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602 00 Brno, Czech Republic
* Correspondence: ondrej.nespesny@vut.cz

Abstract: The study presents a possible innovative use of cement fiber boards (CFBs) reinforced with
cellulose fibers for construction of an interior prefabricated staircase. Regarding the unusual use of
traditional material that was used in all bearing elements of the staircase, a numerical simulation with
the use of a material model SBETA was carried out and, subsequently, multiple experimental static
loading was applied. In order to carry out experimental testing of static load capacity, a full-scale
experiment method was chosen and performed on a real staircase structure for family houses. The
full-scale experiment is considered the most precise method to test structures or material behavior.
The obtained results show that the designed and tested staircase structure of CFBs is able to meet the
requirements of technical standards related to static loading of staircases. The load test confirmed the
potential use of cement fiber boards produced by the Hatschek process for real bearing structures
under static loading.
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1. Introduction

In most cases, staircase structures are dominant features of interiors and complete
interior character. The right choice of staircase structure system, or type of staircase,
contributes to the elegance, originality, and unique style of a building. Therefore, the
current trend is to design subtle and lightweight staircases with attractive and modern
styles. When designing a staircase, it is necessary to take into account the type of building
and economic factors, and correctly design dimensions of the staircase area, dimensions
of steps and their shape, etc. The designed staircase should be comfortable for users and
should guarantee proportionality, regularity, rhythm, and order, as stated in [1].

Nowadays, the staircase is an integral part of all multiple floor structures in a wide
range of residential, public, and industrial buildings. Based on place of use, its geometric
requirements related to technical standards and to locality differ. Geometric requirements
for staircases and their comparisons according to national requirements [2–4] and types
of buildings are summarized by Veselá in [5]. Considering the fact that staircases are
load-bearing structures, they are subjected to strict requirements for mechanical durability
and stability under various effects of external loading. The static load-bearing capacity of a
staircase can be proved by different methods, most commonly with the use of a numeric
analysis using FEA and assessment according to standard requirements for staircase mate-
rial. Another method that can be used and is accepted by standards and regulations is the
use of a load test in reduced scales, which uses model similarities [6], or the use of cut out
models in the scale of 1:1, or the use of a real model in 1:1 scale, i.e., a full-scale experiment.
The full-scale experiment is considered the most precise method to verify behavior of a
structure or material. The method of the full-scale experiment is very popular in civil
engineering research, which is confirmed by a range of recent scientific publications [7–12]
an example of experimental loading of staircases is given at Figure 1.
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engineering research, which is confirmed by a range of recent scientific publications [7–
12] an example of experimental loading of staircases is given at Figure 1. 

A combination of the abovementioned methods for verification of staircase static 
bearing capacity, i.e., a numerical analysis with full-scale experiments, was used by Pěnčík 
et al. in [7] for analysis of the behavior of prefabricated wooden staircases with one-sided 
suspended stairs made from Scots pine (Pinus sylvestris L.), by Lavický et al. in their anal-
ysis of a prefabricated winder wooden staircase with central stringer made from Scots 
pine (Pinus sylvestris L.) [13], and by Pousette in [14] for testing and modeling of the be-
havior of wooden stairs and stair joints. The numerically determined results in [13] 
showed the suitability and necessity to idealize the construction (Figure 2) in question by 
the numeric static model in more detail and with higher accuracy. 

  
(a) (b) 

Figure 1. (a) Prototypes of wooden staircase during static load test, full-scale experiment [7]; (b) 3D 
wooden staircase FEA model [7]. 

  
(a) (b) 

Figure 2. (a) Prototypes of wooden step during static load test, semi-scale experiment [13]; (b) 3D 
wooden step FEA model [13]. 

According to Sachs et al. [15], apart from the staircase structure static load, it is nec-
essary to pay attention to vibrations caused by people walking, i.e., dynamic effects on the 
structure. The assessment of the effect of the presence of people on dynamic behavior of 
steel staircases was published by Cappellini et al. in [16], where a methodology of quan-
tification of modal parameter changes due to the presence of passive people on a narrow 
structure was applied. Dynamic tests can be considered as an advanced level of a structure 
analysis, which is preceded by a static load test, a full-scale experiment, and a numeric 
simulation [17,18]. 

