the
patterns for cutting the fabric must be defined in order to reduce seams as much as possible. Consequently, there
is the need for a comprehensive investigation to make fabric formwork a competitive construction technique with
commercial applications based on robust experimental data [23].

This study recognizes the potential of knitted fabrics and represents a first contribution in a series of studies
needed to support the development of a comprehensive methodology for implementing knitted textiles as
formworks in the construction of structures with complex geometries. It addresses the challenges previously
identified and contributes to the understanding of the behaviour of this type of structures, while identifying the
topics that require further investigation. For this, the experimental development of mortar casting in a rectangular
fabric formwork is proposed as a case study. This process was analysed and measured using non-contact
approaches and later compared to the results obtained from numerical simulations using finite element method
(FEM). The tools and techniques required for the development and analysis of such structures are investigated
and discussed in this work, with a view on future optimization of the form-finding process and the required
experimental characterization of the components.

The results of this study are significant for the integration of various processes involved in developing
structures using knitted fabric formworks as a constructive methodology. Currently, the literature lacks studies
that comprehensively address case studies involving: the mechanical characterization of the textile material of the
formwork, ii) the implementation of computational strategies for predicting the behaviour of fabric formworks
when they are precast with mortar, iii) the development of experimental tests to characterize the components of
the system and iv) a methodology for comparing the experimental results and the predicted ones. This study fills
that gap by providing a detailed investigation involving all these aspects necessary for the development of a
standardized methodology. The results obtained provide insights into the shortcomings and areas for improvement

in each of these processes.

2. EXPERIMENTAL STUDY OF A FABRIC FORMWORK

2.1. Casting of the fabric formwork
A rectangular fabric formwork 0.15 m wide and 1 m long was employed to investigate its behavior and free
deformation process during mortar pouring. To fabricate this formwork, a weft-knitted fabric was first created

with an electronic rectilinear loom using a textured polyester thread to form a locked mesh stitch with a density of
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12 courses/cm by 9 wales/cm (see Figure 1a). This variation of the knitted manufacture technique was chosen in
order to avoid excesive leakage of the mortar and also provide greater stiffness, due to its double bed stitch pattern.

Figure 1b depicts the knitting diagram, from bottom to top, the first row in red represents a plain knit
structure created by the front needlebed of the knitting machine, advancing from left to right. During the return
pass, the same type of structure is formed by the back needlebed, indicated by the green colour. These two
structures, which were previously separated, are locked together through a double jersey loop, represented in
yellow. Subsequently, this process is cyclically repeated according to the code illustrated in the Figure 1b. Then,
the knitted fabric was sewn together along its bottom and lateral borders, in a running stitch using the same thread,
forming the final formwork shape.

The experimental set-up involved suspending the fabric formwork by its upper edge, which was left open
for mortar pouring, as depicted in Figure 2. Then, a self-compacting mortar mixture with an approximate density
of 1940 kg/m3 was poured into the fabric formwork manually at an average rate of about 0.9 L/min, gradually and
carefully, so that the load increased slowly and the formwork had time to adapt, without compromising the fresh
state of the mortar. The entire process lasted 8 minutes, by which time the concrete had reached a height of 80 cm
inside the fabric formwork.

To enhance the workability of the mortar, the superplasticizer Sika 3005 was incorporated as a chemical
admixture. The specific proportions of the mixture are presented in Table 1. Additionally, a measuring tape was
placed next to the fabric formwork to allow the visual assessment of the scale and the deformations during the
experiment.

Progressive deformations were observed in the knitted fabric formwork as mortar was poured into it. These
deformations arise mostly from the accommodation of fibres composing the internal structure of the material. Such
mechanisms confer a high energy absorption capacity to this type of textile, without compromising the material's
integrity [24]. Moreover, the incorporation of the locked mesh (double-bed) stitch technique in the fabric
significantly enhanced its strength, as demonstrated by the experiment, in which no yielding or failure was
observed at any point of the fabric formwork.

