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Lateral Load Transfer in Multi-story
Timber Modular Buildings

1. Introduction

Modular timber buildings are economical, time-efficient and, for countries with sustainable
forestry, an environmentally friendly alternative to conventional constructions. Engineers,
nowadays, look for an efficient way of using the high level of prefabrication in the multi-
story buildings. This paper aims to contribute to the development of the multi-story timber
modular buildings (MSTMBs) by investigating their reaction on lateral loads.

In multi-story buildings without an additional lateral load resisting system, wind and other
horizontal loads must be safely transferred through intermediate floors and shear walls
down to the foundations. The lateral load distribution to the shear walls is affected by the
stiffness of the intermediate floors [1]. For the preliminary stage of design, building codes
offer guidance whether to assume the intermediate floor as rigid or flexible (e.g. [2][3]).
However, none of these approaches describe semirigid discontinuous behavior of interme-
diate floors, which is typical for MSTMBs. A couple of studies suggest simplified methods
(e.g. [1][4][5]) applicable for the load transfer, yet none of them investigated MSTMBs
specifically. In this paper, we introduce a 2D finite element model (FEM) and we demon-
strate its application for the lateral load distribution analysis in MSTMBs.

The project was carried out as a Master thesis [6] at Aalto university in cooperation with
Sweco Structural Engineering. Selected parts of the Master thesis are presented in this
paper.

2. 2D FEM

®  Spring support

|- shear connection - Spring element

= Compression / tension connection -
Spring element

Figure 1: Modelling of MSTMB with the use of 2D FEM.
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Figure 2: System of 2D FEM for lateral load distribution analysis. Input data in green cells, output in orange cell.

MSTMBs are modelled in 2D space, where the intermediate floor is represented by thin
solid bodies (see Figure 1). These bodies, which represent both the individual modular
plates and the corridor plates, are connected with 1D springs. The springs are analogous
to the shear and compression/tension connections at the floor level. The plane model is
supported by spring supports, which represent the shear walls.

The supporting spring can include not only the shear stiffness of the shear wall but also
the effects of other possible stiffness contributions such as the bending deflection of the
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shear wall, the stiffness of the wall-to-floor connection and the deformation of the vibration
insulation. Each story of the building is modelled separately starting from the roof. In order
to obtain maximum shear forces in the first floor, the forces from the upper floors are
summed up. This linear analysis is carried out by plane stress considering elastic regions
of deformation using constant strain triangular (CST) finite elements. The whole procedure
from the input data to the results is outlined in Figure 2. The described 2D FEM can be
implemented in any numerical-analysis software. For the purpose of this work, Microsoft
Excel 2016 with VBA (Visual Basic for Applications) is used.

3. Reference building
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Figure 3: Positions and types of the shear walls in the studied MSTMB [7].

In this work, the lateral load distribution is studied on a 22,0 m high 6 story timber mod-
ular building (length 29.3 m, width 17.8 m) with a floor height of 3,15 m. All room modules
are prefabricated volumetric elements. The vertical structures of the modules are either
CLT or timber-gypsum stud walls. The positions and the types of the shear walls are illus-
trated in Figure 3. In this project, most of the walls are designed as shear walls, even
though they are coupled (e.g. SY60 and SY6v). The MSTMB was designed according to
Eurocode and Swedish national annexes EKS11 [8] and a detailed 3D FE model was
created in RFEM 5.18 as a part of the design.

4. 2D FEM validation

As there are no measured data from site, the results obtained from 3D FEM (RFEM 5.18
model) represent the most precise available data of the lateral load distribution in the
MSTMB and they are taken as a reference. Additionally, the 2D FEM is compared with two
other simplified methods, which are used in engineering practice for the lateral load dis-
tribution. The results for the y direction are illustrated in this paper.
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Table 1: Lateral load distribution by 3D FEM (left) and 2D FEM (right) in y direction, relative values.
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Table 2: Comparison of the simplified methods with the reference 3D FEM in y direction. Values in percentage
points [pp] are obtained by subtraction of the 3D FEM results [%] from the given method results [%].

A [pp] = given method [%] - 3D FEM [%]
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The 3D FEM is based on geometrically linear analysis. The target length of the finite ele-
ments is 0,3 m. All load-bearing walls, ceiling structures and floor structures are modelled
as 2D plate elements. The intra-module connections are modelled with line hinges and the
inter-module connections with 1D members. All structural elements as well as all joints
are modelled with their actual stiffness properties. The lateral load is assigned as line load
to each floor.

All input data for the 2D FEM imitate the input data for the 3D FEM. However, several
deviations in the input data are observed as the 2D FEM represents simplified method. For
instance, ceiling structures of the volumetric elements, as well as uplift connections are
not considered in the 2D FEM. Also, the finite element mesh is sparser in the 2D FEM than
in the 3D FEM. There are 8 finite elements per modular plate in the 2D FEM, which means
1,4 - 5,2 m long finite elements depending on the size of the modular plate.

