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Abstract. Three-dimensional description of a building structure taking into consideration the soil structure interaction is a
very complex problem; the solution of it is often obtained by the finite-element method. However, this method takes a sig-
nificant amount of computational time and memory. Therefore an efficient computational model based on the subdivision of
the structure into building elements such as wall and floor slab elements, plane and three-dimensional joints and lintels, that
could provide accurate results with a significantly reduced computational time, is proposed in this study for the analysis of
three-dimensional structures. The examples prove the efficiency and the computing possibilities of the model.
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1. Introduction

Three-dimensional description of building structure
taking into consideration soil structure interaction is a
very complex problem and solution of this problem is
often obtained by the finite element method. The building
structure and the subsoil create a uniformly interacting
system which can be accurately described only by three-
dimensional analysis. Such analysis allows not only to
design building structures in an efficient way but also to
take into account complicate load and soil conditions
Fig 1. On the area of Poland, the kinematic loads are
caused mostly by mining [1] and road traffic (paraseismic
effects), but lately the typical seismic effects have been
noticed in north-eastern part of Poland and Lithuania.

The computational model created to solve these pro-
blems, which uses classical finite elements, incorporates
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Fig 1. Special loads of building structures: a) changes in
subsoil, b) vibrations, c) explosions, d) impact

substantial disadvantages as a result of high time-
consuming computations (a high number of degrees of
freedom) and extended data processing.

Many building structures are constructed using cou-
pled shear walls or shear wall-frame systems. Therefore
much research on efficient analysis of such structures has
been undertaken [2—4]. Plane stress elements and beam
elements have been used to model the shear wall core and
frames. The transition region in which beam and shear
walls or frames are interconnected is often the weakest
area. In general, wall element is treated in FEM as plane
stress element (has two translational degrees of freedom
per node) and beam element has three degrees of freedom
per node (two translational and one rotational). Due to
this reason, many research workers have taken into ac-
count the connections between shear wall and beam or
shear wall and frame [4-7].

The paper presents an efficient three-dimensional
computational model (called MQDES) based on subdivi-
sion of the structure into building elements such as wall
and floor slab elements, plane and three-dimensional
joints and lintels, that could provide accurate results with
significantly reduced computational time. The theory of
Timoshenko-type beam has been used to describe wall
and floor strips but the compression and twisting have
been added to the classical formulation. The description
allows to obtain internal forces for every strip what can
be very useful in the engineering practice (designing
process).

Proposed model can be useful for the analysis of
three-dimensional structures subjected to dynamic and
static loads but especially for the analysis of building
structures, where mainly walls are responsible for the
stiffness of the building.
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2. The computational model
2.1. The model formulation

The computational model is formulated on the basis
of the finite element method in agreement with Zien-
kiewicz [8]. The discrete model is constructed using the
subdivision of the structure into building elements such
as wall and floor slab elements, plane and three-
dimensional joints (vertical and horizontal) and lintels [9]
(Fig 2).

Wall and floor elements (Fig 3a), which are treated
as vertical and horizontal strips, are described by deep
beam scheme taking into account compression and twist-
ing. Transverse section deformation is assumed as in
Thimoshenko-type beam in agreement with [10].

The displacement field of wall and floor strips is ex-
pressed by
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where: ¢ — angle of rotation of the strip cross-section,

v —angle of twist of the strip cross-section.
The strain field is written as
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where: [, p — two adjacent points between which strain is
averaged, L — distance between points / and p (width of

the strip).
The strain vector has the form
& w = Lf W, (3)
where:
a)

horizontal joints

floor element

vertical joints

wall element

foundation element

l - l 0 0 0
L L
0 0 83 -Xx ai 0
_ Z Z
L= 5 5 , 4)
_— -1 0
20z 20z 5
0 0 0 0 2y —
L Y 0z |
fyw= {ul U, wo ¢ \V}T . (5)
The stress field is determined as follows:
6=De=DLfy, (©6)

where: D — constitutive matrix.

Plane and spatial joints are placed between floor and
wall strips.