2.2. Analysis of surface deformations using particle tracking

The whole experiment was recorded with photographs taken at 5-second intervals by a high-resolution
digital camera with a 36 Mpix full frame sized Complementary Metal-oxide-semiconductor sensor (CMOS 35.9
X 24 mm) and an objective lens with a focal length of 35 mm, to monitor the behaviour and deformations of the

fabric formwork using digital image analysis (particle tracking). Compared to traditional measurement techniques,
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this methodology has the possibility of capturing deformations in any direction on the surface of the fabric
formwork. This is a great advantage, considering that the test is performed for the first time and its configuration
allows the free deformation of the fabric formwork.

To start processing the results, the collected images were analysed and prepared using the open-source
software for scientific image analysis called ImageJ [25]. The following steps were performed: i) changing the
images to an 8-bit grayscale; ii) cropping images; iii) inverting the colours; iv) modifying the brightness and
contrast. Thus, it was possible to reduce the size of the image sequence, focus attention on the fabric formwork
and highlight points of interest in the experimental casting.

Then, the reference scale of the images was calibrated and set using the scale arranged next to the fabric
formwork. The resulting image sequence was then processed using the TrackMate plugin in Fiji software [26].
Particle tracking analysis was performed on two regions of interest (Rol) of the formwork. Rol 1 is located closer
to the support and Rol2 focused on the free end of the formwork. Both areas delimited by yellow rectangles are
illustrated in Figure 3.

Limiting the area of analysis to specific regions rather than the entire image can be very beneficial in testing
and determining the correct parameters to track the particles of interest. Afterwards, with each of the Rols, the
follow-up analysis was done separately: i) the simple Laplacian Gaussian filter was defined for both Rol 1 and
Rol 2, ii) then, a segmentation process was performed, followed by a filtering of the unwanted points based on the
quality threshold parameter. iii) finally, the simple Linear Assignment Problem (LAP) tracker was used to join
points between subsequent images. In this way, the most representative tracks that describe the entire experimental
test were obtained. The recognized trajectories were very few due to the variation of lighting and sudden

movements, but they contain the necessary information to carry out comparative analysis with numerical models.

2.3. Surface deformations

A suitable examination on the selected tracks was performed to ensure that it always recognized the same
point throughout all images, as during sudden movements of the formwork, the track was sometimes recognizing
a closer point, instead of the original one. Figure 3b shows the tracks obtained for Rol 1, designated as R1a, and
R1b and Figure 3c shows the tracks for Rol 2, called R2a and R2b. Also, some movement peaks in the transverse
direction (perpendicular to gravity direction) of the formwork can be observed, which show the undesired effect
of the movements occurring during the experiment caused by the mortar mass while filling in the formwork.

The tracks present a similar pattern in their behaviour, however the deformation in the longitudinal direction

(along gravity direction) of the formwork is larger in the Rol 2 tracks compared to the Rol 1 tracks. This is because
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the Rol 2 tracks are in the free end of the formwork, where there is the possibility of a greater freedom of
deformation, while the tracks of Rol 1 are closer to the fixed end of the formwork at the top. On the other hand,
the transverse deformation in the upper tracks (R1a and R1b) begins to increase as the height of the mortar
approaches its location, which reflects a good correlation between the results obtained and the experimental test.
Relevant information regarding each track is summarized in Table 2, where the total number of points
identified are presented, as well as the location of the starting point of each track with respect to the relative
coordinate system (Figure 3a), and finally the total displacement in the longitudinal direction (u.) and in the

transverse direction (ur).

3. KNITTED FABRIC - CONSTITUTIVE MODEL AND CHARACTERIZATION

3.1. Constitutive model

As mentioned in section 2.1, weft knitting technique was used to manufacture the fabric formwork with a
textured polyester thread. This thread suits well the requirements of this research and the intention to conduct
initial tests with readily available materials and study the behaviour of membrane-type elements of knitted textiles.

Based on the literature, knitted textiles are very heterogeneous structures and can be represented by means
of a linear elastic orthotropic model with in-plane stresses, making following two assumptions: i) the way in which
the textile is made results in a uniform structure in two orthogonal directions, where its mechanical properties
retain the same symmetry of the geometry of the structure; ii) when out of the plane loads are applied, the textile
material presents low deformations and the stresses along the thickness are negligible [27].

