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Abstract: It is known that when a reinforced concrete building exposed to a horizontal load is
subjected to torsional moments around its center of rigidity, additional shear stresses occur in the
vertical load-carrying elements, such as the columns and shear walls. Therefore, in order to estimate
the additional stresses caused by the torsion, the rigidity center should be calculated precisely. It is
known that there are several analytical approaches to calculating the rigidity center location. These
approaches do not calculate the rigidity centers close to each other in asymmetric buildings. As
significant differences were observed in the calculation of the rigidity center using analytical methods,
it was decided to seek verification by conducting an experimental study. In order to calculate and
verify the location of the rigidity center, an extensive experimental study was planned. A total of
20 scaled and revised buildings were built, and they were tested in the specially designed test setup.
The tested buildings had square, rectangular and irregular floor plans. In addition, vertical load-
carrying members were either symmetrically placed on the floor plan or kept asymmetrical to see the
effect of their location on the rigidity center. All the buildings were tested under their self-weight, and
the corresponding displacements were recorded. Additionally, all the buildings were modeled using
ETABS to verify the theoretical background of the rigidity center. From the test results, it was found
that the resultant shear force can be calculated by multiplying the displacements of each member
of a given story found from the tests on its bending stiffness, and this will give the location of the
rigidity center. The rigidity center was found to be identical to the results obtained from the 3D model
analysis using ETABS, although it uses a different procedure. As the results from the experiment and
3D model are close to each other, it can be said that the rigidity center of reinforced concrete buildings
can be found from simple tests using any material that has almost uniform mechanical properties.

Keywords: rigidity center; torsion; mass center; reinforced concrete building

1. Introduction

Loss of life and property was experienced in the recent earthquakes in Turkey due to
buildings that were not designed and constructed in accordance with the rules specified
in the seismic regulations [1–3]. Although the damage was mostly caused by the material
quality and design deficiencies, it has been determined that the incorrect placement of the
vertical structural system elements is also a factor that increased the damage [4].

As the direction of an earthquake and the angle of the impact on buildings are uncer-
tain, it is desirable for buildings to have sufficient earthquake performance in both the main
axes. For this purpose, vertical structural system elements are placed in buildings in a way
that adds strength, rigidity and ductility on both the main axes [5]. However, sometimes
vertical load-carrying members can be placed asymmetrically due to architectural and
economic reasons. If the layout is not well adjusted, then the rigidity center of the building
moves away from the mass center. Thus, seismic force acting on the center of mass tries to
rotate the building around the center of rigidity; therefore, torsion occurs in the floor [6–8].
This torsion is transferred to the vertical load-carrying members as an additional shear
force. In order to determine the torsional effect realistically, the positions of the mass and
rigidity center must be determined accurately [9].
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When designing a building, the positions and dimensions of the columns and shear
walls are decided during the architectural design, while the final dimensions of the
vertical load-carrying elements are determined during the static design. The column and
shear wall positions are generally not changed during the static design as it may affect
the architectural plan [10–12].

While the rigidity center of reinforced concrete buildings can be determined separately
for each floor, a single rigidity center can also be calculated for the building [6,13–18]. The
following methods are generally recommended to calculate the rigidity center location:

• Buildings are handled independently in x and y directions, and the size and location
of the vertical structural elements are taken into account [5,15,19];

• Dependent and independent analyses in x and y directions are made by creating story
stiffness matrices, and the distribution of the shear forces acting on the structural
system elements is taken into account [20–22];

• The distribution of rotations under unit loading is taken into account by forming a
global stiffness matrix for the building [23]. In the methods where the rigidity center
is calculated by establishing stiffness matrices, the floors are generally considered
rigid diaphragms [24].

It has been determined by various studies that shear walls are important in influencing
the position of the rigidity center due to their large moments of inertia in the in-plane
direction. For this reason, the effect of the shear wall placement on the system behavior
was also investigated [25,26]. It has been observed that drifts increase in the structures
where the rigidity center and mass center move away from each other. The symmetrical
placement of the shear walls on the outer axes increased the torsional rigidity and reduced
the shear forces. It is recommended that the shear walls be placed symmetrically so that
they do not create torsion [25,26].

Although several analytical studies related to rigidity center locations and their effects
on buildings are available, there are a limited number of experimental studies dealing with
rigidity center calculations [27–33]. Half-scale single-story buildings with two spans in
both directions were experimentally tested considering the torsional irregularities created
by slab openings. From the test results, it was stated that the diaphragm rotation calculated
from the rigidity center was found to be more reliable compared to the Turkish Building
Code (TBC2018). They also concluded that an adjusted rigidity center close to the mass
center was not sufficient to prevent torsional irregularity; in addition, slabs were one of the
important elements to reduce torsional irregularity [34].