In constructions, the most frequently used staircases are monolithic reinforced con-
crete staircases. In order to speed up the construction process and remove the wet process, 
prefabricated staircases [19] are currently used more often than monolithic staircases. 
They are made from steel, concrete, or wood. In European Union countries, the 

Figure 1. (a) Prototypes of wooden staircase during static load test, full-scale experiment [7]; (b) 3D
wooden staircase FEA model [7].

A combination of the abovementioned methods for verification of staircase static bear-
ing capacity, i.e., a numerical analysis with full-scale experiments, was used by Pěnčík et al.
in [7] for analysis of the behavior of prefabricated wooden staircases with one-sided sus-
pended stairs made from Scots pine (Pinus sylvestris L.), by Lavický et al. in their analysis
of a prefabricated winder wooden staircase with central stringer made from Scots pine
(Pinus sylvestris L.) [13], and by Pousette in [14] for testing and modeling of the behavior
of wooden stairs and stair joints. The numerically determined results in [13] showed the
suitability and necessity to idealize the construction (Figure 2) in question by the numeric
static model in more detail and with higher accuracy.
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Figure 2. (a) Prototypes of wooden step during static load test, semi-scale experiment [13]; (b) 3D
wooden step FEA model [13].

According to Sachs et al. [15], apart from the staircase structure static load, it is
necessary to pay attention to vibrations caused by people walking, i.e., dynamic effects on
the structure. The assessment of the effect of the presence of people on dynamic behavior
of steel staircases was published by Cappellini et al. in [16], where a methodology of
quantification of modal parameter changes due to the presence of passive people on a
narrow structure was applied. Dynamic tests can be considered as an advanced level of a
structure analysis, which is preceded by a static load test, a full-scale experiment, and a
numeric simulation [17,18].

In constructions, the most frequently used staircases are monolithic reinforced concrete
staircases. In order to speed up the construction process and remove the wet process,
prefabricated staircases [19] are currently used more often than monolithic staircases. They
are made from steel, concrete, or wood. In European Union countries, the requirements for
these types of staircases are defined in accordance with Eurocode 1: Actions on structures
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- Part 1-1: General actions - Densities, self-weight, imposed loads for buildings [20] and
ETAG 008: Prefabricated Stair Kits [21].

A project of the Technological Agency of the Czech Republic TH04020263 tested the
potential to use cement fiber boards (CFBs) for building constructions. CFBs have had
a long history of application in civil engineering, and the most commonly used CFBs
are produced by Hatschek technology [22], which is based on the principle of a machine
for production of cardboard [23]. CFBs usually produced by this technology are used in
the form of facade panels [24–26] roofing [27,28], shuttering [29,30], or interior acoustic
tiles [31]; in all these cases, thin boards up to a thickness of 12 mm are used. Potential
application areas for CFBs are interior staircase structures.

The Hatschek method [22] production process includes creation of so-called monoboards
with thickness of up to 6 mm by layering thin cement fiber layers on an accumulation cylin-
der. CFBs are made by gradual layering of monoboards and subsequent compression by
a hydraulic press. Applying pressure leads to water removal as well as to interconnection
of monoboards into a single body. By applying the mentioned production process, it is
possible to make a CFB with a final limiting thickness of up to 40 mm. However, this
limiting thickness often causes spontaneous delamination of individual monoboards. Based
on long-term tests [32], it was decided to use boards with the maximum thickness of 30 mm,
in order to further develop the use of CFBs. Neither spontaneous delamination, nor their
deformation, nor surface damage occurs with those boards during maturing.

The publication [32] claims that strength and toughness in the direction perpendicular
to the fiber orientation (perpendicular to production direction, also referred to as parallel
to the board mid-plane—directions x and z in Figure 3) are higher than in the case when
the board is loaded perpendicular to the board mid-plane (direction y in Figure 3). In [33],
microstructural anisotropy was confirmed, which is the direct cause for the mentioned
macroscopic mechanic behavior. This fact appears to be beneficial for the overall load-
bearing capacity of the main supporting element—the stringer. The results and course
of the full-scale experiment and numeric simulation are presented by the authors in this
publication, which describes the same cement fiber boards (CFBs) reinforced with cellulose
fibers for creating the segment stringer staircase as those described by Nespěšný et al.
in [32].
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system [x, y, z]; (b) orientation of stringer from cement fiber boards.

