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Abstract: In the case of solid slabs made of reinforced concrete that are usually subjected to bending, 
large areas of the structure are stressed well below their load-bearing capacity. Contrary to this are 
shell structures, which can bridge large spans with little material if designed according to the force 
flow. To improve the efficiency of ceiling slabs, we want to utilize the shell load-bearing behavior 
on a smaller scale by resolving the solid interior accordingly. In order to be able to study a wide 
range of such constructions virtually, a parametric multiobjective simulation environment is being 
developed in an ongoing research project. The basic analysis approaches which were implemented 
are presented in this paper. The basic workflow, the used programs and material models and their 
calibration on the tests on textile-reinforced concrete (TRC) samples are described. 

Keywords: textile-reinforced concrete; TRC; shell structures; material model; numerical analysis; 
lightweight concrete elements 

 

1. Introduction 

In conventional construction with steel-reinforced concrete, solid, barely structured components 
with constant external and internal geometry are the rule. It is not uncommon to find structural 
element areas in which the concrete and reinforcement components are insufficiently utilized, as the 
building and construction methods are not adapted to the material characteristics and potential of 
the composite. The little or even unstressed regions in bending components are well known. This 
shortcoming, which also exists when building with carbon-reinforced concrete (CRC), was an 
impulse for the initiation of the joint research project CRC/TRR 280 “Design Strategies for Material-
Minimized Carbon-Reinforced Concrete Structures—Principles of a New Approach to Construction” 
[1,2], funded by the Deutsche Forschungsgemeinschaft (German Research Foundation, DFG). The 
overall objective is to develop a universal design strategy for carbon-reinforced concrete structures 
that addresses the advantages of this composite while strictly considering the need of material 
suitability. 

Carbon-reinforced concrete consists of a high-strength cementitious matrix, in which endless-
fiber based reinforcements are embedded. Textile fabrics made of crosswise connected yarns are most 
frequently used for applications in concrete. Therefore, the designation “textile-reinforced concrete” 
(TRC) is common. The material is characterized by a high normal strength. The textile grids do not 
corrode and are more flexible than steel reinforcements. So, it is possible to design and build 
lightweight, filigree, material-minimized structural members with flat, curved or folded shapes. This 
potential was demonstrated in several research projects and also in practical applications. A few 
examples should be mentioned here. Impressive slender shells, beams and columns made of TRC 
and assembled into a pavilion are presented in [3]. A demonstration pavilion was erected at RWTH 
Aachen University based on the analysis of the structural performance of TRC hyper shells [4]. In [5], 
a ceiling system made of groin vaulted TRC shells, combined with a foamed concrete layer on the top 
and external horizontal ties on the bottom, are presented. With such a system, the ecological footprint 
can be decreased to a noteworthy extent [6]. In [7], a design method for TRC shell modules was 
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proposed which can be assembled to different structures in order to reduce formwork costs, while 
still maintaining architectural freeform. At TU Dresden, in September 2022, the worldwide first 
concrete building completely reinforced with non-metallic continuous fiber-based reinforcement – 
the so-called “CUBE” [8,9] – was finished. All these examples show impressively the potential of the 
innovative TRC material. 

In project C01 within the frame of TRR 280, we are pursuing a new approach. We want to 
segment the usually solid interior of a concrete component by means of shell-like structures. Even if 
the load-bearing structure globally acts as a slab, these internal structures should be primarily 
exposed to normal stresses, which results in high material utilization. In Figure 1, two principal 
solutions of such an inner segmentation by membrane-like substructures with Gaussian curvature K 
= 0 are shown by means of 3D printed models, on the left-hand side by crossing and intersecting 
arches and by straight folds on the right-hand side.  

 

Figure 1. Idea of inner resolution using (a) intersecting barrel shells and (b) folds, photos: Sylke 
Scholz. 

A parametric multi-objective evolutionary tool (MOET) was developed for a comprehensive 
analysis of that kind of structure. With its help, an enormous variety of possible designs can be 
created and analysed in a reasonably short time. In this article we present the principles that are used 
in the estimation of the failure limits, the utilization ratio (UR), and the failure types of the thin-walled 
TRC structures. Furthermore, we show the results of an initial parameter. At the end of the paper, we 
give a short outlook about the next research steps. 

2. Numerical Analysis of TRC Structures 

2.1. FEM Model Formulation 

To analyze the TRC structures within the framework of the developed multi-objective 
evolutionary tool MOET, a combination of Grasshopper 3D [10] and Rhino 3D (RH+GH) [11] was 
used as parametric environment for the geometrical data generation. Further the data was transferred 
to a FEM calculator. For this purpose, the commercial software RFEM [12] from Dlubal company was 
attached to the RH+GH environment using a specially prepared C# based script with the help of COM 
interface [13]. The actual workflow was designed as an iterative procedure with incremental load 
increase. Thus, the newly geometrical solution generated in each step is transferred from RH+GH to 
RFEM for analysis. Afterwards the calculation results are exported to stand alone python-based 
scripts that perform the post-processing to estimate the failure criteria and other representative key 
values that will be presented in the following sections. Finally, in the last step of the iteration, the 
post-processed data is transferred back to RH+GH for further analysis. Afterwards, if necessary, the 
geometry is modified, or the applied load is increased for the next iteration. 

The following RFEM software settings were commonly used for all calculations. The Poisson’s 
ratio 𝜇 was set to 0.2 which is usual for concrete. The TRC shells were modelled within RFEM using 
2D quadrangle elements with 4 nodes at the corners. Degrees of freedom in the nodes are 
displacements ൫𝑢௫, 𝑢௬, 𝑢௭൯ and rotations ቀ௫,௬,௭ቁ. The maximum FEM mesh size was selected to 
25 mm. Plain-stress conditions were assumed because it was assumed, that the TRC structures which 
shall be calculated are thin-walled with a considerably smaller thickness than the dimensions in the 
other directions. Within RFEM, the shell elements were modelled with a constant thickness over the 
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whole element. Thus, the stiffness of the elements was represented as the stiffness of a rectangular 
cross-section.  