A 17-story reinforced concrete building in half scale was tested on the shake table. In
this test, it was stated that torsional effects were dominant in the asymmetrical building,
and damage occurred in the so-called flexible part when there was no shear wall in the
floor plan, [35]. According to the study findings, the story mass eccentricity is primarily
to blame for the building’s torsion movement. On the other hand, the shaking table was
found to have a considerable impact on the response of the building to twisting [36,37].
The rigidity center can also be calculated from the vibration records. This method is based
on the criterion that the coherence of the translational motions with the rotational motions
at the rigidity center is minimal [38,39].

It is known that there are several analytical approaches to calculating the rigidity
center location. These approaches do not calculate the rigidity centers close to each other
in asymmetric buildings. As significant differences were observed in the calculation of
the center of stiffness with the analytical methods, it was decided to seek verification by
conducting an experimental study. In this study, we tried to experimentally determine
the rigidity center of buildings using a specially designed test setup. Five square-planned
buildings with only four vertical members, six square-planned buildings with equally
spaced columns and shear walls, four rectangular-planned buildings and five buildings
revised from real buildings were manufactured using balsa wood.
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2. Materials and Methods
2.1. Balsa Wood

Rigidity center of a building mainly depends on lateral stiffness of the vertical load-
carrying members. Lateral stiffness of a member is affected by the material (as mechanical
properties of materials are different), sectional properties (moment of inertia) and length
of the member. If all of the vertical load-carrying members in a building are made of the
same material (either concrete, steel or wood), i.e., keeping modulus of elasticity (E) the
same, the only variable will be the moment of inertia and the location of the member in
calculating the rigidity center. Therefore, considering the laboratory conditions (in terms of
space, loading, measurement devices, data acquisition capability and the amount of the
buildings), scaled versions of the buildings were constructed.

In order to see the exaggerated deformations (drifts) of the columns, a material with
low modulus of elasticity was sought, and finally, balsa wood was selected. Balsa wood is
one of the lightest and softest woods, and its modulus of elasticity is relatively low compared
to other woods.

For the columns, 6 × 6 mm balsa sticks were used, and 3 mm thick balsa plates with
varying lengths were utilized for shear walls. Before the tests, unit weight (W) of all the
balsa wood and modulus of elasticity (E) of some of the selected balsa wood were calculated
from the three-point bending test recorded (Figures 1 and 2). Unit weights varied between
62 kg/m3 and 420 kg/m3 in balsa sticks, and they were between 195 kg/m3 and 372 kg/m3

in balsa plates. Modulus of elasticity measurements revealed that W was proportional to
E. Therefore, as difference in modulus of elasticity affects the bending stiffness, balsa wood
was grouped considering its unit weights in order to eliminate the effect of it in rigidity
center calculations.
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Figure 1. Weight measurements of balsa wood. Figure 1. Weight measurements of balsa wood.

In addition, 8 mm thick medium-density fiberboard (MDF) plates, mostly
300 × 300 mm in dimension, were used as slabs, and 18 mm thick MDF plates with
500 × 500 mm dimension were utilized as the bases of the buildings. The unit weight of
the MDFs was found to be 1000 kg/m3, whereas their modulus of elasticity was 4950 MPa.
Although some insignificant differences exist, all the MDFs were assumed to have the
same mechanical properties.
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2.2. Constructing the Test Specimens

As previously noted, all the vertical load-carrying members were built from 6 × 6 mm
balsa sticks (columns) and 3xLw mm (Lw defines the varying length of the plates) balsa
plates, the slabs were made of 8 mm thick MDF plates, and foundation (or base) was built
using 18 mm MDF plates. The construction process of the buildings is given below:

• The column and shear wall locations were marked on the MDF plates, and they were
drilled out in slabs using laser cutting. The same locations were carved in 5 mm using
laser cutting in base to create a fixed base restraint (Figure 3a);

• In order to not create an unintentional weakness at the column–slab and shear wall–
slab connections, all the columns and shear walls were kept continuous from base to
the top floor. Next, 305 mm long columns and shear walls were placed on the base,
and their alignment was checked at each placement (Figure 3b,c);

• As column and shear wall locations on the slabs were drilled out, in order to place
slabs horizontally, column and shear wall caps were placed at each floor level as shown
in Figure 3d (also Figure 3e);

• All the slabs were leveled by means of water level (Figure 3f,g);
• After completing the construction, final leveling of the slabs and alignment of the

vertical members were checked, and completed buildings were stored (Figure 3g,h).