3.2. Experimental characterization

The elastic properties of the textile were characterized by performing tensile tests on specimens oriented in
each of the main directions of the textile structure, according to the warp and weft directions (Figure 4). Five
samples were taken from an excess portion of the fabric formwork, three in the transverse direction designated as
Al, A2 and A3 and two in the longitudinal direction designated as B1 and B2.

The procedures for carrying out tensile tests on textiles are proposed by ASTM D2594M-21 [28] or ISO
13934-1:2013 [29]. Nonetheless, these standards are not developed for the particular characterization of knitted
fabrics and are mainly focused on the characterization of fabrics in the field of the textile industry. Consequently,
the test set-up and procedures were adapted, and the proposed dimensions for the specimens and some
configurations for the test installation were taken as reference from [28, 29].

The test set-up, as shown in Figure 5, was composed of two steel grips, one fixed at the bottom and the

other attached at the top to a hydraulic actuator, with a load capacity of 50 kN. As shown in Figure 4, rectangular
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aluminium plates were glued at the edges of each side of the specimens using a cyanoacrylate adhesive, to
guarantee a better fixation of the specimens inside the clamps used to grab the specimens at each edge, and thus
avoid their slippage during the test.

The ISO 13934-1 standard specifies a procedure to characterize textile fabrics using a strip method, which
includes the use of at least 5 test specimens in both transverse and longitudinal directions, with specific dimensions
of 50 mm +/- 5 mm width and 200 mm gauge length. However, due to limited availability of materials, it was not
possible to meet the recommended number of test specimens in this study. Nonetheless, to ensure compliance with
the standard and maintain accurate reporting, the dimensions of each test specimen utilized have been documented
in Table 3. On the other hand, due to the variability of the surface of knitted fabrics, the thickness was defined as
the average of 12 measurements made with a pachymeter at different sections of the excess fabric. An average
value of 1.83 mm was obtained, with a coefficient of variation of 4.13%.

Once the setting up of the specimen in the clamps was concluded, each specimen was subjected to a cyclic
loading test. Three loading and unloading cycles were imposed to the specimen at a displacement rate of 2 mm/s.
This test procedure was aimed at determining the variation of the axial deformability resulting from the
rearrangement of the fibres in the textile structure.

3.2.1. Tensile behaviour

Figure 6 depicts the stress vs. strain responses (o - €) obtained from the cyclical tests. The o - € curves
corresponding to specimens Al, A2, A3 and B2 show a somewhat similar behaviour, where the completion of the
cycles resulted in an increase of the specimens’ axial stiffness, due to the readjustment of the fibres within the
textile structure. Specimen B1 reached failure during the loading stage of the first cycle, since in this direction the
textile shows greater stiffness, and the range of deformation was not duly reduced after executing the tests of
specimens Al, A2 and A3. This procedural error was corrected for specimen B2, for which it was possible to
obtain results for the characterization of the longitudinal direction of the textile

The tangent stiffness was calculated in order to describe the tensile behaviours as a representative measure
of the axial deformability at each loading cycle of each specimen. For this estimation it was assumed that the stress
level in the formwork lied between 50% to 75% of the maximum stress reached in each cyclic test, and because it
effectively captures a significant part of the material's behaviour. The tangent stiffness obtained at the first loading
cycle of each specimen will be subsequently adopted as the elasticity modulus in a linear elastic numerical

simulation. This assumption is considered to approximate reasonably well the formwork filling test, since in this
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case the fabric formwork was loaded for the first time. Consequently, the average tangent stiffnesses obtained in
each direction, as presented in Table 4, were used for the following analyses.

Throughout the cyclic tests, careful observation of the jaws securing each sample revealed no signs of
slippage. This finding was supported by a detailed analysis of stress vs. strain graphs, which exhibited no anomalies
that would suggest slippage had occurred. Additionally, a thorough inspection of the aluminium plates placed at

the ends of each specimen, following each cyclic test, revealed no evidence of slippage of any kind.