2.2. Material Models 

The shell elements were modeled using a single composite material model with uniform 
distribution of the properties over the cross-section. The FEM model formulation for the textile 
reinforcement is based on a smeared material model approach. Its application for the purpose of 
analysis of TRC structures was discussed, e.g., in [14]. When using a smeared material model 
approach, the next features are to be considered before performing the analysis. First of all, with a 
smeared model it is not possible to capture the effect of textile reinforcement placement. The 
reinforcement is placed quasi automatically in the center of the cross-section. So, the smeared 
approach necessarily leads to an overestimation of the lever arm [14]. Respectively, the approach is 
recommended to be applied for components with predominant membrane forces, which is the case 
in our project. Secondly, the smeared model ensures a relatively simple analysis routine, but it 
requires an elaborate preparation of the correct simulation of the uniaxial material behavior of TRC. 
The uniaxial material model needs to correctly reflect the reinforcement ratio. The TRC material was 
modelled for a reinforcement ratio range between 0.22 % and 1.75 % for the purpose of the parametric 
study in the frame of the project. The results of the simulation are provided in Figure 2a. Figure 2b 
shows the interface of the used RFEM software package with the integrated key values to represent 
the stress-strain curve in the uniaxial tensile range in the well-known form of a polyline for a shell 
thickness of 10 mm, see e.g., [15–17]. 

 

Figure 2. Range of material data used for the FEM analysis; (a) simulated nonlinear behavior of TRC 
for different reinforcement ratios; (b) RFEM interface presentation of the material data for TRC 
(tension) and high-strength concrete (compression), Graphic: Iurii Vakaliuk. 

The data presented in Figure 2a were simulated by using trilinear model which was calibrated 
on laboratory tests in a previous stage of the research project. Such kind of a trilinear model was first 
introduced by Nathan et al. [18] in 1977. It is characterized by three linear ranges, represented by 
ascending lines. They were calculated according to the rule of mixtures.  

Table 1 contains the properties of the specification of the textile reinforcement, which was used 
in the laboratory experiments and therefore in the simulations, derived from the technical data sheet 
[19]. The product “GRID Q85-CCE-21” of the German company solidian is a symmetrical, 
bidirectional reinforcement mat made of yarns with an equal spacing and carbon fiber amount in 
both bearing directions. Epoxy resin serves as impregnation to increase the bond within the yarn and 
to the surrounding concrete as well as the mat’s resistance against mechanical damage during 
transport and application. The textile properties were also verified in the laboratory test, the results 
and the testing methodology are provided in [20]. 
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Table 1. Properties of the carbon fiber mat solidian GRID Q85-CCE-21 [19]. 

Property Longitudinal Transversal  
Fiber cross-sectional area – fiber strand in 

(mm²) 1.81 1.81 

Fiber cross-sectional area – mat in 
(mm²/m) 

85.4 84.6 

Roving axis distance (grid with) in (mm) 21 21 
Mean tensile strength (a), (b) in (MPa) ≥ 3,950 ≥ 4,250 

Characteristic tensile strength (a), (b) in 
(MPa) ≥ 3,050 ≥ 3,250 

Average Young's modulus (b) in (MPa) ≥ 251,500 ≥ 254,000 
(a) Short time values acc. to ISO 10406-1 [21], (b) regarding fiber cross-sectional area. 

In the compression range, the fine-grained high-performance concrete used within the project 
(see [20] and Table 2) was modelled in a simplified manner by a linear stress-strain relationship with 
a gradient that equals to the elastic modulus of the concrete. Considering the nearly linear stress-
strain relation for the high-strength concrete determined in the experiments, the linear approach can 
be assumed as a good approximation. A possible decrease of the compressive strength due to the 
textile grid inside is currently not considered. First experimental results indicate a potential influence 
[22,23], but up to now, there is no definite statement or recommendation.  

Table 2. Concrete properties acc. to [20]. 

Properties  

Mean density in (kg/m³) 2,350 

Mean short-time compressive strength in (MPa) 121.1 

Mean elastic modulus in (MPa) 42,100 

Another key aspect in the preparation of the FEM analysis was the extension of the implemented 
FEM material models beyond the limit to achieve a stable iterative analysis (some more explanations 
are given in Section 2.5). Also, it was required to ensure the evaluation of the failure criteria for cases 
when the geometry of a TRC element promotes a stress state that is far beyond the load-bearing 
behavior. A similar approach was validated in [24]. 

2.3. Orientation of Internal Forces 

The described above numerical approach using a smeared material model assumes an isotropic 
behavior of the TRC material, although the textile reinforcement, as it may be seen from Table 1, 
possesses rather orthotropic behavior in the warp (0°) and the weft (90°) direction. The question was 
whether the assumption of uniaxial material characteristics is correct when the orientation of the 
tensile load doesn’t match the yarn orientation, defined by 0° < α < 90° in Figure 3. Previous research 
on biaxially loaded TRC samples with alkali-resistant glass mats in [25–27] showed some decrease in 
the failure loads in cases of biaxial loading depending on the angle α. Thus, one of the key aspects in 
the numerical analysis was the consideration of the textile reinforcement orientation within the thin 
TRC shell elements which should be analyzed within the scope of the project. 
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Figure 3. Orientation of principal membrane forces and moments. Graphic: Iurii Vakaliuk. 

For the experimental research and the numerical parametric study, the goal was to orient the 
warp yarns of the reinforcement in the principal direction of the main tensile forces in the area with 
the maximum load induced tensile stresses. There, the simulation can be performed with the uniaxial 
material characteristics, a special consideration of the textile orientation is not necessary. But in areas 
with principal stresses that deviate from the warp direction of the reinforcement, it may be crucial to 
consider the orientation for a proper estimation of the failure load.  