2.3. Building Properties

Story height of the buildings was one of the hard issues to determine because low
height would result in small displacements in most of the buildings, and it may not be easy
to see the clear difference between the displacements of the members to comment on. On
the other hand, as balsa wood has low modulus of elasticity, displacements in the buildings
with a reduced number of vertical members would be great when the story height was
high, but vertical members might break under those displacement levels. From several
tests and analyses, it was decided to keep story height as 100 mm in all buildings to have
satisfactory displacement and easily interpret the results.

A total of 20 buildings in 4 groups were built from balsa wood and MDF plates to
experimentally determine their rigidity center. In the following tables, Ac,EW and Ac,NS are
the column areas in east–west and north–south directions, respectively; Aw,EW and Aw,NS
are the shear wall areas in east–west and north–south directions, respectively; and finally,
A f stands for the ground floor area. Having square sections, cross-sectional areas of the
columns were counted both in E-W and N-S directions, but shear wall areas were counted
only in the strong direction. In order to be compatible with the experimental results, south
direction was placed in positive vertical direction.
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Group A buildings had only four vertical load-carrying members (Figure 4). The
aim of this group was first to reduce the number of vertical members and simplify the
problem and then to see the displacement clearly and understand how rigidity center alters
as asymmetry arouses. A1 had only four columns placed at the corner of the floor plan; A2
had one shear wall placed in N-S direction; A3 had two shear walls, one in E-W direction
and the other one in N-S direction; A4 had three shear walls, two in E-W direction and one
in N-S direction; and finally, in A5, all the columns were replaced by shear walls. Column
and shear wall areas are presented in Table 1.

Table 1. Properties of Group A buildings.

Bldg. Ac,EW (cm2) Ac,NS (cm2) Aw,EW (cm2) Aw,NS (cm2) Af (cm2)

A1 1.44 1.44 0 0 900
A2 1.08 1.08 0 3.0 900
A3 0.72 0.72 3.0 3.0 900
A4 0.36 0.36 6.0 3.0 900
A5 0 0 6.0 6.0 900

Group B buildings had 6 × 6 equally spaced axis, and at each conjunction, a vertical
member was placed (Figure 5). Column and shear wall areas are presented in Table 2.
This group was built to see the displacements in buildings with increased number of
vertical members and understand the change in rigidity center with the introduction of
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shear walls. B1 having only the columns and B6 having both columns and shear wall
were the symmetrical buildings. In B2, symmetry was ruined by introducing a shear
wall at the south-east corner of the buildings. B3 was symmetrical in N-S direction,
but in E-W direction, as shear wall was used only at the south side of the building,
no symmetry existed in E-W direction. An additional shear wall was placed to ruin
the symmetry in N-S direction of B3 to create B4. B5 was symmetrical in N-S and E-W
directions separately, but from global point of view, the centroid of the shear walls was
observed to be in N-W direction.
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Group C buildings were rectangular in plan; they all had shear walls either placed
symmetrically or not (Figure 6). Areas of the vertical members are presented in Table 3. C1
was a symmetrical building whose shear walls were all at the corners. C2 had symmetry
in both directions, but globally shear walls were seen to be in the south direction. C3 had
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symmetry in E-W direction, and 2 shear walls in N-S direction were placed close to the
south-west corner. C4 was the revised version of D4, and one shear wall in N-S direction
and one in E-W direction were deleted to create asymmetry.
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Table 2. Properties of Group B buildings.

Bldg. Ac,EW (cm2) Ac,NS (cm2) Aw,EW (cm2) Aw,NS (cm2) Af (cm2)

B1 12.96 12.96 0 0 900
B2 12.24 12.24 1.5 0 900
B3 11.52 11.52 0 3.0 900
B4 11.16 11.16 1.5 3.0 900
B5 10.44 10.44 3.0 3.0 900
B6 8.64 8.64 6.0 6.0 900
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Table 3. Properties of Group C buildings.

Bldg. Ac,EW (cm2) Ac,NS (cm2) Aw,EW (cm2) Aw,NS (cm2) Af (cm2)

C1 5.76 5.76 3.6 3.6 750
C2 6.48 6.48 1.5 3.0 600
C3 10.08 10.08 3.0 3.0 750
C4 5.76 5.76 1.8 2.1 690
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Buildings in Group D were inspired by real buildings, and their plans were revised
considering the test setup (Figure 7 and Table 4). All the buildings in this group were
said to have collapsed in a seismic event, and the reason was attributed to torsion. All
the columns were revised to have square sections, as balsa sticks were square. Number
of axes and distance between the axes and shear wall dimensions tried to be compatible
with the real building, and 1/10 scaling was applied to the floor plan. The reason for this
group of buildings was to understand if torsion governed the failures and if torsional
behavior was predictable.
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Table 4. Properties of Group D buildings.