The displacement field in the plane joints (Fig 3c)
can be expressed by:
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The strains can be calculated as follows:
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where: ¢ ,— angle of rotation of the plane joint cross-

section, y,— angle of twist of the plane joint cross-
section, [, — width of the joint.

b)

Thimoshenko-type beams

Fig 2. a) the subdivision of the structure, b) the location of Thimoshenko-type beams
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Fig 3. Elements of the computational model: a) basic wall element, b) wall element with unknowns in the corners,
¢) plane joint, d) spatial joint, e) wall and floor elements interconnected by three-dimensional joints

Connection between 3 or 4 strips and 2 strips situ-  2.2. The finite element method application
ated in a different plane is described by three-dimensional
joint (Fig 3d, e). However, the displacement field of the
spatial joints (Fig 3d) is assumed as in three-dimensional
state of stress.

The problem solution using the finite element
method is reduced to a defined number of points, called
nodes.

The unknown displacements distribution of wall and

u u(x,y,z)
fi=<vi=3v(x,y,2)¢. (12)

w w(x,y,2)

floor elements f w18 expressed by:
f, =Nd,, (17)

where N — shape function matrix, d.— vector of unknown

Strain field is calculatefl as displacements at nodes of finite elements
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Stress field can be described by The equation (20), expressed by internal forces W,
6 =De; =DL;f;, (14)  has been obtained by formulas (3) and (4) and by integra-
tion of the equation (19)
where:
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Internal forces can be obtained by using FEM
W =DLf = DLNd, = DBd,, (22)

where: D — constitutive matrix, N — matrix of a shape
function, d. — displacement vector of nodes.

Using equation (20) the typical system of differential
equations can be obtained

Md +Cd +Kd = P(t). (23)

The solution of the equation (26) can be obtained by
using one of well-known numerical method, ie indirect
method (reduction and modal superposition) or direct
method (Newmark and finite difference method).

In order to enable easier implementation of connec-
tions of finite elements, according to the presented model,
the unknown displacements are transferred to the corners
of elements (Fig 3b).

2.3. Soil-structure interaction problem

The subsoil is presented as elastic contact model de-
scribed by spring constraints (Fig 4).

Taking into account structural elements, the dis-
placements can be expressed as follows [11]:

M] = ul, (24)
U, =iy, (25)
+
w= Witwy , (26)
2
w1 =Wy
=— = 27
(o] 3 27
Vi—V2
= . 28
I (28)
The forces of subsoil interaction have the form:
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where: Rg¢— forces of subsoil interaction, K¢ 1, — matrix
6x6 in which: kys = ks, = b, , k3s = kg3 = ¢ and the other
elements equal 0.
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Fy, J, Jo — cross-sectional area and moments of inertia of
the foundation footing, k,, k,, ky — proportional subsoil
coefficients [12].

Taking into account the subsoil, the computational
model has a form:

NN
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where: k — degree of freedom of the structure, f — degree
of freedom of the contact zone between structure and
subsoil.
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Fig 4. The subsoil interaction in the elastic contact model: a) elastic constrains, b) soil-structure interaction
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2.4. The model loads

In case of problems changeable with time the system
of differential equations (23), (25) is to be solved.

The equation of motion for kinematic loads trans-
ferred from subsoil to building structure has the form:

Mld+d, J+Cd+Kd =0, (36)

where: M — inertia matrix, C — damping matrix.

In case of “step by step” method of integration the C
matrix is often exchanged by combination of inertia-
stiffness damping:

C=a-M+3-K, (37)

o, B — coefficients, K — stiffness matrix, d - accelera-
tion vector, d- velocity vector, d — displacement vec-

tor, d, — equivalent acceleration vector of vibrations

4
transferred from subsoil to building structure.

d, =za;-Ti, (38)
i

T; — transformation vector for i-direction of vibration,
agi — i — component of building footing acceleration.