Figure 3 shows the general case of the force distribution at a FEM node. The warp direction of 
the textile matches the local X coordinate of the FEM model, and the weft direction consequently the 
local Y direction. The general case of the load state indicates a mismatch between the local FEM X-
axis and the principal axes N1 and N2 of the membrane axial forces. Also, it is important to indicate 
that in general that principal axial forces do not match with the principal axes of the resulting moment 
forces M1 and M2. Though, within the scope of the current research such deviation is neglected 
meaning the angle β = 0. Nevertheless, the deviation angle 𝛼 needs to be considered. According to 
[28], the strength values can be calculated according to Eq. (1):  𝑛௧,ோௗሺ𝛼ሻ = 𝑛௧,ோௗ,଴° ∙ 𝑐𝑜𝑠ሺ𝛼ሻ ∙ 𝑘ఈ ൅ 𝑛௧,ோௗ,ଽ଴° ∙ 𝑠𝑖𝑛ሺ𝛼ሻ ∙ ሺ1 െ 𝑘ఈሻ  (1) 

where the values 𝑛௧,ோௗሺ𝛼ሻ are the tensile strength characteristics of the textile depending on the 
deviation angle 𝛼 . The strength in the warp and weft directions are 𝑛௧,ோௗ,଴°  and 𝑛௧,ோௗ,ଽ଴° , 
respectively. As it is indicated in [28], the stress concentration in the textile filament at a crack edge 
can be considered by a reduction factor 𝑘ఈ which can be calculated according to Eq. (2): 𝑘ఈ = 1 െ |ఈ|ଽ଴°  (2) 

Summarizing the Eqs. (1) and (2), Figure 4 gives an overview about the reinforcement’s tensile 
strength at changing deviation angles 𝛼. The values of 𝑛௧,ோௗ,଴° and 𝑛௧,ோௗ,ଽ଴° were set according to 
Table 1 to 3,950 MPa for the warp direction (𝛼 = 0°) and 4,250 MPa in weft or 90° direction. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0700.v1



 6 

 

 

Figure 4. Strength values of the textile reinforcement, depending on the deviation angle α. Graphic: 
Iurii Vakaliuk. 

For the purpose of proving the concept and simplification of the calculation routines at the 
current stage of the project, the orthotropic behavior of the textile was converted to be considered as 
isotropic according to Figure 4. From the figure it follows that the isotropic strength limit forms a 
circle with a radius 𝑅௠௜௡ of 2,893 MPa and intersects the calculated orthotropic limit curves in the 
points 𝑛௧,ோ௠௜௡. Thus, Eq. (1) can be simplified into Eq. (3) by introduction of a textile orientation safety 
factor 𝛾ఈ,௧௘௫ considering different deviation angles: 𝑛௧,ோௗ = 𝑛௧,ோௗ,଴° ∙ 𝛾ఈ,௧௘௫ with    𝛾ఈ,௧௘௫ = 0.73  (3) 

2.4. m-n Diagram for TRC Structures 

In a first step, the failure criteria were considered in the form of a simplified m-n diagram 
according to [24]. Such an approach is relatively conservative and may result in an underestimation 
of the ultimate cross-sectional strength but remains on the so-called “safe side” [28]. For the purpose 
of research and to consider the full potential of the investigated TRC structures, the m-n diagram 
should be expanded to match the experimental results. Thus, a more realistic representation of the 
m-n relation was required. In [29], a good insight is provided into the formulation of a more realistic 
m-n diagram for thin-walled concrete shells which are reinforced with textile reinforcement and how 
to set up a suitable analytical model. The way in which the m-n diagram is structured is similar to the 
well-known method used for the estimation of the critical load-bearing capacity of steel-reinforced 
concrete structures, see e.g. [30,31]. In Figure 5, the key aspects and the assembly points used for the 
m-n diagram for TRC structures are represented. 
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Figure 5. Principle of a m-n diagram for TRC structures. Graphic: Iurii Vakaliuk. 

The key points from A to E determine the curvatures of the m-n diagram. For each point, an 
equilibrium was solved to match the strain state and the respective set of internal forces. According 
to [29], the curvature correlates with the realistic representation of the failure criteria for TRC shells. 
In state A, the whole cross section is under compression. At B, the strain at one edge of the cross 
section is decreased to zero. With increasing bending (and decreasing compression force), the cross 
section shows parts under tension and compression. Point C is a balance point that indicates the 
simultaneous failure of concrete in the compression and of the textile reinforcement in the tension 
zone. For the quantitative description of the m-n diagram, we defined a strain limit of –3.0 ‰ for the 
concrete matrix determined in experiments and of +16.3 ‰ for the carbon fiber textile according to 
the data derived in the set of uniaxial tensile experiments provided in [32] and that is in a good 
agreement with data sheet [19]. An increase in tension while a decrease in bending leads to strain 
relations according to D and E, where E stands for a cross-section under uniform tensile stress. 

From the figure, it may be seen that there are few “admissible” ranges. The first inner area 
(crosshatched) determines the range for unreinforced concrete elements. The outer range in the 
example (white area) in Figure 3 sets the limit for the case of a 20 mm thick TRC shell which is 
reinforced by two symmetrical layers of solidian GRID Q85-CCE-21 with a concrete cover of 5 mm. 
The range which is marked with a dashed line indicates how the outer range is to be modified due to 
the consideration of the textile orientation safety factor of 𝛾ఈ,௧௘௫  = 0.73 described in the previous 
Section 2.3. 