Bldg. Ac,EW (cm2) Ac,NS (cm2) Aw,EW (cm2) Aw,NS (cm2) Af (cm2)

D1 3.24 3.24 1.95 1.8 900
D2 5.04 5.04 9.0 7.2 900
D3 4.68 4.68 6.0 3.8 760
D4 4.32 4.32 3.6 4.2 690
D5 2.88 2.88 7.5 3.6 509

2.4. Test Setup

To prevent accidental torsions at the floor level, which have direct effect on the dis-
placements, it was decided to load the buildings by their own weight, i.e., dead load. In
order to achieve this, buildings must be rotated 90◦. Figure 8 shows the test setup. A strong
test frame was built to hold the building in place. Each building’s base plate was fixed
to the test frame by means of four M16 bolts. Six linear variable differential transducers
(LVDTs) were attached to the slabs close to the slab corner by means of hot silicone to
measure the vertical displacement from the self-weight. Data were collected by means of a
data acquisition system, which was connected to a computer to save and see the recorded
data. A camera and a video camera were placed in front of the test specimen to record the
vertical displacements of the slabs, and one video camera was located at the side to record
the bending behavior of the columns (or shear walls).
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It was known that, while rotating the buildings, floors would displace, and it might
not be possible to measure additional displacement during the tests. In order to overcome
the early displacements, a special trigger device was produced, as seen in Figure 9. This
device was mounted on the base plate of the building and held the building in place.
While rotating the building, this trigger device prevented early displacements and allowed
the building to be attached to the test frame. After attaching the LVDTs to the slabs, the
device was triggered by a rope and rotated 90◦, which allowed the building to displace
vertically by its self-weight (Figure 10). The vertical displacements of the slabs and the
bending behavior of the columns can be clearly seen in Figure 10. There was no connection
between the column caps and the slabs; slabs freely rotate due to the vertical displacements.
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No displacement or rotation was seen at the column base meaning that fixed support
conditions were available during the tests. As no plastic deformations were recorded
during the tests, buildings were tested in all directions (N-S, S-N, E-W and W-E) to measure
a reliable rigidity center.
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2.5. Rigidity Center Calculation

As previously mentioned, in-plane slab displacements (two displacement values at
each floor level) were recorded during the tests. If both displacements of a slab were
the same, then rigidity center was at the centroid. Otherwise, rigidity center should be
calculated considering the unequal displacements.

The displacements of the columns and shear walls were calculated using the two
displacement values obtained at the points close to the corners of each slab (Equation (1))
(Figure 11). As slabs were stiff and assumed to have a rigid diaphragm, linear equation
was used. From the displacements obtained, the stiffnesses of the columns and shear
walls (Equation (2)) were transformed into shear forces at the centers of the elements
(Equation (3)). By taking the centroid of the shear forces, location of the rigidity center
was calculated (Equation (4)). In these equations, dzi is the displacement magnitude at
the relevant point of the relevant slab, xi is the distance of the relevant point from the
reference axis, a and b are the constants, Fi is the shear force, ki is the bending stiffness
of the relevant element, Ei is the modulus of elasticity of the relevant element, Ii is the
moment of inertia of the relevant element, and LI represents the net height of the relevant
element [40].

dzi = axi + b (1)
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ki =
12Ei Ii

L3
i

(2)

Fi = kidzi (3)

Rm =

(
∑ (kidzi)xi

∑(kidzi)

)
(4)
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3. Results and Discussion
3.1. Interpreting the Results and Details of the Comparisons

Figure 12 shows an example regarding the interpretation of the test results. In the
figure, the results for the A2 building are given. Tests were recorded using two video
cameras, with one capturing the top floor behavior, while the other took pictures from the
side view, as shown in the figure. As the building is rotated 90◦ and tests were performed
considering only the self-weight of the building, all the loads were through the gravitational
direction. Therefore, in the figure, S-N indicates the load from the south to the north. The
displacements of each floor were recorded using LVDTs, and displacement profiles were
drawn for each floor considering each loading direction separately. As seen in Figure 12,
the building was loaded in S-N and E-W directions separately. In the S-N direction, as the
shear wall at the N-E corner had great lateral stiffness in the in-plane direction, the slabs at
each floor level were rotated clockwise, resulting in higher displacements at the N-W corner.
However, upon the reduced lateral stiffness of the shear wall in the out-of-plane direction,
its effectiveness reduced, and the displacement difference was observed to be small when
the building was loaded in the W–E direction. The floor rotation was counterclockwise in
this case. In the figures, the O-O line indicates the reference line before loading.