3.2.2. Poisson’s ratio

Poisson's ratio is a property of great importance in the characterization of a material since it relates
longitudinal with transverse deformations and describes the relation between other material elastic properties, such
as the modulus of elasticity and the shear modulus. Different mathematical models and experimental procedures
are established in the literature to determine the value of this parameter. However, the Poisson's ratio in this class
of materials depends on different variables, such as the structure of the fabric, the properties of the fibre used, the
magnitude of the applied load and the direction of application [30].

Due to the equipment available and the ease of execution, some specimens were monitored in order to better
understand the multiaxial behaviour of the tested textiles. During the uniaxial tensile tests, a high-resolution
camera with a 36 Mpix full frame sized CMOS sensor (35,9 x 24 mm) and an objective lens with a focal length of
70 mm, was used to capture images from the surface of the specimens at every 10 seconds. These images were
subsequently used to produce the deformation fields at the surface of the specimens, by adopting the digital image
correlation (DIC) technique. This methodology was implemented with specimens A2, A3 and B2, and with the
results obtained it was possible to estimate the Poisson's ratio in both directions. Once the images were collected,
these were processed using the GOM correlate software [31], which is widely used to analyse 2D and 3D
deformations in materials.

The procedure executed in the software to analyse the strains of each specimen consisted in the creation of
a surface in the centre of the sample, far from the region of influence of the grips and the curls on the textile edges
(Figure 7). The surface component was created by implementing a facet size of 25 pixels with a point distance of
20 pixels. Regarding the calculation parameters, a bicubic subpixel interpolation was implemented to guarantee a
more precise computation. Next, two orthogonal virtual clip gages were created for measuring the longitudinal
and transverse elongations at the centre part of the specimen and throughout the first cycle of the uniaxial test, as

illustrated in Figure 7. In addition to the strains, the surface component could also be used to observe the
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longitudinal displacements field, identified by a colour scale on the right side, with the respective histogram of the
number of points or facets identified in each displacement range.

Figure 8 shows the relationship between the strain in the transverse direction (Y strain) and the strain in the
longitudinal direction (X strain) for each of the specimens analysed. The variable slope in this graph represents
the Poisson's ratio, which tends to decrease as the specimens deform.

For the purpose of performing the numerical simulations of the formwork filling test conducted, the value
of the Poisson's ratio implemented for the subsequent analysis was the one corresponding to the same range of
stresses (between 50% to 75% of the maximum tensile stress) previously considered for the elasticity modulus.
Therefore, for the transverse direction of the knitted textile, the test results of A2 and A3 were used and averaged,
while for the longitudinal direction the test results of sample B2 were adopted. Table 4 summarizes the material
properties obtained and used for the following analysis.

3.2.3. Shear modulus

Due to the behaviour of textile materials, special methodologies have been developed to determine the shear
modulus [7, 32]. These procedures can require a significant amount of time and effort as well as the use of
specialized laboratory equipment. Therefore, as a first approximation, it will be assumed that the shear modulus is
negligible based on the a priori behaviour of the material and considering that a rigorous characterization of the
material is outside the scope of this study. Finally, Table 4 presents the initial mechanical properties that will be

adopted in the numerical models.

4. NUMERICAL SIMULATION OF THE FILLING PROCESS

4.1. Preliminary analysis of a flat membrane

The methodology followed in this study focused first on finding the most adequate process to establish the
parameters, material properties, meshing method, definition of loads and finite element (FE) analysis procedures
for simulating a flexible membrane. In order to simplify the problem in a first stage, before proceeding to the more
complex geometry of the case study, a membrane with flat square geometry was considered. Therefore, a flat
membrane with a regular simple geometry and the size of 1 m by 1 m was analysed under the framework of FEM
using the software Abaqus [33]. Quadrilateral 4-node elements, designated in Abaqus as M3D4, with full
integration scheme, were assigned to the mesh. A regular structured mesh with the size of 0.05 m was created, in
order to have a moderately refined mesh. Regarding the boundary conditions, simple supports restraining the
translational displacements along X, Y and Z axis were assigned along the four edges of the membrane (Figure 9).

