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Abstract: The transition from experimental studies to the realm of numerical simulations is often
necessary for further studies, but very difficult at the same time. This is especially the case for
extended seismic analysis and earthquake-resistant design. This paper describes an approach to
moving from the experimental testing of an elementary part of a wood-frame building structure to
a numerical model, with the use of a commercial engineering analysis software. In the presented
approach, a timber-frame structure with polyurethane (PU)-foam insulation and OSB (oriented
strand board) sheathing was exposed to dynamic excitation. The results were then used to generate
a numerical 3D model of the wooden frame element. The process of creating the 3D model is
explained with the necessary steps to reach validation. The details of the model, material properties,
boundary conditions, and used elements are presented. Furthermore, the authors explain the technical
possibilities for simplifying the numerical model in used software. Simplifying the model leads to a
substantial reduction of calculation time without the loss of accuracy of results. Such a simplification
is especially useful when conducting advanced numerical calculations in the field of seismic and
dynamic resistant object design.

Keywords: earthquake design; numerical simulations; timber-frame structure design; non-linear
analysis; dynamical loading; seismic

1. Introduction

Introducing modern materials or innovative solutions requires, in most cases, experimental study
of the new product. Tests can be carried out on real objects [1–3] or on special test stands designed
for this purpose [4,5]. Tests are carried out on both structural elements of objects [6–9] and structural
connectors [10–12], whose role in the structure is increasingly important in the case of timber-frame
structures. Researchers largely focus their attention on numerical calculations because it is a cheaper
alternative to experimental research on real objects. Computer software for calculations, with the help
of the FEM (finite element method), also proves effective. As a result, the object can be modeled and
tested relatively simply and cheaply compared to experimental tests. Testing parts of real construction
elements exclusively is another alternative. Studies on skeletal wooden buildings are often focused
only on basic structural elements such as shear walls [13,14], layers/sheathing of walls [15,16], and
anchoring methods [17].

Other studies are focused on the analysis of structural fasteners and connectors of tested elements
of real scale, and are a great complement to real object studies [18–23].

Experimental tests can be easily carried out for small elements or parts of larger elements. Whole
structures like buildings, however, are often very difficult or even—depending on the size—not possible
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to test. This applies especially if the new materials are designed for earthquake-resistant buildings
on a real-life scale [24,25]. Despite the difficulties associated with the study of objects on a real scale,
we can find many numerical studies related to real objects, including a 2D/3D FEM analysis of a real
timber-framed building conducted by the authors of this paper [26–29]. Therefore, a different approach
has to be applied, one that—once tests on a smaller real-life specimen have been successfully carried
out and sufficient data have been collected—is based on physical materials, but incorporates those
findings by means of numerical simulations into the final design of the structure. The possibility of
modeling whole structures and exposing them to different earthquake conditions is very important
for developing designs and solutions that can withstand such natural hazards. Due to size and loads,
this is only possible with computer simulations.

The first step required to move from the experimental model to numerical simulations is the precise
recreation of the experimental model in FEM software. For the current study, we used a commercial
FEM program created by the company Dlubal called RFEM, version 5-23-01 (Dlubal Software GmbH,
Tiefenbach, Germany) [30]. The use of commercially available software, using only standard elements
of the program, has the advantage that companies that try to introduce new materials or solutions can
use these programs and follow the presented procedure. This way they can expose their product to all
different kinds of scenarios without the need to build multiple models to be tested until failure, which
increases the costs of the process, and sometimes is even impossible due to the dimensions. They can
thus test the product before presenting it to the public or using the results. Since standard procedures
and libraries are used, the difficulties in using the software are reduced to a minimum, which would
not be the case when using scientific (academic) programs that require a much deeper knowledge of
FEM software and more involvement in designing the numerical model. Such software is also often
much more expensive.