In order to compare the results from the 2D FEM and the 3D FEM, the lateral load distri-
bution is expressed in relative values considering that the sum of the lateral load in each
floor is equal to 100 %. It can be observed that with both models the critical walls could
be identified (see Table 1). The qualitative values are similar, the slight differences are
caused by variations in the input data such as different stiffness properties of the walls
(SY60 and SY9v), which change their materials over the floors. However, in both direc-
tions, the developed 2D FEM shows the same trend of the lateral load distribution as the
3D FEM.

The 2D FEM is compared to other methods. First, «tributary areas» method is based on
an assumption of discontinuous and flexible intermediate floor. In that case, the lateral
load is distributed to the shear walls based on the tributary areas. Second, a rigid inter-
mediate floor with no inter-module connections in the floor level is assumed in «rigid floor»
method. In both, only shear stiffness of the shear walls is taken into account. The results
from all the simplified methods are expressed with deviations from the reference 3D FEM
in Table 2.

The 2D FEM shows a wider agreement with the 3D FEM compared with the other simplified
methods in y direction. In x direction, also the rigid floor method gives satisfactory results
despite the several deviations. Anyhow, the wide agreement indicates that the presented
2D FEM is suitable for the lateral load distribution in the preliminary stage of MSTMBs
projects.

5. Parameter study

Using the developed 2D FEM, five parameters that determine the lateral load distribution
are studied: (i) stiffness of the inter-module connections, (ii) stiffness of the modular
plates forming the intermediate floor, (iii) total stiffness of the shear walls, (iv) in-plane
bending stiffness of the shear walls and (v) positions of the shear walls. The individual
parameters are studied on different small layouts, although the input data, which are
invariable in the parameter study, are taken from the reference building (chapter 3).

5.1. Stiffness of the inter-module connections

On a simple one-story layout consisting of 3 identical modules 3 x 6 m (Figure 4), the
effect of stiffness of the inter-module compression/tension connections on the lateral load
distribution is analysed. The LVL frame with OSB sheathing works as an intermediate floor
transferring the lateral load into the shear walls. The shear walls are stud walls with timber
studs 48 x 123 mm spacing 400 mm and gypsum sheathing.

A considerable effect, which could be amplified in more sophisticated layouts of MSTMBs, is
noticed. If the stiffness of the inter-module connections is small compared to the stiffnesses
of the structural elements, the lateral load is not substantially distributed to the modular
plates, which are located further away from the lateral load action. This may lead to exces-
sively large shear forces in the shear walls of the modules, which are directly exposed to
the lateral load. In this example, for a stiffness of the inter-module connection 30kN/mm,
the shear force in the shear walls of module 3 is about 1,5 times larger than the shear force
in module 1. If the connection is designed with a smaller stiffness 10kN/mm, the shear force
in module 3 is even 2,5 times larger than in module 1 (see Figure 4).
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Figure 4: Effect of inter-module compression/tension connections on the lateral load distribution.
The numbering of the shear walls corresponds to the numbering of the modules.
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Figure 5: Effect of stiffness of the modular plates in the intermediate floor on the lateral load distribution.
The numbering of the shear walls corresponds to the numbering of the modules.

5.2. Stiffness of the modular plates in the intermediate floor

Three different structural types of the intermediate floor are compared with the rigid as-
sumption. The LVL frame with OSB sheathing taken from the reference building is studied
together with 140 mm thick (40-20-20-20-40) CLT panels. CLT panels spanned in both
directions are investigated. The building layout follows the same principle as in the previous
example but with five identical modules 3 x 6 m placed behind each other (see Figure 5).
The lateral load is assigned from the right side, thus, module 5 is the closest to the lateral
load action.

If the floor is modelled as rigid (blue column in Figure 5), the shear force in the shear wall
SX5 is 2.6x larger than in the SX1. While for the LVL frame and OSB sheathing, there is
3.2x more lateral load in the walls SX5 compared with the SX1. Thus, the importance of
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taking into account the actual stiffness, instead of assuming the modular plates of the
intermediate floor being rigid, is outlined. Furthermore, the study shows the differences in
the lateral load distribution when comparing CLT panels spanned transversely.

5.3. Total stiffness of the shear walls

In order to study how the lateral load is distributed into two shear walls with different
stiffnesses, a single module 6 x 3 m is analysed. The module is composed of LVL ceiling
and 4 shear walls (see Figure 6). The total stiffness of one of the shear walls (SX1+) is
taken as a variable, which varies from 0 to 50 kN/mm. The rest of the shear walls have
constant stiffness 5 kN/mm.

The lateral load is distributed to the two parallelly positioned shear walls relatively evenly,
although there is a significant difference in their stiffnesses (see Figure 6). The load dis-
tribution is dependent also on the stiffness of the transversely positioned shear walls, on
the vertical connections between the walls (considered as rigid in this study), and on the
stiffness of the intermediate floor. However, we can conclude, that the lateral load is not
necessarily distributed to the shear walls in the exact proportion of their stiffnesses.