One example regarding the rigidity center calculation is given in Table 5 and details
are given in Appendix A. In the table, the member name, including S-W, indicates the shear
walls, and C stands for the columns. bx and by are the sectional dimensions of the member
in x (horizontal in-plane view) and y (vertical in-plane view) directions. Ii is the moment of
inertia corresponding to the loading direction, Ei is the modulus of elasticity of the member,
and Li is the story height. The other terms are described above. Using Equations (1)–(4),
the rigidity center (RC) of the ground floor considering the S-N direction was calculated
as 27.24 mm from the east side of the slab, whereas it was 193.35 mm from the south side.
Similar calculations were also performed for the first and second floors.
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Table 5. Rigidity center calculation of A2.

Load dir. Member bx, mm by, mm Ii, mm4 Ei, MPa Li, mm xi, mm dzi, mm ki, N/mm kidzi, N kidzixi , N/mm RC, mm

S-
N

di
re

ct
io

n

SW1 3 100 250,000 9462 100 26.5 1.25 28,386.12 35,543.68 941,908
27.24

(from east side)
C264 6 6 108 1917 100 272 21.65 2.48 53.79 14,631
C264 6 6 108 1917 100 28 1.38 2.48 3.42 96
C264 6 6 108 1917 100 272 21.65 2.48 53.79 14,631

W
-E

di
re

ct
io

n

SW1 100 3 225 9462 100 225 6.40 25.55 163.57 36,803
193.35

(from south side)
C264 6 6 108 1917 100 272 6.08 2.48 15.11 4109
C264 6 6 108 1917 100 28 7.75 2.48 19.25 539
C264 6 6 108 1917 100 28 7.75 2.48 19.25 539

It is known that there are several analytical approaches to calculate the rigidity center
location. Some of them are given below [4,19,21–23]:

• The resultant shear force location of the vertical load-carrying elements in a specific
floor can be calculated. Calculations are performed separately for each main axis of
the building;

• The resultant moment of inertia of the vertical load-carrying elements in a specific
floor can be taken into account considering both the main axes separately;

• A unit horizontal load in x and y directions and a unit moment in z direction are
applied to any point on the floor level, and the rigidity center is calculated by propor-
tioning the rotations obtained as a result of these loadings.

There is a moment of the inertia-based approach throughout the programs, and the
load or displacement distributions are calculated using the stiffness matrices established
for the system, and the rigidity center location is calculated as a result of the relationship
between these forces and displacements. Although the logic behind the calculations is
generally the same, the slightest assumption can affect the solution. Examples of these
assumptions include:

• The shear wall modeling (shell-type or single-frame element);
• The joint locations of the frame elements (as frame elements are connected from

their centers, the beams or columns may be longer in the model, which reduces
their stiffness);

• The modeling of the shear walls as a single-frame member for a quick solution, which
further moves the joints away from the real joint locations;
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• The meshing information of the area elements (for fast solutions, sometimes shear
walls are not meshed);

• The missing slab information (for fast solutions, sometimes slabs are not used in the
model; instead, their rigid diaphragm properties are only used).

Due to the abovementioned information, the approaches do not calculate the rigidity
centers close to each other in asymmetric buildings. The global rigidity center in the floor
plane will not be correct; instead, a plasmatic axis in 3D is usually recommended [41–43]. As
significant differences exist, their reliability was questioned by the authors, and analytical
studies were conducted to determine their reliability on full-scale buildings. The results
indicated that the third approach given above may be the most reliable one [44].

After determining the rigidity center locations experimentally, all the buildings were
3D-modeled using ETABS. During the 3D modeling of the buildings using ETABS, all the
columns were modeled using frame elements with the same size of balsa sticks, and the
material properties were determined experimentally considering each column individually.
A thin shell was used to model the shear walls, foundation and slabs with the same size
and material properties used in the experiments. Uncracked sectional properties were
utilized, and dynamic analysis was performed taking only self-weight into account.

The rigidity center locations were found using dynamic analysis to compare the test
results with the analytical solutions. In ETABS, a unit horizontal load in x and y directions
and a unit moment in z direction were applied to any point on the floor level (Figure 13),
and the RC was calculated by proportioning the rotations obtained as a result of these
loadings (Equation (5)). In the equation, xr and yr show the RC location in x and y directions,
respectively, from the reference axis; and Rzx, Rzy and Rzz are the rotations of the relevant
node in x, y and z directions, respectively [23]:

xr=
−Rzy

Rzz
, yr=

Rzx

Rzz
(5)
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Figure 13. Rigidity center procedure in ETABS.

The RCs calculated from the test results were marked on each floor, as shown in
Figure 13, and they were compared to the ones obtained from the 3D modeling in ETABS
(E). In addition to the RCs, the mass center (MC) was also marked on the floor plans. In
Table 6, the x and y distances from the reference axes (xr, yr) were given comparatively,
and the difference between the results was calculated according to Equation (6) [45]. It can
be seen for A2 that E and RC are almost the same, and the maximum difference is 1.44%,
meaning that E can predict the rigidity center accurately.
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Table 6. Comparison between the test results and ETABS.