One overarching key task of the project is to perform a wide parametric study to find efficient 
possible solutions for shell-like TRC structures for varying boundary conditions. The described above 
approach for constructing the admissible bearing range for TRC structures ensures a fast and 
convenient processing of the data derived from the FEM solver. The numerical tool MOET introduced 
in its basic outlines in Section 2.1 and inserted respective modules are able to recreate such m-n 
diagrams for different thicknesses and reinforcement layers by generating an appropriate number of 
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points that detect the limits of the admissible range. Such a generation is performed after each 
iteration step of the FEM solver for different parts of the structure where a deviation in parameters 
such as the total thickness ℎ of the shell, the amount of reinforcement 𝐴௧௘௫ , the thickness of the 
concrete cover 𝑑଴, or the number of the textile reinforcement layers occurs. To better illustrate the 
dependency of the m-n diagram on different parameters, the next Figure 6 gives an insight how 
realistic the m-n envelope deviates due to changing the reinforcement ratio from 0.5 to 2.0 % (Figure 
6a) and due to altering the concrete cover from 2 to 10 mm (Figure 6b). 

 

Figure 6. Comparison of different m-n diagram solutions as prerequisite of the parametric study. 
Graphic: Iurii Vakaliuk. 

It can be seen from the figure that a variation of the concrete cover, which has a direct influence 
on the internal lever arm, has a much stronger influence on the bearing capacity against significant 
bending action compared to a modification of the reinforcement’s cross-sectional area. This behavior 
can be explained by the fact that, from a geometric point of view, the bending stiffness shows an 
exponential growth with increasing lever arm in contrast to a linear growth due to an increase of the 
reinforcement area. 

2.5. Failure Types and Assessment of the Utilization Ratio  

With a stress- or strain-based view, in very general terms it can be said, that TRC structures 
either fail by exceeding the compressive or the tensile strength of the composite material. Based on 
the m-n diagram procedure presented above, we proposed to solve the declared problem with the 
following steps.  

The Figure 7 shows the key principle. Thus, we differentiate three possible cases of so-called 
load state points: an admissible range for points like Y1 and Y2 that do not reach the failure state, 
points Y4 that is lying directly on the m-n curve and therefore just reached the limit, and finally points 
like Y3 outside the admissible range which are considered as failed points but located away from the 
m-n curve due to the ability of the FEM solver to reach a stress state that is beyond the critical values 
as indicated in Section 2.2. Each of the points Yi can be connected with the point of origin of the m-n 
diagram by a line 𝑂𝑌௜. The line itself represents a so-called load path that indicates the way each load 
state point performs until reaching the failure load. The assumption of a linear load path corresponds 
to the case when a concrete member is considered to be short without imperfections [33,34]. The 
intersection of the load path and the m-n curve can be real 𝑋௜ in the case if the load state point reached 
the failure state or prognosed 𝑋′௜. Then, the position of the intersection points is to be compared with 
the point 𝐶 that corresponds to the balanced failure state. Finally, if the intersection point belongs to 
the range above the point 𝐶, we can indicate a compression failure. A tensile failure occurs if the 
intersection point lies in the range below point 𝐶 . In that way, all the load state points can be 
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subdivided into four groups: points that reached the failure either in the compression or the tensile 
range and points that are exposed to subcritical compressive or tensile stress. 

 

Figure 7. Load path of the FEM nodes and estimation of the utilization ratio, Graphic: Iurii 
Vakaliuk. 

The other important aspect resulting from the analysis routine described above is the evaluation 
of the degree of utilization (UR) 𝜂௡௠  of the structural members. The utilization ratio UR can be 
calculated for each FEM node point 𝑖 after each iteration of the workflow. It is assessed as the ratio 
between the length of a vector 𝑂𝑌തതതത௜ that determines the current load state for the FEM node point 𝑖 
and the length of a vector 𝑂𝑋തതതത௜ or 𝑂𝑋′തതതതത௜ that determines the real or prognosed load state for the same 
node point when it may reach the failure condition by crossing the m-n curve. In general, the UR can 
be calculated based on Eq. (4):   𝜂௠௡,௜ = ‖𝒙𝒊‖‖𝒙ᇱ𝒊‖ = ට ௡೔మା௠೔మ௡ᇱ೔మା௠ᇱ೔మ  (4) 

where 𝑛௜, 𝑚௜ and 𝑛′௜, 𝑚′௜ are the states of the normal force and the bending moment for the 
actual and the prognosed load states, respectively. Finally, the UR for the whole TRC structure is 
assumed to be the maximum value of the whole set of FEM node points, Eq. (5): 𝜂௠௡,௧௢௧ = max൛𝜂௠௡,௜, 𝜂௠௡,௜ାଵ, 𝜂௠௡,௜ାଶ … ൟ  (5) 

The last failure type to be mentioned is the failure due buckling of thin-walled TRC members 
under compression. Within the scope of the current research project, in which we take dimensions 
within the range of standard ceilings into account, the buckling failure was not yet considered in the 
calculations and consequently in the results presented later in the paper. A possible stability failure 
may become more important for very slender TRC membranes under compression and large 
buckling field dimensions. So far, however, only a few experimental studies are available, e.g. [32]. 
In a later phase of the project, the stability case will be implemented in the parametric multiobjective 
simulation environment. 
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2.6. Extreme Values of the Internal Forces Field  

A last important aspect is the handling of extreme values within the quantity of resulting internal 
forces in the FEM results. There are many reasons for such values or singularities like point supports, 
point loads, etc. In real concrete structures, such problems are generally less relevant, as at the one 
hand also a point load acts on a certain area (not on an ideal point), and on the other hand a 
concentrated load leads to a load redistribution after a certain local material degradation. However, 
in the numerical simulation of concrete structures, an inadmissible automatic estimation of the critical 
load-bearing capacity may occur. As a result, the entire procedure of the synthetic data generation 
process can become invalid. One possible way to solve that problem is the proper creation of a static 
FEM model, avoiding a geometry that favors the occurrence of such stress concentrations. From the 
point of view of the parametric study, the task is even more complicated because it should be 
provided for all possible solutions. In order to obtain more reliable results, we suggest additionally 
using a statistical method for processing the FEM data. Figure 8 gives an insight into how this method 
works. 