The aim of this paper is to present an approach to moving from the experimental tests of an
elementary part of a wood-frame building structure to a numerical model, with the use of a commercial
engineering analysis software. In the presented approach, a timber-frame structure with polyurethane
(PU)-foam insulation and OSB (oriented strand board) sheathing was exposed to dynamic excitation.
The results were then used to generate a numerical 3D model of the frame. The process of creating the
3D model is presented with the necessary steps to achieve validation. The next step in the presented
article was to analyze possibilities of simplifying the numerical model in order to speed up numerical
calculations with minimum loss of accuracy thus reducing the time required for the numerical analysis
as much as possible. The issue is particularly applicable to extensive numerical models of real structures
subjected to dynamic loads and earthquake excitation. Looking at an example of a 10 s analysis of
earthquake excitations for two timber-frame buildings, which incorporates pounding and takes around
one week to complete (using a fast workstation), it can be seen that a reduction of 15% translates to one
day of calculation time. Saving time on numerical calculations creates greater opportunities in the field
of designing and conducting numerical analyses as well as designing earthquake-resistant objects.

2. Model and Testing Methods

2.1. Experimental Study

For this study, a modular timber-frame specimen was created, made of a pine wood frame covered
with OSB sheathing and filled with polyurethane (PU) foam. This specimen was subjected to static
and dynamic loading using the same actuator. Note that this specimen represents a modular part of a
typical wood-frame building, and is not a shear wall. The results in the form of displacement and
resulting force were recorded. The dynamic test, with recorded time history, was carried out until
failure. The timber-frame specimen was subjected to a displacement carried out with an actuator
(with force measurement) acting on the top-left corner of the specimen—the corresponding node in
the model was node ES14 (the node on which the force acts). The specimen was covered with OSB/3
(OSB of the third generation, moisture proof) on both sides. The basic overall dimensions of each panel
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consisted of a total length of 129 cm and a total width of 60 cm. In turn, the outer beams of the skeleton
were 120 cm in length and 4.5 cm in thickness. Beams of the same dimensions, cut to a modular frame
spacing (60 cm) and double-punched (9 cm thick), were used as the outer skeleton element to map the
work of the double cap as a stiffening element. The structural elements of the wooden frame were
joined with Ø 6 mm screws, while the plating was nailed. The next stage of work was the one-sided
restraint of the specimen on one of the edges of the mounting frame.

Specially designed fixing for this allows the specimen to be screwed to the frame with four 10 mm
diameter bolts. This way of fastening was used on both sides at the bottom of the fastening frame,
aiming to reproduce the support conditions of the actual structure as closely as possible. On the other
side of the mounting frame, a special lock was made to ensure that the element could only be moved
horizontally (in one plane only). The supporting frame that the specimen was placed on acted like a
sliding bearing, due to low friction between the OSB sheathing and the steel frame.

The test frame and research element are shown in the images below in Figures 1–4. During
experimental tests, both models were subjected to harmonic excitations. The tests were carried out at
the frequency of 2 Hz for different values of displacement amplitude. The exerted force was recorded
by a KMM40 force sensor. The resulting displacement was measured by an optoNCDT 1302 laser
displacement sensor. The force sensor was mounted to the end of the actuator’s moveable rod, while
the displacement sensor was installed onto the actuator’s shaft (see Figure 2).

Figure 1. View of the test stand and the research element.
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Figure 2. View of the test stand, research element, and sensor locations.

Figure 3. Technical drawing of the specimen.



Sustainability 2020, 12, 5990 5 of 12

Figure 4. FEM model with the placement of force and linear supports.

2.2. Materials

As mentioned previously, for this study the materials used were chosen from the available (within
the program) library and were not altered in terms of their properties; they are presented in Table 1.

Table 1. Material properties used in the numerical study.

Element Material Density
(kg/m3)

Elasticity Modulus
(GPa) Material Model

Timber frame Wood of class C27 500.0 11.5—along fibers
0.72—across fibers Orthotropic linear elastic 2D

Sheathing OSB 700.0 11.50—along fibers
0.65—across fibers Orthotropic linear elastic 2D

Insulation PU foam 0.35 0.35 Isotropic linear elastic 2D

2.3. Model

The model’s geometry was based on the test specimen and was 60 cm in width, 120 cm in height,
and 18.1 cm in thickness. The outer frame was modeled with shell elements with a thickness of 45 mm
on the sides and bottom and 90 mm on top, representing a double layer of beams. The insulation
(PU foam) and the sheathing were also modeled as shell elements with a thickness of 18 mm for
each OSB panel (covering both sides of the frame) and 145 mm for the insulation made of PU foam.
Figure 1 presents the initial model. Figure 5 presents all three materials and the corresponding elements
separately. Numerical models were created from a number of composite structural elements consisting
of shell elements—one representing the wood frame and three representing three layers (two external
simulating OSB sheathing and an internal one simulating PU foam). These three layers were fully
connected one to another in the case of the panel with PU foam, representing the situation when the
PU foam is injected inside OSB sheathing and it bonds wooden elements together. It should be noted
that using beam elements for the outer frame was not possible, because this would not allow the use of
three different layers (i.e., two outer layers of sheathing and one internal layer of foam, as presented
in Figure 5).
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Figure 5. FEM model of the timber frame with all its materials, corresponding elements, and
node supports (a) PU foam, shell elements, (b) OSB sheathing, shell elements, (c) wooden frame,
shell elements.