RC from ETABS RC from Test Difference, %

xr, mm yr, mm xr, mm yr, mm ∆xr ∆yr

2nd floor 26.2 106.3 26.9 102.1 0.23 1.40
1st floor 25.6 105.3 27.0 102.7 0.46 0.87

Ground floor 25.2 102.3 27.2 106.7 0.68 1.44

All of the other buildings are discussed accordingly in the sections below. Only the
deformations found in the tests (as in Figure 12), the RCs found from the tests and ETABS
(as in Figure 14) and their numerical comparison (as in Table 6) are provided below to
shorten the paper.

∆xr=

∣∣∣∣ xr_test − xr_ETABS
Lx

∣∣∣∣100, ∆yr=

∣∣∣∣yr_test − yr_ETABS
Ly

∣∣∣∣100 (6)
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Figure 14. Rigidity center of A2. (a) Ground floor; (b) 1st floor; (c) 2nd floor.

3.2. Results of Group A Buildings

As previously mentioned, Group A buildings had only four vertical load-carrying
members placed at each corner of the square floors. Figure 15 reveals the displacement
profiles recorded after the tests. Although A1 was a symmetrical building, significant
torsion was unexpectedly seen when it was loaded in the S-N direction. The degree of
torsion was found to reduce when the building was loaded in the W-E direction. The
reason can be attributed to the difference in the mechanical properties of the balsa sticks
and the manufacturing quality of the model, as this model was the first one to be tested.
Balsa contains many voids, and its mechanical properties change due to temperature
changes and time. Although the mechanical properties were recorded before the tests,
some undetermined situations may exist. A2 had a shear wall at the north-east corner, and
clear torsion was seen when it was loaded in the S-N direction. When the building was
rotated 90◦ and loaded in the W-E direction, with the decrease in the lateral stiffness of the
shear wall, the degree of torsion reduced. Building A3 rotated clockwise when the load
was applied in the S-N direction and counterclockwise when loaded in the W-E direction,
depending on the location of the shear walls on the load direction. Having three shear
walls, A4 rotated clockwise because of the one shear wall aligned parallel to the load. When
the building was rotated 90◦, two strong shear walls resisted the load, and the deformations
reduced significantly, and almost equal displacements were recorded on each floor. As
for A1, A5 was also symmetrically planned, but torsion was observed when the building
was loaded in either way. Therefore, it can be said that shear walls play an important role



Appl. Sci. 2023, 13, 7452 16 of 27

in reducing deformations and controlling torsion. If shear walls are planned reduce the
torsion and to carry a significant amount of the lateral loads, they must be symmetrically
placed in the plan or their load-carrying property balanced by another member in the
same direction of loading. Otherwise, asymmetrical placement and differences in material
properties and construction quality will affect the lateral behavior of buildings and may
create serious torsion.
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Figure 15. Test results of Group A.

From the recorded values of displacement and using the technique given in
Equations (1)–(4), the rigidity centers of the buildings (shown as RCs) were calculated
and given comparatively considering the results of the ETABS models (shown as E) in
Figure 15, and the numerical values for only the second floor are summarized in Table 7.
In the figure, the mass center is also illustrated to understand the distance between the
MC and RC.

Table 7. Rigidity center comparisons of Group A.

RC from ETABS RC from Test Difference, %

xr, mm yr, mm xr, mm yr, mm ∆xr, mm ∆yr

A1 149.8 150.0 162.3 141.2 4.15 2.94
A2 26.2 106.3 26.9 102.1 0.23 1.40
A3 28.9 28.5 37.9 27.7 3.00 0.26
A4 20.2 146.3 26.9 152.5 2.26 2.09
A5 143.3 145.4 145.9 177.3 0.86 10.63
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As can be seen from the Figure 16 and Table 7, in all buildings except A5, the RCs
calculated from the tests were almost compatible with the ones found from ETABS. In
the symmetrical A1 building, the RC was found close to the MC as expected; in A2, the
RC was on the single shear wall; and in A3, the RC was found at the conjunction of the
shear wall axis. As A4 had two shear walls with equal distance to the MC, the RC was
found to be between those shear walls close to the single shear wall aligned differently.
In A5, although the building had two-way symmetry, test result was not compatible with
the analytical result due to the change in the mechanical properties of the balsa plates
and the unexpected problems in manufacturing. However, in general, it can be said that
the test results were consistent with the results found from ETABS. The difference was
almost 4% (except for A5).
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3.3. Results of Group B Buildings

Group B buildings had equally spaced columns and shear walls (Figure 17). Symmet-
rically planned B1 and B6 had torsion due to the reasons described above. A difference in
the modulus of elasticity resulted in unintentional torsion. However, clear torsion was visible
in the buildings with asymmetrically placed shear walls. In B2, B4 and B5, the torsion was
significant, and the buildings rotated on the opposite side of the shear walls. In B3, as the
building had a symmetrically placed shear wall in the N-S direction, no considerable torsion
was visible when the building was loaded in the S-N direction. It was again seen that shear
walls influenced the direction of the rotation and resulted in torsion in the buildings.
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Figure 17. Test results of Group B.