 

Figure 8. Post-processing of the FEM extreme values, (a) range of the normalized internal forces in 
unsorted manner, (b) sorted and normalized internal force values with no limitation and with 
limitation by a k-factor of 50 %, Graphic: Iurii Vakaliuk. 

In Figure 8a, a general typical distribution of the FEM values for the internal forces in all nodes 
can be seen. The figure shows the normalized minimum and maxim values and the repetitive nature 
of the internal forces in FEM nodes within a TRC shell structure according to the basic idea shown in 
Figure 1 in a possible loaded state. Of course, each applied load results in a unique pattern of the 
internal force field. The figure shows a principal scheme of a possible distribution of internal forces 
values. Now, the values of the internal forces were sorted according to their magnitude, which results 
in the diagram shown in Figure 8b, black dots. As can be seen, the extreme values are gathered on 
the right side of the diagram. Therefore, it is proposed to determine the mean value 𝑥̅ of all force’s 
values 𝑥௜ and then to indicate the values that are to be considered as extreme values. The estimation 
is performed according to Eq. (6): 𝑥௜ െ 𝑥௜ିଵ ൒ 𝑥̅ ∙ 𝑘  (6) 

where 𝑥௜ିଵ is the force value in the neighboring FEM node. The 𝑘-factor determines a fraction of the 
mean value 𝑥̅ to be used during the further analysis. 

As may be seen from Figure 8b, once the values categorized as extreme values, they were 
adjusted to the last maximum value 𝑥௠௔௫ determined during the evaluation process in Eq.(6). Thus, 
the adjusted values provided in Figure 8b, grey dots in reversed way for more clear presentation. 

3. Trial Models 

In order to prove the concept of the provided above numerical analysis procedures and to 
validate the structural performance of lightweight TRC elements investigated in the project according 
to the idea in Figure 1 it was decided to perform a set of trial-based simulations. A ceiling plate with 
a rectangular outline served as a starting point. The commonly solid interior of such a component 
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was to be resolved by shell-like inner membrane structures of arbitrary curvature with the help of 
MOET. One boundary condition was that the top of the structural element was to be completed with 
a horizontal plate. Consequently, a distributed load on this upper plate represents a linear load Qi for 
the internal structures, which resulted in folds as the optimal solution for the internal geometry. A 
lower horizontal panel is not added. A visualization is provided in Figure 9. The next Table 3 
summarizes the types of the geometry with respective dimensional features and boundary conditions 
which were analyzed regarding their structural behavior to validate the proposed numerical solution. 

Table 3. Geometric parameters used for the validation of the numerical procedures. 

Name 
Direction of

span 
Span (m) Height (m) Boundary conditions 

Number of textile 

layers 
G1.0 Single 1.8 0.2 S1 & S2 1 
G1.1 Single 4.0 0.2 S1 & S2 1 
G1.2 Single 6.0 0.2 S1 & S2 1 
G2.1 Double 1.8 0.2 S1 & S2 1 
G2.2 Double 1.8 0.2 S1 & S2 & S3 1 

 

 

Figure 9. Geometry types with applied load and boundary conditions, Graphic: Iurii Vakaliuk. 

There are two basic groups of elements: group G1.x with single directional orientation of the 
inner membranes and group G2.x with double directional orientation of the membranes. All the 
solutions from the group G1.x possess two line supports. The spans differ from 1.8 m to 6.0 m. The 
support S1 brings freedom in direction 𝜑𝑌. The support S2 gives freedom in directions 𝜑𝑌 and 𝑢𝑋. 
The group G2.x with a constant span of 1.8 m contains two boundary condition solutions. In the case 
of G2.1, two edges are supported by S1 and S2. For the second variant G2.2, a four-sided supported 
was assumed by S1, S2 and S3. Support S3 introduces free movement in 𝜑𝑋 and 𝑢𝑌. 

In more details, the principal difference between the inner structure of the geometry type groups 
G1 and G2 are visualized in Figure 10. Figure 10a shows the simpler G1 solution with single 
directional orientation of the structure, and the other Figure 10b shows the more complex variant G2 
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with an inner structure oriented in two directions. Obviously, the G2 solution creates a big range of 
internally intersecting membranes. As it may be seen from the figure, the nodal areas possess an 
increased thickness to avoid local punching shear failure.  

 

Figure 10. Detailed views of both structure types to be analyzed, Graphic: Iurii Vakaliuk. 

The thickness of all the internal and external membranes was set to 10 mm. The areas where it 
was planned to have the linear supports have thicker 50 mm walls. These dimensions are reflected, 
of course, in the FEM model. The other important point to be mentioned is the formation of the 
internal voids within the TRC elements. According to the scope of our research project, it is planned 
to manufacture und test such elements described here in our laboratory. The manufacturing process 
is carried out by casting under negative pressure. With this method, we cannot realize real voids in 
the desired geometry. To approximate the theoretical found shape, the voids are formed with 
specially cut blocks made of extruded polystyrene (XPS). In more detail, the whole procedure is 
described in [20]. The consideration of the XPS blocks within the FEM model was skipped for 
simplification reasons. It can be assumed that the load-bearing behavior of the elements is not 
fundamentally influenced. In a preliminary study as part of a master's thesis [35], the influence of 
XPS and wax (see e.g. [36,37]) instead of real voids was analyzed on a beam with hollows. The use of 
XPS in the voids only marginally influenced the load-deflection behavior of the member. As expected, 
the use of wax resulted in significantly stiffer behavior. 

It may be seen from Figure 9, the load to all the geometry types is applied in a similar manner 
as sequence of linear loads to the ‘peaks’ of the triangular folds within the geometry. Thus, the loads 
are applied in the node zones of the TRC structure. The magnitude of the load is considered as a point 
of exploration. Therefore, we have a range of loads from 0 kN to the limit load that is determined 
during a steady increase of the load. The self-load 𝐺௜ of the structures is in turn applied within the 
framework of the RFEM software as an area load to each of the FEM shell elements separately. 
Considering the density of concrete of 2,350 kg/m³, the area load results in 𝐺 = 0.235 kN mଶ⁄ . No 
partial safety factors are considered in the study, neither on the side of the loads nor on the side of 
the materials’ resistance, thus 𝛾ீ, 𝛾ொ = 1.0. 