2.4. Adjustments of the Model

The first step in testing the accuracy of the model was to subject the numerical model to the same
static loading as the experimental specimen and to compare the displacement of both models. During
that phase, it turned out that it was necessary to refine the support conditions of the numerical model,
hence the line supports that were set up initially—as can be seen in Figure 4—were replaced by node
supports, as can be seen in Figure 5. Note that nodal supports—with all three displacements locked
but all three rotations unlocked—were only placed on the outer nodes of the bottom frame element,
skipping the internal node; this corresponds to the real model where the specimen was bolted to the steel
frame. This change was sufficient to achieve a convergence in the static force/displacement comparison.

In the next step, the dynamic relations were compared. The dynamic comparison required a
different approach because a straightforward way was not possible due to software limitations. In the
experiment, the timber frame was forced into a previously determined displacement and the required
force to achieve that set displacement was measured. In the used software, it was not possible to
apply a displacement, so a recursive approach was used, where the force that was measured in the
experiment was used and the resulting displacement was compared with the set displacement from
the experiment.

3. Results

3.1. Comparison of Different Support Configurations and Experiment

The displacement and resulting force relationship in the experiment and the two different support
configurations—line support as presented in Figure 1 and nodal support as visible in Figure 2—are
presented in Figure 6. It turned out that no further adjustments were required in order to achieve a
convergence in the results for a static load. It also can be seen that the difference between these two
support types is basically neglectable.
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Figure 6. Comparison of static loading in experimental and numerical simulation.

3.2. Comparison of Dynamical Behaviour between Experiment and Simulation

In order to use the numerical 3D model for advanced dynamical tests, it was necessary to verify
its dynamical behavior and compare the response of the numerical model with the response of the
tested specimen. We chose a frequency of 2 Hz because it was close to the eigenfrequency of the
specimen. The results of this comparison—where a sine load at 2 Hz was applied to the specimen
in the form of a nodal force—are presented in Figure 7. It should be kept in mind that for using
the numerical model to carry out numerical simulations of whole structures like buildings, the most
important criteria are the maximum displacement as well as the response frequency. It can be seen from
Figure 7 that the numerical results are smoother compared to the real-world test. This can be accepted
since the maximum values are close enough, the difference is less than 12% (which can be accepted for
engineering design), and the possibility of using numerical models for advanced simulations with
accurate maximum displacements makes up for the inaccuracy in the time curve.

Figure 7. Comparison of dynamic loading in experimental and numerical simulation.
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3.3. Reduction of the Numerical Model

For some simulations, a model constructed from basic elements like the one presented in Figure 4
might be too large in terms of finite elements. The size of the model has a significant influence on
computation time, especially in dynamic analysis, which sometimes (for large models) might render
the calculations impossible due to computer requirements. Therefore, it might be necessary to simplify
a model, sometimes even at the cost of accuracy.

In order to present such a possibility, a shell model was created (shown in Figure 8). It is based
on the reduction of all seven elements into one shell element. To achieve useable results, the stiffness
matrix of the shell element as well as its geometrical and physical properties had to be modified.
At first, the overall mass and volume were converted to determine the proper thickness of the 2D
element that was modeled as a single-layer OSB shell element. The thickness of this 2D shell was
70 mm, which ensured the same overall mass of the element. Then, the supports were altered to
account for the changed model by replacing the two-node supports with only displacements fixed, with
one-node supports with two rotations fixed, as shown in Figure 8. In the next step, the stiffness matrix
factors (as can be seen in Table 2 and Figure 9) were changed in order to achieve the same displacement
under static loading as the 3D model of the elementary wall panel. The results of the displacement
under static loading (the acting force was 4 kN) of both models (3D and 2D) are presented in Figure 10.
This calibration of the model by using the stiffness matrix factorsm was then validated by dynamic
loading by comparing the time–displacement curve, as shown in Figure 11. The difference in maximum
displacement is 7.26%, which can be considered a satisfying result, rendering the model accurate.