Additionally, a uniformly distributed load of 15.2 kPa perpendicular to the membrane surface was progressively
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applied. This load is equivalent to the maximum hydrostatic pressure exerted by the mortar during casting in the
experimental test, assuming that it has a specific density of 1940 kg/m3. The mechanical properties adopted for
the membrane were those presented in Table 4.

As the phenomenon to be simulated shows a quasi-static behaviour, in which the inertial forces may be
neglected, it can be both analysed using the "Dynamic Implicit" or "Dynamic Explicit" procedures of Abaqus.
Consequently, a comparative analysis was carried out between these two procedures to determine which one
achieved a better approximation of the behaviour with the lowest computational cost. From this preliminary study,
convergence problems were found with both alternatives.

According to the literature, this issue could be associated with a lack of pre-tension in the membrane prior
to the out-of-plane loading. It could also be associated to the absence of shear stiffness, since the shear modulus
was prescribed as zero. The first hypothesis was tested by applying a small pre-tension to the membrane, by
imposing an initial displacement at the supports of the membrane causing its pretension. However, the convergence
problem still remained. In order to verify the second hypothesis, an approximation of the shear modulus was
computed in a simplified way according to Eq. (1), by considering that the membrane is isotropic and using the
elasticity moduli obtained experimentally. Although this calculation is not appropriate for an orthotropic material,

it was adopted as an estimate to assess the influence of this parameter on the stability of the numerical modelling.

EKZUE

G=—"2 _
2(1 +v(l17€)

(Y]
The value of the shear modulus (G) was approximately 14 MPa, using for its calculation the average of the
modulus of elasticity (Eave) and Poisson's ratios (vave) presented in Table 4. When this parameter was modified, it

was possible to obtain convergence without any type of warning, both in the implicit and the explicit procedure.

4.2. Numerical modelling of the fabric formwork

This model consists of a tubular fabric formwork with dimensions of 0.15 m wide by 1 m high, closely
resembling the fabric formwork of the experimental case study. The formwork was suspended from the top with
simple supports and the mortar cast process was simulated by a hydrostatic load that increased progressively until
reaching a maximum height of 80 cm (Figure 10). This height was defined based upon experimental measurements.
4.2.1. Analysis using the dynamic implicit procedure

Based on the implicit procedure, a model was created using a regular quadrilateral mesh of elements M3D4
with 0.02 m and with full integration. Simple supports were assigned to the fabric formwork on the upper edges
and a hydrostatic pressure perpendicular to the inner face of the walls was imposed as a load. As the analysis

should be quasi-static, the load was applied progressively with a small amplitude variation. However, when trying
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to run the model a high computational cost has resulted, and a high number of warnings related to negative
eigenvalues was found. This class of problem is common while using the standard solver and the implicit procedure
when large deformations occur, this is well documented in the literature [34]. The solution typically proposed
consists on using the explicit procedure to overcome these problems, since it presents a better computational

performance when working with complex geometries and large deformations.

4.2.2. Analysis using the dynamic explicit procedure

The explicit procedure uses a time integration methodology that allows it to perform a large number of
small time increments with reduced computational cost compared to the direct time integration method used by
the Implicit procedure [34]. However, in the explicit solver there is no possibility to define a predefined hydrostatic
pressure, unlike with the implicit solver. Therefore, in order to model a load of this type, it was necessary to
program a routine that simulated the application of a variable hydrostatic pressure exerted by the rising level of
the mortar on the fabric formwork during filling. The routine was implemented in Fortran language and was
corroborated using a discrete model to compare both results.

Both the continuous FE model (CM) and the discrete FE model (DM) had the same geometry, mesh
refinement and support conditions as the ones used in the Implicit procedure. For the CM model the Fortran routine
was implemented according to a smooth function proposed in the Abaqus manual [35]. This function was designed
to achieve a smooth transition between two successive values of the amplitude of a variable in a given time span.
In this case, it was used to progressively increase the height of the fresh mortar, acting as the amplitude of the
hydrostatic pressure exerted on the formwork over time. Therefore, the filling process of the fabric formwork was
simulated with a controlled variation of the load, which is an explicit requirement for the quasi-static simulation.