4. Results of the FEM Calculations 

4.1. Geometry Type G1.0 

Considering the provided description of the FEM model, a sequence of calculations with the 
introduced geometry cases was performed. The handling with numerical discontinuities and extreme 
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points is described in Section 4.4. The specific level of the k-factor in the post-processing has no major 
influence on the basic structural behavior, which shall be discussed first. 

Initially we provide the results for the reference geometry solution G1.0. The next Figure 11 gives 
an insight into the distribution of the utilization ratio UR over the structure, calculated according to 
the principles given in Section 2.5. The figure presents only the 10 mm thin horizontal and folded 
parts of the structure, which are in the focus of the research. The UR is presented in the form of 
fractions, that gives an exact value of 1.0 for the point that achieved the failure limit first. No 
distinction is made between compressive stress and tensile stress. This state results from an iterative 
procedure with a steadily increasing applied load 𝑄௜. In the case of structure type G1.0, the line load 
at failure corresponds to 32.0 kN/m or to 172.8 kN total load applied to the structure. 

 

Figure 11. Results from FEM analysis with post-processing of UR of the structure for geometry case 
G1.0; (a) top view, (b) bottom view, Graphic: Iurii Vakaliuk. 

The general pattern of the UR indicates two critical areas. The first one can be seen in the tensile 
zone and the second one in the compression zone, both in the middle of the span. Though the most 
critical point is indicated in the tensile area, the compression area reaches a UR level of about 90 %. 
The area with the lowest UR of 5 % is located close to the supports on the folding edge on the bottom 
side of the TRC element. Furthermore, it may be seen from the figure, that the TRC areas in the folds 
located away from the midspan of the structure faced to a level of utilization that is higher than 50 % 
in the shear zones. Such behavior can be explained by a significant load applied to the relatively short 
span of the structure. Accordingly, the span of 1.8 m approaching the limit when the compression 
action such a in thin-walled structure may be decisive. 

The hypothetical failure modes in the different areas of the TRC elements are represented in 
Figure 12a for the top view and in Figure 12b for the bottom view according to the failure type 
description given in Section 2.5. The used algorithm analyses all FEM points and therefore, the results 
are provided for the whole structure. Thus, for the areas that are not subjected to their specific failure 
loads according to the results from Figure 11, the pictures indicate the potential failure mode if the 
load would be increased over the level of the global failure load of the whole structure. 
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Figure 12. Predicted failure modes for all FEM nodes of the whole structure; (a) top view, (b) bottom 
view, Graphic: Iurii Vakaliuk. 

From the figures it follows that a resolved element with the geometry type G1.0 shows clearly 
distinguished compression and tensile failure zones. Apart from a few exceptions, the top face layer 
of the structure experiences completely compressive actions. The folded membrane structure 
underneath is in turn subjected to tensile action. The border line between the compression and the 
tensile zones can indirectly indicate the position of the neutral line. 

4.2. Geometry Types G1.1 to G2.2 

The next figures give a brief overview of the FEM calculation results for the structures with the 
other geometry cases G1.1, G1.2, G2.1 and G2.2. Figure 13 shows the deformed state for G1.1 with a 
span of 4.0 m and for G1.2 with a span of 6.0 m. The general pattern is similar to the previously shown 
calculation of G1.0 of the same cross-sectional geometry type and similar support conditions. The 
load-bearing capacity was achieved with a total applied load of 78.0 kN for the case with a 4.0 m span 
and of 49.5 kN for a span of 6.0 m. This reduction in the failure load results from the significantly 
larger span while the overall height and cross-section geometry remained the same. 

Comparing the results from Figures 11 and 13, it may be seen that an enlarged span increases 
the UR in the middle section of the structure more than in the support areas. This can be explained 
by the fact that, from a global perspective, the increased bending moment became decisive, and less 
stress in the shear zone follows from the reduced maximum load. The utilization of the concrete in 
the compression zone has also decreased, so that the aspect of a possible stability failure in the 
horizontal surface layer becomes less relevant.  

 

Figure 13. FEM analysis results with post-processing of the utilization ratio of TRC structures 
according to the geometry cases G1.1 (a) and G1.2 (b), Graphic: Iurii Vakaliuk. 
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The next Figure 14a shows UR values for the uniaxial spanning structure G2.1 that possess two 
directional orientations of the resolving membranes. The presented pattern shows a similar stress 
state in the main spanning direction but an almost low utilization of the bearing capacity of the 
material in regard to the transversal direction. Consequently, the transversal membrane brings a very 
minimal contribution to the general load bearing capacity of the structure when supported on two 
opposite sides. The maximum possible load for this case reached the magnitude of 32.0 kN/m (line 
load) and of 172.8 kN (in total), respectively. Figure 14b shows the geometry G2.2 with two directional 
orientation and supports on all four sides (compare Table 3 and Figure 9). As can be seen from the 
figure, the bottom membranes of the structure experience a significant reduction in the stress 
magnitude. In addition, the UR diagram indicates the shift of the critical zone from the bottom side 
of the structure to so-called nodal area according to Figure 10 in the connection areas to the vertical 
5 cm thick TRC walls, which enclose the structure on the outside. Therefore, these nodal areas should 
be under special attention during the design process. A special design solution should be developed 
for these nodal areas according to the force flow in the next phases of the current research project to 
redistribute the peak values of the stress and, consequently, to achieve more even redistribution of 
the stress state and the cross-sectional utilization within the whole structure. The maximum line load 
reached the magnitude of 60.0 kN/m, which results in a total load of 324.0 kN. 