Figure 18 shows the rigidity center locations of Group B buildings comparatively.
The rigidity center locations for the top story are summarized in Table 8. As seen from
Figure 18, in the symmetrical B1 and B6 buildings, the rigidity centers from the tests (RCs)
were almost identical to the ones found from ETABS (E). The difference in these buildings
was at a maximum of 4%. As for B2, because of the asymmetrically placed shear wall, the
RC was found far from the mass center, and it was close to the shear wall corner. In B3,
as the shear walls had symmetry in the N-S direction, the RC was on the symmetry line
but close to the shear walls. The difference between the RC and E were at a maximum of
4.87%. In B4 and B5, the RC and E differed too much compared to the others. It was at a
maximum of 13.84% in B4 and 12.61 in B5. In B4, although the RC was found to be close to
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the corner of the shaped shear wall, E calculated it close to the mass center. However, in B5,
although the rigidity center found from E was at the mass center, the test revealed that it
was on the N-S symmetry axis but close to the north side. Therefore, it can be said that as
the shear walls were placed symmetrically in either axis, E calculated the rigidity center on
the symmetry line, considering the shear walls mainly in the strong axis without taking
into account the global shear wall locations. However, in the tests, it was found that the
global shear wall locations may also be important because a significant difference was seen
in those buildings.
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Table 8. Rigidity center comparisons of Group B.

RC from ETABS RC from Test Difference, %

xr, mm yr, mm xr, mm yr, mm ∆xr ∆yr

B1 149.7 149.5 144.6 155.3 1.72 0.93
B2 125.1 260.8 123.8 269.6 0.42 2.48
B3 146.7 169.8 161.3 180.7 4.87 3.65
B4 159.7 183.5 200.8 225.0 13.70 13.84
B5 150.1 149.8 150.1 112.0 0.01 12.61
B6 146.2 139.2 134.1 146.3 4.03 2.36

3.4. Results of Group C Buildings

Group C buildings had rectangular floor plans. C1 had symmetrical shear walls, and
little torsion was seen. C2 had symmetrical shear walls in the N-S direction, and little or
no torsion was observed in the N-S direction, but significant torsion in the W-E direction
was visible. Maximum displacement was at the opposite side of the shear walls, resulting
in clockwise rotation. In C3 and C4, torsion was seen depending on the strong axis of the
shear walls (Figure 19).
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Figure 19. Test results of Group C.

Figure 20 indicates the rigidity center locations comparatively, and Table 9 sum-
marizes the results of the second floor comparatively. In the symmetrical C1 building,
the RC and E were close to each other, and the maximum difference was 2.55%. In C4,
the maximum difference was 1.4%, indicating that the RC and E were almost the same.
They were again close to each other in the other buildings, but the difference was at a
maximum of 7.85% in C2 and 6.56% in C3. In C2, the RC was calculated at the symmetry
line of the shear walls, whereas E found the rigidity center near the east corner of the



Appl. Sci. 2023, 13, 7452 21 of 27

shear wall located in the west. In C3, although the RC and E were close to each other
on the ground and first floor, they differed in the second floor and difference was a bit
higher when compared to other buildings.
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3.5. Results of Group D Buildings

Figure 21 shows the test results of the scaled and revised versions of real buildings.
D1 with an L-shaped shear wall at the south-east corner resulted in significant torsion in
a clockwise direction when loaded in S-N and W-E directions. D2 with a huge L-shaped
shear wall again resulted in significant torsion, and the torsion was in a counterclockwise
direction. D3 and D4 had both asymmetrically placed shear walls and floor plans, which
ended up exhibiting considerable torsion in the opposite direction of the strong axis of the
shear walls. Although D4 had shear walls located symmetrically in S-N and W-E directions
separately, torsion was observed, and this was attributed to the global locations of the shear
walls that were greater in number in the north-east part of the plan.
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Figure 21. Test results of Group D.