Interest in prefabrication in the scientific community was at its peak in the 1990s. Along
with the development of new materials and technologies, prefabrication has been improved
over the years [34]. The advantages of prefabricated constructions are summarized in [35],
where the authors mention, in particular, increased work productivity, efficiency in quality
control, reduction of construction costs, shortened period of work, and last, but not least,
automation. The application of prefabricated structures is still current, which is also
confirmed by the publication [36], which evaluates the life cycle (LCA) of prefabricated
temporary construction in China. In the comparative LCA calculations, the authors took
into account the use of prefabricated staircases and also pointed to the ecological benefit.
The development of the use of globally available fiber cement board material can be
considered innovative and promising for the further development of prefabricated stairs.
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2. Materials and Methods

Within the study, a real staircase according to the requirements of standard ČSN 73
4130 [2] was produced and tested with the use of a full-scale experiment (in 1:1 scale). The
staircase was assembled from cement fiber board segments reinforced with organic cellulose
fibers. It is a group of cement fiber boards with a high cement content and lower content of
the primary reinforcing fiber from cellulose, i.e., “low fiber content” [37]. The ingredient
used for production of cement fiber board is cement with the main components being
Portland clinker (≈84.5 wt. %, specification in Table 1), cellulose (≈8 wt. %), expanded
pearlite (≈7 wt. %), and polypropylene fiber (≈0.5 wt. %). The raw materials used in
production can be seen in the detailed analysis of the broken sample in Figure 4.

Table 1. Physico-chemical composition of cement.

Density
[g/cm3]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

CaO
[%]

MgO
[%]

Sulfate
Content

[%]

K2O
[%]

Na2O
[%]

Cl
Content

[%]

Na2O
ekv.
[%]

Loss on
Ignition

[%]

Insoluble
Residue

CEM I
42.5 R 3.11 20.86 4.87 2.52 67.48 2.25 3.12 0.60 0.10 0.069 0.50 3.41 1.10
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Figure 4. Detail of used fiber cement board, tensile failure.

Regarding the use of cement fiber boards for building construction, it is often necessary
to combine arrangements of material, i.e., some elements are loaded as slab elements (⊥),
e.g., tread, while some structure elements are loaded as wall elements (||), e.g., stringer.
Therefore, before designing and producing the staircase structure, mechanical property
determination was performed, as described by Nespěšný et al. in [32], and the average
values determined by four-point bending are shown in Table 2. The specific fracture energy
and fracture toughness values were determined according to Karihaloo [38]. From the
results of the experiment, it can be seen that the biggest difference between the parallel
to board mid-plane and perpendicular to board mid-plane variants is in the strength in
simple compression and simple tension.

Table 2. Overview of experimentally determined mechanical properties of cement fiber boards with
cellulose fibers [N/mm2].

Average Values at Loading MOE MOR f c f t G*F KIc

Parallel to board mid-plane (||) 14,213.15 21.73 56.01 10.13 270.96 1.82
Perpendicular to board mid-plane (⊥) 14,175.54 21.84 67.71 2.16 435.74 1.91

MOE is an elasticity modulus in MPa, MOR is modulus of rupture in MPa, f c is compressive strength in MPa and
f t is tensile strength in MPa; G*F is specific fracture energy in J·m−2; KIc is fracture toughness in MPa·m1/2.
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2.1. Preliminary Numerical Analysis of the Staircase

The CFB material produced by the Hatschek method can be classified as a quasi-
brittle material, similar to concrete. Regarding analyses of CFBs with the method of finite
elements, it is possible to use several approaches of geometric modeling and material
behavior modeling based on the type and purpose of the performed analysis. It is possible
to use specialized programs for analyzing quasi-brittle materials, e.g., ATENA software.
The analyses work with nonlinear behavior in terms of material and geometry, and the
analyses may also include the effect of construction nonlinearity. When using the ATENA
program, which includes specially designed algorithms for modeling behavior of a quasi-
brittle material from a no damage state up to a complete failure state, based on a cohesion
crack model, it is possible to use a material model SBETA [39], and its process is described
in Figure 5. According to [33], CFB material can be characterized as a material with
microstructural anisotropy. However, idealization of CFB behavior modeling can be used
for calculations.
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failure in tension.