 

Figure 14. FEM analysis results with post-processing of the utilization ratio of the structure of 
geometry case G2.1(a) and G2.2 (b), Graphic: Iurii Vakaliuk. 

To conclude, it should be also mentioned that the increased quantity of intersections in the cases 
G2.1 and G2.2 compared to the G1.i types of results in a much larger number of extreme values. It 
makes the calculation process of the geometrical solutions with large number of intersecting webs 
more sophisticated. Thus, an even more comprehensive approach is required to establish an 
appropriate setting to manage with extreme values derived during the FEM analysis. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0700.v1



 16 

 

4.3. Midspan Deflection Results 

The other important results that can be derived from the numerical analysis of the structures are 
the midspan deflection curves. Figure 15 gives insight into the deflection behavior of the geometry 
cases with a span of 1.8 m. The applied line load is indicated on the y-axis. In the calculation of the 
deflection plotted on the x-axis, of course, the dead load of the element was also considered. The 
reference type G1.0 shows the highest deflection of 24.7 mm at failure. Also, all the cases behave with 
relatively small linear range. The variant G2.1 with transversal membranes is able to carry a slightly 
higher line load. The element behaves slightly stiffer and reaches an ultimate deflection of 20.6 mm. 
Due to the support at all four edges, the last type G2.2 shows obviously a very minor deflection of 4.5 
mm at a clearly increased failure load. 

In addition to the state of failure, serviceability is also of interest. For this reason, the limit of 
deflection of 1/250 of the span acc. to [31] as a limit for the serviceability limit state (SLS) is added in 
the diagrams. Both variants G1.0 and G2.1 exceed the line. At that point, the elements G1.0 and G2.1 
can carry a line load of approximately ~ 10.0 – 13.0 kN/m, in addition to their self-weight. In the case 
of element G2.2, the deflection at fracture is smaller than that permitted for the SLS. Consequently, 
material can still be saved here, as the element reacts more rigidly than is required. 

 

Figure 15. Load-midspan deflection relations for the geometry cases with 1.8 m span, SLS limits acc. 
to [31] are added, Graphic: Iurii Vakaliuk. 

Figure 15 also shows the load-deflection curves for the elements G1.1 and G1.2. Due to large 
span and significant cumulative load, they exhibit significantly higher deformations than the 
components with a span of 1.8 m. The scale has therefore been changed in the following Figure 16. 
The y-axis shows the total applied load in kN, and the x-axis again shows the middle deflection. As 
described in Section 4.2, with increasing span, the applicable load decreases, and the deflection at a 
certain load level consequently increases. The maximum deflection reached for a span of 6.0 m 
(element G1.2) was 200.0 mm, eight times higher than for G1.0. A span of 4.0 m resulted in a 
maximum deflection of 93.0 mm. 
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Figure 16. Load-midspan deflection relation of the elements with G1 geometry with differing spans 
from 1.8 m to 6.0 m, SLS limits acc. to [31] are added, Graphic: Iurii Vakaliuk. 

4.4. Stress Concentrations in the Trial-Based Calculations 

In all the calculations presented before, one of the critical points was an appropriate selection of 
the k-factor that determines the level of post-processing in regard of the extreme stress values as 
described in Section 2.6. The problem shall be discussed on the example of the structure G1.0 loaded 
by differently high line loads, see Figure 17. On the x-axis, the load level is given. On the y-axis, the 
highest values for the UR of at least one FEM node in the whole model are displayed resulting from 
consideration of different k-values. The horizontal gray line represents an UR of 100 % or 1.0 that 
corresponds to the failure limit of the structure. The black lines visualize the influence of different k-
values during the post processing on the UR of the structure. The upper black dashed line indicates 
UR levels when no limitation of extreme value was applied during the calculation routines. For every 
displayed load level, there are nodes with a utilization of more than 100 %. An increase of the load 
expectedly leads to an increase of the extreme values but with some non-linear redistribution.  

Taking limitation levels of 100 % and of 50 % into account, which corresponds to k-factors of 1.0 
and 0.5, respectively, the UR levels are similarly reduced in general but increase steadily with rising 
applied linear load. The black dashed/dotted line results when the k-value is set to 0.1. As expected, 
the limitation to 10 % shows a significant reduction of the UR level. At none of the FEM nodes, one 
of the failure criteria was reached. In addition, the rise of the utilization ratio stagnates after exceeding 
a line load of approximately 35 kN/m which can be interpreted as some “instability” in estimation of 
the UR. The level of 10 % seems to be too low, and as a result the algorithm trims ‘natural’ gaps in 
the stress level between neighboring FEM nodes, according to the description from Section 2.6. 
Consequently, with k = 0.1, it was impossible for the iterative calculation to reach 100 % of UR and to 
correctly estimate the failure limit.  
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Figure 17. Influence of the setting of the k-factor in the post-processing on the utilization ratio in 
regard of the areas with stress concentrations, Graphic: Iurii Vakaliuk. 

For all the presented calculations, the k-factor was set to a level of 50 %. This decision is 
supported by the hypothesis that a sensible level of the k-factor stabilizes the behaviour of the FEM 
analysis and makes the UR increase predictable. In that recommended range, the increase of the UR 
is stable and comprehensible. The decision will be validated on the basis of large-scale laboratory 
experiments. 