20 SX1+

18

SY1+
SY1-
16

14 SX1-

-
N
[ i

Shear force [kN]
=
o

0 5 10 15 20 25 30 35 40 45 50
Stiffness of SX1+ wall [kN/mm]

— S X ] -

SX1+

Figure 6: Effect of stiffness of the shear walls on the lateral load distribution. (a) Stiffness of SX1+ is
equal to stiffness of SX1- (both walls as stud walls). (b) Stiffness of SX1+ is 5x larger than stiffness of SX1-
(CLT 120 mm vs. stud wall).

5.4. In-plane bending stiffness of the shear walls

The in-plane bending stiffness depends on the height and the length of the shear walls [9].
Therefore, if some of the shear walls vary in their lengths, the load distribution should
differ with the height of the building.

Three-module layout is drawn (Figure 7) so that the bottom half consists of two small
(red) modules 2,85 x 3 m, whereas there is one large (blue) module 6 x 3 m at the top
half. All the walls of all three modules are designed as CLT walls, and they all work as
shear walls. Their stiffnesses, therefore, differ only because of their lengths and heights
(number of floors). All the levels from the single-story (3,1 m high) to the six-story
(6 x 3,1 m high) building are evaluated, meaning, six individual sub-analyses are carried
out. The aim of this study is to find out the difference in the shear forces between the blue
part (module 3) and the red part (modules 1,2).
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Figure 7: Effect of in-plane bending stiffness of the shear walls on the lateral load distribution.

If the studied three-module building has only one story, the difference between the load
in the module 3 and the modules 1, 2 is neglectable (less than 5 %). However, in the 6-
story building, the module 3 takes much more lateral load than the two smaller mod-
ules 1,2. In this example, the load transferred in module 3 is larger by 38 % than in the
other half of the layout (see Figure 7).

We can see different load distribution for one-story and multi-story building, even though
they have identical floor plan. Hence, the effect of in-plane bending stiffness of the shear
walls on the lateral load distribution should not be neglected in designing and analysing
MSTMBs.

5.5. Positions of the shear walls
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Figure 8: Two building layouts of the 6th story timber modular building compared with each other in terms
of lateral load distribution.

Lastly, it is reported that only a small variation in the floor plans may considerably influence
the uniformity of the lateral load distribution. Using layout (a) in Figure 8 lead to maximum
shear forces 108,8 kN, comparing to maximum shear force 65,8 kN from layout (b).

Thus, it approves the potential of the presented 2D FEM to be used for the lateral load
transfer assessment of different building layouts. The 2D FEM could help with optimization
of MSTMBs by carrying out similar kind of analyses and searching for better modules’
configurations.
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6. Conclusions

This work proposes 2D FEM, which is suitable for obtaining the lateral load distribution from
the intermediate floor to the shear walls in MSTMBs in the early stage of design. The lateral
load distribution analysis is carried out on the reference MSTMB. The results obtained by the
2D FEM show similar trend as the reference 3D FEM. Moreover, the potential of using the
2D FEM in the preliminary stage of the projects is confirmed by obtaining the closest results
to the reference 3D FEM in comparison with other commonly used simplified methods.
Various parameters, which affect the lateral load distribution, are individually studied by the
2D FEM on simple layouts. First, the importance of ensuring a sufficient stiffness of the inter-
module connections in the intermediate floor is emphasized. Second, it is shown how the
actual stiffness of the modular plates plays a role and how the lateral load distribution may
differ, when the modular plates are considered as rigid instead of taking the actual stiffness
into account. Third, the study of two shear walls with different stiffness gives evidence that
the lateral load is not necessarily distributed to the shear walls in the exact proportion of
their stiffnesses. Fourth, the in-plane bending stiffness of the shear walls is a significant
attribute, which may cause the variations of the lateral load distribution. Fifth, the orienta-
tion of the shear walls might significantly influence the lateral load distribution.

Overall, it is proved that the stiffness of the intermediate floor as well as the stiffnesses
and the positions of the shear walls play considerable roles in the load transfer. Thus, none
of these parameters should be neglected in the preliminary calculations of MSTMBs design.
However, the lateral load distribution is always dependent on several factors, which are
linked to each other. It is not possible to express in a general way, which of the above-
mentioned factors has the largest influence, as the effects vary on a case-by-case basis.
The parameter study indicates a potential of using the 2D FEM in optimization process in
terms of structural efficiency. The possibility to quickly observe the effect of the shear wall
stiffness or the inter-module connection stiffness can help designers to optimize the load
distribution by adapting these parameters.

Regarding a future work, it would be beneficial to conduct analyses, which would deal with
the relations between individual factors so that their effects are known in the context of
other attributes, e.g. ratio of the intermediate floor and the shear walls stiffnesses. Also,
other factors such as uplift connections stiffness or plastic deformation of structural elements
could be added in the list of input data for the 2D FEM. For a larger credibility of the 2D FEM,
the load distribution should be analysed in several other MSTMBs and the results should be
compared with the complex 3D FEM, or with the measured data from a site. Lastly, the
utilization of the method could increase, if not only the load transfer, but also horizontal
displacement and vibration analysis could be carried out by the similar approach.
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