The cement fiber board’s nonlinear response under biaxial stress is explained through
two parameters: the effective stress σ

e f
c and the equivalent uniaxial strain εeq (Figure 5).

Generally, the effective stress is a primary stress. To eliminate the Poisson effect under
plane stress, an equivalent uniaxial strain is used.

εeq =
σci

MOEci
, (1)

By assuming that the nonlinearity, which represents damage, is solely caused by the
governing stress σci, the equivalent uniaxial strain can be defined as the strain that would
be generated by the stress σci in a uniaxial test with a modulus Eci linked to direction i.

The unloading process in tension and also in compression follows a straight line
back to the origin, as demonstrated by points A and B in Figure 5. For this reason, the
relationship between effective stress σ

e f
c and equivalent uniaxial strain εeq is influenced by

the load history. If the equivalent uniaxial strain increment changes sign, the unloading
stage changes to loading stage. The loading process follows a straight line back to point
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A or B, after which the loading process will continue. The maximum compression and
tension stress values σ′e f

c and σ′
e f
t are computed based on the biaxial stress state. Therefore,

the equivalent uniaxial stress–strain law reflects the biaxial stress state.
When producing CFBs by the Hatschek process, the rotation of production rollers

causes the reinforcing fibers to orientate along the production direction. In addition, a CFB
is made by layering monoboards and their subsequent compression into a single body. This
production process clearly defines the longitudinal direction z, which is identical to the
dominant orientation of reinforcing fibers, or direction of production and directions x and
y, respectively (Figure 3). The design of the dimensions of the stair load-bearing elements,
i.e., 20 mm thick treads and 40 mm thick tread supports (from two 20 mm thick slabs)
with 30 mm thick slabs, was verified by numerical analysis using the ATENA software for
nonlinear analyses of structures with use of the SBETA material model mentioned above
(Figure 6), taking into account the experimentally determined CFB properties listed in
Table 2. The model case does not take into account the repeated loading of the structure
and the occurrence of permanent deformations.
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Figure 6. (a) Detail of staircase structure during load test (upper part); (b) detail of the staircase
structure during the load test (lower part); (c) model of the construction of an interior staircase
made of fiber cement boards in ATENA software; (d) localization of crack initiation on the staircase
structure in numerical simulation; (e) actual failure of the staircase with crack marking, actual load
on the structure 9.25 kN/m2.

A quadrilateral computational mesh model with a computational side size of 10 mm
was chosen as the macro element. The maximum number of iterations in one computational
step was set to 80. The Newton–Raphson [39] computational method was used, in which
the following set of nonlinear equations is obtained by applying the concept of step-by-step
analysis:

K
(

p
)

∆p = q− f
(

p
)

, (2)

where q is the vector of total applied joint loads, f
(

p
)

is the vector of internal joint forces,
∆p is the deformation increment due to loading increment, p are the deformations of the

structure prior to load increment, K
(

p
)

is the stiffness matrix, relating loading increments
to deformation increments.

The portion on the right side of Equation (2) denotes the forces that exist outside of
equilibrium during the load increment. This means it represents the overall load level after
the load increment is applied, minus the internal forces that were present at the end of
the previous load step. Typically, the stiffness matrix is dependent on strain, meaning it
is a function of p. However, it is generally ignored during the load increment to preserve
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linearity. Instead, the stiffness matrix is calculated based on the value of p related to the
level before the load increment.

Three measuring points were selected on the structure to record the vertical displace-
ments (referred to as pot_2, pot_3, and pot_4 in the experiment as shown in Figure 7.
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The loading of the structure in the numerical simulation was carried out in steps as
planned in the experimental load test. The arrangement of the load test was identical to
the boundary conditions in the proposed experiment. Possible horizontal displacement at
the base of the staircase was considered, while horizontal and vertical displacements at the
upper part of the structure were avoided for numerical simulation purposes (Figure 6). In
numerical simulation at a load of intensity 3.0 kN/m2, there was no loss of stability. At
this load, the vertical displacement at pot_3 was 1.819 mm. The collapse of the structure
occurred at a load of intensity of 7.35 kN/m2. Before the loss of stability, the vertical
displacement was 4.096 mm.