The results given in Figure 17 shall be underpinned by a further perspective, analogue to the 
procedure described in Section 2.6. The gray dots in the diagrams in Figure 18a,c show first of all the 
unsorted distributions of the internal forces in the principal directions 1 and 2 over all the FEM nodes 
for the element G1.0. The magnitudes of the forces were normalized for convenience after all 
individual values have been sorted by size (see gray lines). For forces in the second principle 
direction, in Figure 18c, a clear region can be seen that includes values that can be considered as 
extreme ones according to the description given in Section 2.6. In turn Figure 18a shows a more even 
distribution of the force in the first principal direction which is why the extreme values cannot be 
detected. After the post-processing with a k-factor of 50 %, Figure 18b,d shows dark gray sorted lines 
after elimination of the points that were ‘separated’ from the main cluster of FEM points. As described 
above the eliminated points were replaced with the maximum respective value that was calculated 
using k = 0.5. Obviously, all the noticeable points which could be considered as extreme values were 
eliminated. For comparison, setting k to 0.1 (light gray lines, printed reversed for better visibility) 
results in no significant differences in contrast to 0.5. Furthermore, the utilization of 10 % k-factor 
reduces the values that may potentially be a ‘real’ stress state of the structure. Therefore, the 
utilization of a 10 % k-factor will not correctly reflect the behavior of the TRC structure.  
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Figure 18. Post-processing of the extreme values for the analysis of the structure G1.0 at an applied 
liner load of 32.0 kN/m: (a) and (c) diagrams with unsorted and sorted, nonlimited (NL) values for 
the internal forces F in the principal directions 1 and 2, (b) and (d) sorted diagrams for these internal 
forces derived after applying k-factors of 0.5 and 0.1, Graphic: Iurii Vakaliuk. 

Finally, it should be pointed out that according to the proposed method of extreme value 
assessment, the two principal directions in the internal force field are analyzed separately and values 
are adjusted independently of each other. 

5. Discussion 

In general, the estimation of an appropriate level of the k-factor and as a result the appropriate 
reduction of the extreme values plays a critical role in the evaluation of the limit state of the calculated 
TRC structures. Within the scope of our current research project, we use the described procedure as 
a possibility to estimate a correct failure event, but it needs to indicate that this concept is just an 
assumption in at the current stage of the analysis of the thin walled, folded or shell shaped TRC 
structures. In this paper, we presented the basic assumptions for the numerical analysis and 
highlighted different aspects which influence the results derived from the calculation process. A wide 
study needs to be performed in the following stages of the project to validate the procedure. We plan 
to examine various structural solutions based on the concept of resolving the usually massive cores 
of concrete elements by TRC membranes with different curvatures.  

The results derived from the numerical study will be validated by a sequence of full-scale 
experiments. The first resolved TRC plate with the geometry G1.0 and a second with a lower overall 
height were already manufactured in the Otto Mohr Laboratory by die casting under vacuum 
conditions [20]. One of the elements is shown in (Figure 19). The structures shall be examined in 9-
point bending tests. 
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Figure 19. TRC element with geometry G1.0 but half overall height after demolding (lying upside 
down), Photo: Iurii Vakaliuk. 

The other important point which is to be discussed is the possible influence of the XPS blocks 
we currently use for manufacturing the resolved elements on the numerical results. As indicated in 
Section 3, the presence of the XPS blocks is not yet considered in the analysis. It was found in [35] 
that the consideration of the XPS blocks or of formwork/fillers made of other materials such as wax 
may influence the structural behavior of resolved concrete structures. It was also shown that the level 
of influence hardly depends on the material used for the inclusions as well as on the specific 
configuration of the inner voids, their orientation, etc. It is planned to integrate a corresponding 
numerical module into the calculation routine presented, with which different filling materials can 
be considered. 

In order to compare the derived results by means of structural efficiency, a so-called efficiency 
factor 𝐸௦௧௥ can be used, Eq. (6):  𝐸௦௧௥ = 𝑄௟௜௠ 𝐺௧௢௧௔௟⁄  (7) 

Herein, 𝑄௟௜௠  is the critical applied load, and 𝐺௧௢௧௔௟  indicates the total self-weight of the 
structure, both in kN. For the FEM calculations provided in the current paper, the results of the 
evaluation of the efficiency factor are summarized in Table 4. 

Table 4. Efficiency factors for the different geometry types. 

Name 
Total weight Gtotal

(kN) 

Maximum total load Qlim

(kN) 
Span (m) 

Structural efficiency

Estr (–) 
G1.0 2.07 172.8 1.8 83.4 
G1.1 4.61 78.0 4.0 16.9 
G1.2 6.91 49.5 6.0 7.2 
G2.1 4.15 172.8 1.8 41.6 
G2.2 4.15 324.0 1.8 78.2 

The table shows various results for different spans, but most of them are difficult to compare. A 
comparison of the geometries G1.0 and G2.1 show that the G2.1 type with the folds in two directions 
has twice the dead weight but no significant increase in the load bearing capacity. The senseful reason 
is that the additional transversal TRC membranes are not optimal for a single span element. In turn, 
the case G2.2 results in a much larger structural efficiency because the four supported sides and the 
double orientation of the folds correspond to each other. Such comparative analyses will be deepened 
and intensified in the future. Their results are heavily dependent on the reference variables, the 
geometric and static boundary conditions and a desired objective function. Other useful aspects to 
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consider are, for example, the carbon footprint (e.g. of the material and the manufacturing process), 
the generation of waste during the production, the structural efficiency in the SLS, or the optimum 
structural solution with regard to the best UR simultaneously in ULS and SLS, see e.g. [38–40]. A 
comparison with conventional construction methods is also necessary. These levels of consideration 
have already been prepared in the parametric design environment that was developed as part of the 
project. 

6. Conclusion 

In the numerical study presented, a possibility was shown of using TRC membranes to dissolve 
the usually solid interior of concrete plates and thus save material. Based on the results it can be 
concluded that the provided post-processing methods of the analysis of the TRC structures give 
reasonable results for the structural behavior of elements with different geometrical solutions. 
Though, additional research is required to provide a better justification and to collect more patterns 
in behavior of the post-processing algorithm for the extreme values.  

The next major step planned is the validation of the derived results by laboratory tests. In parallel 
a broad parametric investigation will be performed to estimate the structural performance of 
variations of the presented geometrical cases and of other possible geometrical solutions. Finally, the 
parametric multiobjective evolutionary tool MOET needs to be upgraded by adding features that 
allow the consideration of different stiff solid bodies within the cellular TRC structures.  
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