The smooth function given by Egs. (2) y (3) may be represented as follows:

_fA+ (A, = 4)E(10 — 158 + 687)  forty <t <ty 9

0 = A fort =t @
t—t

£ Lign — L G

Where a is the function that defines the variation of the amplitude and tjand ti+; are two consecutive values
that define the time span in which the amplitude changes between the corresponding values A; and Ai+1.

On the other hand, in the DM model the formwork was subdivided into approximately thirty equal parts on
which a uniform pressure was applied, with a magnitude equivalent to the average hydrostatic pressure

corresponding to the average height of the subdivision. Finally, both models were observed to generate similar
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results in terms of stresses and deformations, without any convergence problem, evidencing the correct functioning
of the programming that simulates the load.

Subsequently, the results obtained from the CM numerical model were compared with the results obtained
in the experimental mortar casting of the textile formwork. In general, it was observed that the longitudinal
deformation of the numerical model was significantly lower than the one observed in the experiment. In order to
verify the accuracy of simulating hydrostatic pressure and effectively represent the weight of the mortar, the
authors calculated the reactions in the gravity direction at the support points of the fabric formwork. The sum of
these reactions yielded a total of 139.6 N, corresponding to the weight equivalent of the fresh mortar. On the other
hand, the weight of the fabric formwork after the mortar was poured during the experimental test, amounted to
134.3 N, resulting in a relative error of 4.0%. This discrepancy is likely attributed to minor differences between
the actual formwork geometry and that employed in the simulation.

After verifying that the loads were being applied correctly to the formwork in the FE model, it was found
that the stresses observed in the formwork were much lower than the ones assumed for estimating mechanical
properties of the material (Table 4). This means that, in the numerical model, the stiffness adopted overestimated
the real stiffness experienced in the experimental test, which is constant since the material was considered to be
linear elastic. Consequently, the mechanical properties of the material were adjusted through an inverse analysis
procedure, which iterated the estimation of the stiffness until the stress level for which the mechanical properties
of the material were obtained coincided with the stress acting on the formwork in the numerical model. The
mechanical properties obtained from this adjustment procedure are included in the Table 5. In this way, it was

possible to obtain a better approximation of the longitudinal deformations in the numerical model.

5. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

In a next step, a comparative analysis between the results obtained from the numerical model and the results
of the experimental test was performed. In order to accomplish this comparison, four nodes were identified at the
surface of the membrane in the numerical model. These nodes (Figure 11) are located approximately in the same
positions as the points that were identified and tracked with the Image J software, using the sequence of images
obtained during the experimental test (Figure 3b and Figure 3c).

From the numerical model, the displacements were obtained as a function of time, which can be related to
the height of the filling mortar. In this way, the displacements in each direction obtained by analysing the

experimental test results and the numerical ones are compared in Figure 12.
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When comparing the longitudinal displacements, it can be observed that the numerical results approximate
well both the magnitude of the displacements and the overall deformed shape obtained in the experimental test.
The differences found may be attributed to the simplifications assumed when modelling the material behaviour
and the parameters used for the constitutive model of the material, since a linear elastic orthotropic behaviour was
assumed, while. As previously shown in Figure 6, the tensile tests showed that the deformability of the textile is
not constant throughout the entire tensile response, and the behaviour of the material is non-linear, mainly for low
stress levels, which was actually shown to be the case in the numerical model. The criterion for adjusting the
modulus of elasticity was based on the maximum stress level present in the formwork. And in the case of the
longitudinal modulus of elasticity, the formwork showed the greatest magnitude of stresses at the bottom, gradually
reducing while approaching the top. For this reason, the estimated elasticity modulus generates a better
approximation of the displacement of the traced points in the lower part of the formwork, while in the upper part
the adopted elasticity modulus overestimates the actual deformability considering the acting stress level.
Consequently, the numerically obtained displacements are smaller compared to the experimental results.