2.2. Production and Assembly of One-Arm Stringer Staircase

The staircase was designed as segmented, stringer, straight, with 9 steps, with construc-
tion height of 1500 mm, with staircase arm width of 900 mm, and staircase arm inclination
of 30.76◦. With its dimensions, the designed staircase corresponded with the common
U-shaped stringer staircase with 2 outside stringers in family houses; the design was based
on staircase equation 2h + b = ls, where h is the height of a staircase step in mm, b is the
width of a staircase step in mm, and ls is the length of an average human step in mm. In
the case of the designed staircase, the considered average human step length was assumed
to be equal to 630 mm. For material savings, the optimized cutting plan in Figure 4 was
designed in such way that the amount of waste during the segment cutting was minimized.
Individual staircase segments were manually cut by a plunge saw from large cement fiber
boards reinforced by organic cellulose fibers with dimensions of 3000 × 1200 mm and
thickness of 20 mm and 30 mm.
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Segments A–D in Figure 7 were used to build the staircase. The staircase was assem-
bled systematically as shown in Figure 8a–g. The first step (a) included clamping of two
segments (A) from which the stringer was made using F-shaped heavy duty bar clamps.
Subsequently, (b) measuring and drilling of holes for screws in segments (B, C, and D)
and (c) measuring and drilling of holes for screws in stringers (A) were carried out. In the
next step, (d) step supports (B, C, and D) were fitted by screws to stringers (A). In the last
step, (e) and (f) holes were predrilled for fitting steps (E) to step supports (B, C, and D). All
joints in the staircase structure were fitted by screws. Concrete HILTI HUS3-C 6 and HILTI
HUS3-P 6 screws were used for fitting connections. For stringer segments (A) and step
supports (B, C, and D), flat head heavy duty galvanized screws (min. 5 µm) with length
of 60 mm and diameter of 6 mm made from carbon steel were used. For screw joints of
steps, screws from the same material with a different length of 40 mm with countersunk
head were used. Photo documentation of the whole production procedure is shown in
Figure 8a–f. The assembled staircase was then put into a designed and new-build testing
polygon for testing interior staircases made from CLT panels Figure 8g and was subjected
to load tests.
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Figure 8. Assembly of interior staircase made from cement fiber boards. (a) Clamping of two
segments of stringer; (b) measuring and drilling of holes for screws in step supports; (c) measuring
and drilling of holes for screws in stringers; (d) screwing step supports; (e) drilling of holes for screws
in tread; (f) gradual screwing of tread; (g) installation of the staircase structure in the test polygon.

2.3. Preparation and Procedure of Static Load Tests

Experimental testing was performed to verify staircase bearing capacity under loading
defined by standard Eurocode 1: Actions on structures-Part 1-1: General actions - Densities,
self-weight, imposed loads for buildings [20]. Regarding statics, the load test was performed
under the least favorable conditions. The staircase was designed as a simply supported
beam made by 2 stringers with fixed joints in the upper part, where the joints were made
with 4 steel galvanized L-bars with a groove of 65× 90/90 with threaded rods with diameter
of 10 mm running through steps, and the movable support was simulated by a steel rod
with diameter of 10 mm, as shown in Figure 9. Two eight-channel switchboards were used
for continual recording of vertical displacements of the staircase structure Uy,i [mm] in
time during the experimental tests, and the recording speed during the load test was 2 Hz.
Vertical displacement Uy,i of nine measuring points (pot_1 to pot_9) was monitored by
nine potentiometric motion sensors. During the staircase loading, the values of vertical
displacement Uy,I in 1/3, in 1/2, and in 2/3 of the stringer span were recorded (Figure 7).
An individual sensor was placed in the middle of the fifth step (Figure 9).
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Figure 9. Preparation of experiment, interior staircase structure before loading.