Figure 8. Simplified shell 2D model.

Table 2. Values of stiffness multiplication factors.

For all
Stiffness

Elements [-]

For Bending
and Torsional

Stiffness
Elements [-]

For Torsional
Stiffness

Elements [-]

For Shear
Stiffness

Elements [-]

For Membrane
Stiffness

Elements [-]

For Eccentric
Stiffness

Elements [-]

2.45 313.00 40.00 37.57 7.79 20.00
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Figure 9. Stiffness matrix for 2D shell element-orthotropy direction.

Figure 10. Displacement under static loading for (a) 3D shell model and (b) simplified shell (2D model).

The computation time for these elements subjected to a 4 s dynamical non-linear analysis could
be reduced by replacing the 3D model of seven elements with the 2D one-element model, from 44 s to
22 s (measured manually)—a reduction of 50%. This not only saves computation time but also the
space (memory) required for analysis and results. The reduction of required RAM can increase the
performance of calculations for models of growing size by far more than 50%. Sometimes this can even
be necessary to be able to carry out an analysis because a larger model might be too resource-demanding
for calculations to be possible on a regular workstation (computer).

Setting up an experimental test is very time consuming and expensive. Using numerical models
that are simplified and validated enables studies of different configurations or much more complex
structures and scenarios while reducing the time and costs needed to perform these tasks. Numerical
calculations also enable simulations to be executed in parallel on many workstations, so different
setups and parameters can be analyzed simultaneously, allowing for a much larger scope. This is a
great advantage over experimental tests.
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Figure 11. Displacement under dynamic loading for 3D shell model and simplified shell (2D model).

3.4. Requirements and Limitations for Migration into a Full 3D Model

The process of designing a numerical model that will allow for a full 3D simulation requires
proper real-world testing that will provide sufficient data for the model in all three dimensions and
also the behavior of the model under all possible internal forces. For this, the response under excitation
or load in three directions is needed as well as the force–displacement relationship under twisting
forces. As for the presented model, it was only possible to verify behavior in the plane of the tested
element, as that was the only plane of the test specimen which was subjected to experimental loads
and displacement measurements (recording). Therefore, this numerical model is limited to providing
reliable results for loads (forces) acting in this plane, and any results with loads acting outside of this
plane cannot be considered reliable.

4. Concluding Remarks

As can be seen from the presented analysis, the transition from an experimental setup into a
numerical simulation for a small model is not difficult, but requires the right approach and validation of
the model, preferably with an experiment. In addition, simplifications should be made based on similar
experimental models when there is a need to shorten the FEM calculation times, especially in extensive
dynamic analyses including earthquakes. To obtain shorter calculation times, it is advisable to use
simplifications of complicated numerical models after comparing the results obtained from the main
and simplified models so that the compliance is relatively high. Saving time on numerical calculations
creates greater opportunities in the field of advanced analysis, such as designing earthquake-resistant
objects or conducting advanced nonlinear numerical analyses.

The possibilities for simplifying numerical models in general, put forward by the authors, led to
shorter calculation times, which may have a number of advantages in advanced numerical analyses.
An undoubted advantage will be the possibility of carrying out several analyses in the time it would take
to conduct one with an unsimplified model. This creates an additional opportunity for modifications and
improvements in the model during analyses, as well as multiplying its edition. A model generated in this
way can undergo more different analyses at the same time, which significantly increases its experimental
value. Furthermore, the numerical load can then be handled by less-advanced workstations.

However, it should be noted that a slight inaccuracy between numerical models—as presented
in Figure 11—is acceptable if the model is validated and the numerical calculations are subsequently



Sustainability 2020, 12, 5990 11 of 12

shortened. This analysis considers wood a non-homogenous and non-isotropic material and OSB
sheathing falls into the same category. So, the typical differences in such materials alone would require
a statistical consideration under academic conditions, but the aim of this paper is to present a possible
means for the qualitative estimation of elements on a larger scale in a numerical investigation. In the
future, the authors plan to carry out experimental research on a full wall with real dimensions and
provide its numerical validation.
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