In contrast, when analysing the transverse displacements, significant differences were observed. In the
numerical model out-of-plane deformations are generated as the load increases, causing transverse shrinkage
displacements. These displacements are larger in the lateral zones, and therefore affect more the nodes tracked in
the upper region since these were closer to the lateral zone. On the other hand, from the analysis carried out on the
experimental results, transverse expansion displacements are observed, especially for the points of the lower
region. These displacements were potentially caused by the seam in the lateral and lower regions of the formwork
which, due to their higher stiffness, caused the formwork to twist and increase the transverse displacements, mainly
in the lower region that is furthest from the support zone. In order to verify this hypothesis, the seam along the
base and one of the sides of the formwork was simulated to replicate the manufacturing process of the physical
fabric formwork. For this simulation, beam-type longitudinal elements with significantly higher stiffness than the
formwork were utilized to represent the seams. These elements were assigned a mesh size identical to that of the
membrane simulating the formwork and were attached together using a tie-type constraint, ensuring no relative
movement between the formwork and the seams. The simulation results exhibited similar behaviour to that
observed in the physical formwork, which experienced skewing during the pouring of the mortar. Although these
results are not included in this study as the mechanical properties of the seams were not characterized, they do

provide supporting evidence for the proposed hypothesis. Therefore, it is recommended that in future studies
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involving the use of a seam, its mechanical properties should be adequately characterized in order to support the
development of more precise numerical models.

The longitudinal displacements measured in the experimental test were less affected by conditions that
notably hinder the measurement of transverse displacements. Therefore, for this case study, the vertical
displacements turned out to be the parameters that best allowed the comparison and validation of the numerical
model strategy. Furthermore, the simplification of the mechanical behaviour of the textile, assuming it is a linear
elastic orthotropic material, leads to a good estimation of the displacements experienced by the formwork in the
experimental test, with a computational cost of 5 minutes on a computer equipped with an Intel Core i7 processor
and 12GB of RAM.

However, to improve the precision of numerical models, it is recommended to carry out an experimental
campaign in line with the conditions experienced by the formworks in this construction methodology. Therefore,
it is advisable to prepare and carry out biaxial tests, with an adequate number of specimens and the incorporation
of the nonlinear behaviour of the material into the numerical models, especially for formworks subjected to
significant stresses. Additionally, in the case of the adoption of seams for the preparation of the formwork, it is
recommended to characterize its mechanical behaviour and incorporate it into the numerical models. This study
shows the significant impact that seams can have on the behaviour of the formwork during the pouring of the

mortar.

6. CONCLUSIONS

To summarize, the application of fabric formworks for the construction of geometrically complex structures
is promising, and the numerical simulation of their behaviour during the casting stage seems feasible. This is very
important since the correct geometrical definition and structural design are required. This research has shown that
are several challenges that need to be dealt with, including the characterization of the textile material properties,
the overcoming of the numerical problems deriving from the large deformations and loading typology, and the
need to develop specific constitutive models that consider the nonlinear nature of the tensile behaviour of the
knitted textiles. However, the results obtained are promising and show that it is possible to address these challenges

even in a simplified way. All this is presented in detail below:
e As expected, due to the large deformations exhibited by the membrane and the nature of the
applied load, it is appropriate to implement the explicit FEM analysis for the resolution of the

guasi-static phenomenon in the numerical models. In contrast, it was confirmed that the implicit
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procedure is not suitable for the resolution of this type of models under the conditions required in
this construction methodology.

The particle tracking technique has proven to be a suitable and practical tool for measuring
deformations. However, its application requires better control of the conditions under which this
type of experiment is performed. Therefore, future studies should consider the implementation of
a high-resolution camera set with two or more cameras to accurately capture and measure 3D
deformations while excluding unrelated movements.

In this case study, approximating the behaviour of the fabric material to a linear elastic orthotropic
model resulted in a good approximation since the stresses introduced into the fabric formwork
were not very high. However, for cases where higher stresses are expected, it is important to
simulate the non-linear behaviour of the material with a specifically developed constitutive model.
It is important to emphasise that a comprehensive mechanical characterization of the knitted fabric
is required to avoid convergence problems in the numerical models, i.e., biaxial tests. Therefore,
the use of other methodologies for characterization is recommended, which guarantee more
accurate and coherent mechanical properties.