Staircase loading was applied by loading boxes made from OSB boards without
bottoms with approximate weight mb = 10.5 kg. The reason for using boxes without
bottoms was for truer modeling of the effect of continuous loading on a staircase step.
Loading bags, whose weight corresponded with the loading for individual loading phases
mb,2 = 35 kg, mb,3 = 30 kg, mb,4 = 22.68 kg, mb,5 = 15.12 kg, were placed in loading boxes.
All loading bags were filled with pebbles of fraction 2/4 mm. The order of placing loading
boxes No. 1 to No. 9 was determined on the basis of an optimized calculation. The aim was
to place loading boxes and loading bags in such an order that the course of the bending
moment by the applied loading became as similar to the course of the bending moment by
the continuous uniform loading as possible. Therefore, loading of individual staircase steps
was performed in the order of 7th, 2nd, 6th, 3rd, 8th, 1st, 5th, 4th, 9th, and load removal of
the structure was performed in the reverse order. The order of loading and load removal is
shown in Figure 7.

The static load test was divided into two phases—loading and load removal (Figure 10).
The loading and load removal cycle was performed three times. A break of 15 minutes
occurred between individual phases and between individual loading steps, i.e., 1.0 × Vk,
1.3 × Vk, and 1.5 × Vk, where Vk is surface characteristic value of vertical uniform surface
load for stairs according to 3.0 kN/m2 defined according to [20], with respect to the
national annex. The break was carried out in order to stabilize the staircase structure and to
stabilize vertical displacements Uy, and to monitor the structure relaxation over time. The
staircase was loaded in two loading cycles that included monitoring of the structure vertical
displacement Uy and subsequently the load was applied up to the structure collapse. The
first and second loading were performed according to the scheme: Gk → 1.0 × Vk →
1.3× Vk→ 1.5× Vk→ 1.3× Vk→ 1.0× Vk→ Gk, where Gk is the characteristic weight of
the structure. In the last measurement, the structure was loaded up to reaching the ultimate
rupture limit according to the scheme: Gk → 1.0 × Vk → 1.3 × Vk → 1.5 × Vk → gradual
increase in loading in multiples of 0.2 × Vk up to the loss of stability, when the structure
collapsed. An overview of loading of individual staircase steps and an overview of loading
of the whole structure are described in Table 3.
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Figure 10. Order of placing/removing of loading boxes. Number 1. to 9. indicates the sequence of
loading or unloading of the structure.

Table 3. Loading of individual (1st to 9th) staircase steps [kg] summed according to loading steps
[kg/staircase step].