Figure 22 reveals the comparative results of the RC and E, and Table 10 summarizes
the results for the second floor. As can be seen, in the square-planned D1 building and the
trapezoidal-planned D5 building, the test results were almost equal to the results of ETABS.
However, in D2, ETABS calculated the rigidity center at the junction of the huge L-shaped
shear wall, but in the test results, the rigidity center was found again on the shear wall
aligned parallel to the S-N axis; this again was shifted to the south because of the shear
wall at the south-east corner. The same conclusion can be drawn in D3 because E was at
the corner of the huge shear wall, whereas it shifted through to the south-east due to the
additional shear walls in this direction. It is interesting that although the N-E part of D4
had more shear walls, both the test results and ETABS calculated rigidity close to the mass
center, as the shear walls were symmetrical in a separate axis.
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Table 10. Rigidity center comparisons of Group D.

RC from ETABS RC from Test Difference, %

xr, mm yr, mm xr, mm yr, mm ∆xr ∆yr

D1 27.1 247.8 27.5 247.1 0.15 0.23
D2 272.4 38.7 267.7 72.4 1.56 11.24
D3 20.7 28.7 45.4 56.9 8.25 9.40
D4 104.0 160.8 119.6 152.0 6.82 3.81
D5 120.5 229.8 125.8 226.4 1.79 1.15
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4. Conclusions

The location of the rigidity center in a reinforced concrete building should be
calculated realistically as it directly affects the additional shear forces that will affect
the vertical structural elements, such as columns and shears. In this study, a total of
20 scaled and revised buildings in 4 groups were constructed using balsa wood and
tested under self-weight, and the rigidity center of each building was found from the
displacement values recorded during the tests. The following conclusions can be drawn
from the results of this study:

• The rigidity centers of reinforced concrete buildings can be found from simple tests
using any material that has almost uniform mechanical properties;

• The only problem in the test was seen in the different mechanical properties of the
vertical load-carrying members. As the stiffness of an individual member influences
the rigidity center of a building, any change in the stiffness (in the case of this study, it
was the modulus of elasticity of balsa wood) will affect the rigidity center location;

• Balsa sticks and balsa plates, being light in weight, were found to be convenient
materials for such a test as they allow large displacements due to their low modulus of
elasticity. Large displacements were found to be beneficial during the tests to interpret
the results clearly;

• The rigidity center of a floor plan can be found from the displacements of the vertical
load-carrying members caused from the related self-weight or any additional loading.
These displacements should be multiplied by the stiffness of the member to add
information on the modulus of elasticity and moment of inertia of the member;

• The test results were compared with the results found from the 3D modeling performed
in ETABS, which calculates the rigidity center considering the displacement demands
related to the unit loading in the plan directions and the unit rotation in the z axis.
Identical rigidity center locations were calculated, indicating that reliable results can
be taken from the tests of frame buildings and frame–shear wall buildings;

• Symmetrically planned buildings were observed to have some rotations upon loading,
which may be attributed to the change in mechanical properties;

• It has been observed that structural analysis programs calculate the rigidity center
separately for the x and y directions of the building and can calculate the rigidity
center in the middle of the floor plan in the case of a symmetrical layout on both axes.
However, tests revealed that rigidity centers were close to the regions where there
were more shear walls.

As the correct calculation of the rigidity center location is directly related to seismic
performance, it has been determined that reinforced concrete building models should be
created in a way that is close to reality, important assumptions should be avoided, the
element nodal points should be located close to their real positions, and loadings must be
applied to the elements correctly.
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Appendix A

An example of how the rigidity center is calculated from the experimental results is
given below:

• Displacements from the experiment are calculated (Figure A1);
• Displacements of each column considering the linear interpolation of the displace-

ments found from the experiment are calculated. In other words, as displacements
measured at each end of the slab are recorded, displacements at the column locations
should be calculated. To achieve this, owing to the rigid diaphragm of the slabs,
a linear equation can be obtained using a line from one displacement to the other
one, and from this linear equation, displacements of the columns are calculated
(Columns 7 and 8 of Table A1, Equation (1));

• The stiffness of each column is calculated. As each column has a different modulus of
elasticity (Column 5 of Table A1), they have different stiffnesses (Column 9 of Table A1,
Equation (2));

• The shear forces of each column are calculated (Column 10 of Table A1, Equation (3));
• The rigidity center of the building is calculated using Equation (4).

Figure A1. Displacements from the experiment.

Table A1. Detailed calculation of the rigidity center.

Column
Section

I,
mm4

E,
MPa

L,
mm

xi,
mm

dzi,
mm

(Equation (1))

ki,
N/mm

(Equation (2))
Fi

(Equation (3))
(kidzi)xi

RC,
mm

(Equation (4))
bx,

mm
by,

mm

1 6 6 108 2838 100 28 57.86 3.68 213 5959

162.3
2 6 6 108 2830 100 272 71.03 3.67 260 70,855

3 6 6 108 2838 100 28 57.86 3.68 213 5959

4 6 6 108 2830 100 272 71.03 3.67 260 70,855
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