To mitigate excessive mortar leakage through the formwork pores, it is of great importance to
explore alternative approaches, such as employing coating treatments on the knitted fabrics,
especially when they exhibit significant mesh apertures. The use of double bed stitch patterns
restricts the inherent advantages of the knitted fabrics, hindering its ability to create seamless
geometries in a single piece.

Finally, for future studies, it is recommended to extend, progressively, the scope of fabric
formworks to more complex geometries or more demanding conditions in mortar casting,
considering the integration of form- finding methodologies and the development of new numerical
tools to analyse such structures. Once computational tools have reached sufficient development,
they can be tested through larger-scale case studies, considering the following factors: (i) the use
of stronger textile fibres to ensure better performance under higher loads, (ii) the planning of
larger-scale structural components based on case studies previously reported in the literature that
have utilized fabric formworks [36-38], and (iii) the scaling up of the mortar pouring mechanism

to accommodate these new requirements.
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532 Table 1. Mortar mixture proportions

Cement Sand Fly ash Limestone filler Water Chemical admixture wic ratio
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/ m3) (kg/m3)
484 726 169 169 312 27 0.65
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534 Table 2. Data collected from the particle tracking analysis of the experimental test.

Location initial spot (mm) Final displacement (mm)
Track Number of spots

Xv X UL Ur
Rla 66 592.4 44.46 23.95 0.51
R1b 66 516.4 42.57 26.71 5.02
R2a 60 58.1 31.71 35.26 14.16
R2b 62 374 42.22 32.37 1491
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537 Table 3. Dimension of the specimens

Specimen Al A2 A3 B1 B2
Length (mm) 151 165 158 193 193
Width (mm) 70 61 62 62 64
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539 Table 4. Mechanical properties obtained from the characterization of the knitted fabric.

Direction E (MPa) v G (MPa)
Transverse 24.3 0.35 -
Longitudinal 53.8 0.45 -
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541 Table 5. Mechanical properties obtained by inverse analysis.

Direction E (MPa) v G (MPa)
Transverse 3.63 0.74 190
Longitudinal 10.65 1.02 '
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Figure 1. a) Photograph of the implemented knitted fabric, b) Diagram in knitting notation, explaining the manufacture process
of the fabric.
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a) c)

Figure 2. a) Set-up of the fabric formwork casting, b) Detail of the casting process and c) Detail of the lower part of the formwork.
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Figure 3. a) Fabric formwork Rols and coordinates system relative to the end of the fabric formwork (longitudinal axis, x,, and transverse
axis, xt), b) Tracks R1a and R1b obtained for Rol 1 and c) tracks R2a and R2b obtained for Rol 2.
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Figure 5. Tensile test set-up
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Figure 6. Stress vs. Strain responses obtained during the cyclic test of a) specimen A1, b) specimen A2, ¢) specimen A3, and d) specimen

B2.
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Figure 7. Image showing the longitudinal displacements field obtained right before the maximum elongation of the sample B2 was reached,

during the first cycle of the uniaxial test.
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Figure 8. Strain Y vs Strain X during the first cycle of specimens A2, A3 and B2.
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a)

Figure 9. a) uniform meshing and b) load and boundary conditions of the first model MI1.
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Figure 10. a) Geometry and mesh of the Implicit model and b) Section in the XZ plane of the formwork where the boundary conditions and

the load applied from the internal face are observed.
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Figure 11. Approximate location on the numerical model of the points tracked in the experimental test.
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Figure 12. Comparison of the results obtained from the experimental analysis and the finite element model (FEA), in terms of: a)

longitudinal displacements and b) transverse displacements with respect to the height of the mortar.
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This study assessed the feasibility of a systematic use of Knitted fabrics as flexible
formworks for complex geometry concrete structures.

This feasibility included the analysis of the mechanical properties of the constituent
materials, the monitoring of the preform filling, and the numerical modelling of the
structural interaction during filling, as a critical stage of the process.

The mechanical properties of the knitted fabric were determined by experimental testing.
The deformations at the surface of the fabric formwork were measured using Digital Image
Techniques.

The Finite Element Method was adopted to simulate the behavior of the casting process
and a good agreement with the experimental results was obtained.
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