1st 2nd 3rd 4th 5th 6th 7th 8th 9th Loading Description

lo
ad

in
g

st
ep

A
10.34 10.76 10.28 10.51 10.93 10.66 8.50 11.17 10.41 loading box

20.26 19.84 20.32 20.09 19.67 19.94 22.10 19.43 20.19 corrective loading bag

45.00 45.00 45.00 45.00 45.00 45.00 45.00 45.00 45.00 3 × 15 kg loading bag

B stabilization at loading 1.0 × 3.0 kN/m2 = 75.60 kg per step

C 22.68 22.68 22.68 22.68 22.68 22.68 22.68 22.68 22.68 1 × 22.68 kg loading bag

D stabilization at loading 1.3 × 3.0 kN/m2 = 98.28 kg per step

E 15.12 15.12 15.12 15.12 15.12 15.12 15.12 15.12 15.12 1 × 15.12 kg loading bag

F stabilization at loading 1.5 × 3.0 kN/m2 = 113.40 kg per step

3. Results and Discussion

The staircase under applied loading of Gk up to 1.5×Vk, defined according to standard
ČSN EN 1991-1-1 [20], in the first and the second load test did not show any defects in
the form of cracks, delamination, or breakage in places of screw joints. The maximum
vertical displacement was reached at loading of 1.5 × Vk in the middle of staircase step
No. 5, where the vertical displacement of Uy,pot_5 = 6.62 mm was recorded. In the first load
test, the highest permanent deformation occurred at measuring point pot_9 (sinking of the
left support, deformation of steel L-bars which were used for mounting of the staircase
to the testing polygon), where Uy,9 = 3.13 mm. During the first load test, the ultimate
bend limit was not exceeded, it was converted to a vertical displacement and determined
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according to [7,21], with the size of Uy,lim = 17.48 mm. The graph in Figure 11 of the whole
first load test of the stringer staircase (A) shows significant relaxation of the stringer in the
range of E–F, i.e., at loading of 1.5 × Vk. In contrast, during the break in loading in the
range of A–B, i.e., at loading of 1.0 × Vk, the relaxation is negligible. The behavior of the
structure shows that, with increasing loading, higher relaxation of the structure and a more
pronounced increase in vertical displacement occur. A detailed profile of the first loading
of the structure from Gk to a load of 1.0 × V is shown in Figure 12. The gradual unloading
of the structure after the first loading is shown in detail in Figure 13.
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During the second load test Figure 14, the highest permanent deformation at mea-
suring point pot_9 (sinking of the right support) occurred, where Uy,9 = 0.59 mm. The
deformation at the second loading was significantly lower than at the first loading. This
phenomenon was probably caused by the effect of the first loading on the structure under
which the whole structure got into shape, potential production inaccuracies closed up, and
the connecting elements were activated. During the second load test, the ultimate vertical
displacement was not exceeded, Uy,lim = 17.48 mm. The graph in Figure 11 of the whole
second load test of the stringer staircase (A) shows significant relaxation of the stringer
in the range of E–F, i.e., at loading of 1.5 × Vk. In contrast, during the break in loading
in the range A–B, i.e., at loading of 1.0 × Vk, the relaxation is negligible—similarly to the
first load test. A detailed profile of the second loading of the structure from Gk to a load
of 1.0 × V is shown in Figure 15. The gradual unloading of the structure after the second
loading is shown in detail in Figure 16.
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4. Conclusions

Based on the assessment of experimental loading of a stringer interior staircase made
from cement fiber boards reinforced with cellulose fibers, the following summary was
produced:

• According to ETAG 008 [21], a single load test for a staircase structure should be
sufficient. Based on the performed experiments, we found that recurring loading
leads to a significant decrease in permanent deformations (Table 4). Large permanent
deformations during the first loading are partially caused by production inaccuracies
closing up and activation of connecting elements. The values of permanent defor-
mations shown in Table 4 are comparable for a wooden staircase and a cement fiber
board staircase in relation to the constructional arrangement. The presented results in
this publication show that permanent deformation value was lower by 2.54 mm after
the second measurement. Therefore, a suitable recommendation is to first activate
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the structure by partial loading, and then to load it with the prescribed loading. The
results of only a single load test cannot be considered relevant.

• After meeting the standard requirements, the tested staircase was gradually loaded up
to its collapse. The collapse occurred under a total applied load of 2100.6 kg (Figure 17);
this value corresponds with a surface loading of 9.26 kN/m2 (without the self-weight
of the structure itself). The surface value of load was exceeded by 131.5%.

• The used method of loading was considered useful for testing interior staircases. The
research of standards and regulations found that loading breaks are not required.
Based on the experimental assessment, we found that breaks are useful for the struc-
ture relaxation, and it is recommended to choose the break duration so that vertical
displacements stabilize.

• Based on the experimental measurement, a sufficient duration of the loading break is
considered an interval when the change in recorded vertical displacements in the next
step will not be higher than 0.5%.

• Numerical verification of a cement fiber board staircase structure failure, while using
a material SBETA model in ATENA software, differs by 1.91 kN/m2 from the real
loaded model. The difference between the vertical displacements for the numerical
simulation and the second real load test in the middle of the staircase (pot_3) at a
load of 3.0 kN/m2 was 0.6 mm. The vertical displacement before the first crack in the
numerical simulation in the middle of the staircase was 4.096 mm, which corresponds
to the vertical displacement at the end of the second real load test. The crack devel-
opment in the numerical model is comparable to the real load test. The difference
between the numerical simulation and the real experiment can be caused by material
imperfection and imperfect arrangement of the load test. For an optimal design of
staircase construction, it is necessary to continue working on the development of the
material model and material specifications.
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Figure 17. Failed interior staircase structure made from cement fiber boards under loading of
9.26 kN/m2, detailed photo documentation of failed structure. Where (I) is the structure of the
staircase before the crack appeared, (II) the first appearance of a crack on the structure, (III) broken
staircase structure, (IV) detailed view of the broken structure.
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Table 4. Comparison of maximum permanent deformations on a staircase structure after experimen-
tal loading.

Material and Stair Construction Permanent Deformation,
First Loading [mm]

Permanent Deformation,
Second Loading [mm]

Cement fiber board | two stringer 3.130 0.590
Wood, Pinus sylvestris | railing support A [7] 3.870 unmeasured
Wood, Pinus sylvestris | railing support B [7] 4.047 unmeasured
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