Because the acceleration components a, are known
from recorded vibration accelerograms, the equation (36)
has now the form:

Md + Cd +Kd = -Md, =P(t). 39)

3. Numerical tests

The numerical tests present the verification of the
correctness, accuracy and efficiency of the proposed
computational model by comparison with the results
obtained by using classic finite elements. The correctness
of the presented elements has been estimated according to
the principals used in FEM [8]. Both described in the
paper new elements and classic finite elements have been
implemented into the author’s software “ORCAN”
(kmb.pb.bialystok.pl/dydaktyka/tchyzy).
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The dynamic response of the building models have
been tested under paraseismic impact load. The results
have been compared taking into account displacements
and computational time.

3.1. Numerical test No 1

Test No 1 concerns the single segment of the
11-storey building (large-panel building technology).
Concrete of B-20 class (according to Polish standards and
C16/20 according to EC2) has been used for walls and
floors of 14 cm thickness. Fig 5 a shows the horizontal
projection of the segment, Fig 5 b — the computer model
of the building which consist of elements proposed in the
paper. The dynamic response of the building model has
been tested under paraseismic impact load which had
been registered on mining area of industrial complex
KGHM “Polska Miedz” in Polkowice (Poland). Fig 6
shows the accelerogram. The kinematic load used in the
analysis corresponds to the results obtained from the
measurements of the building foundation. The load direc-
tion is in Y axis (Fig 5).

The computations have been carried out by using the
author’s software “ORCAN”.

Figs 7 and 8 present the analysis results:

e MQDES(H) — analysis has been carried out by using
“ORCAN” and elements presented in the paper.
System discretisation correspond to the natural divi-
sion of the building structure into wall and floor
elements.

e ORCAN - analysis has been carried out by using
“ORCAN” with 4-node shield elements and 4-node
plane elements. The results have been obtained by
concentration of mesh 1, 2 and 4 times in both plane
directions what correspond to the division into 1, 4
and 16 elements in comparison with the natural di-
vision into wall or floor elements.

b)

N
Ground‘%\
Y

motion

Fig 5. Segment of the building: a) the horizontal projection, b) computer model
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Fig 7 shows the response in the form of displace-
ments w of segment top (without damping). Fig 8 pre-
sents the response in the form of displacements v of
segment top (without damping). The denotations
ORKAN-1, -2, -4 concern the mesh concentration by
using classic shield-plate finite elements what correspond
with the division into 1, 4 and 16 elements in comparison
with the natural division into wall or floor elements.
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Fig 6. Diagram of acceleration — Polkowice 13-01-2000
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Fig 7. Displacements diagram of the top of the segment in
w direction
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Fig 8. Displacements diagram of the top of the segment in
v direction

Table 1 presents computational times of the analysis,
where:

e Newmark method has been used for the integration
if motion equations and the elements stiffness ma-
trices have been determined in every time step,

e damping has been omitted,

e number of integration steps NSTEP = 1500,

e shield-plate elements have been integrated numeri-
cally: Gauss points number — 3x3, number of degree
of freedom — 20.

Table 1. Analysis of computational times

Method
L. Computational time [s]
Division
1 2
MQDES 1 70
1 930
ORCAN 2 3727
4 14889

This test shows that proposed model which used
MQDES elements can well describe dynamic response of
the building and can provide accurate results with signifi-
cantly reduced computational time.

3.2. Numerical test No 2

Fig 9 shows the 4-storey building erected in the
same technology as structure in test No 1. The building
consists of 3 identical segments.

The dynamic response of the building has been
tested under paraseismic impact load showed in Fig 9.
The load direction is in Y axis (Fig 9). Fig 10 presents the
response in the form of displacements w of segment top
(without damping). Fig 11 shows the response in the form
of displacements v of segment top. The denotations
ORKAN-1, -2 concern the mesh concentration by using
classic shield-plate finite elements what correspond with
the division into 1 and 4 elements in comparison with the
natural division into wall or floor elements.

Table 2 presents computational times of the analysis,
where:

e Newmark method has been used for the integration
of motion equations, and the elements stiffness ma-
trices have been determined in every time step,

e damping has been omitted,

e number of integration steps NSTEP = 5000,

e shield-plate elements have been integrated numeri-
cally: Gauss points number — 3x3, number of degree
of freedom — 20.

Table 2. Analysis of computational times

Method
Division Computational time [s]
1 2
MQDES 1 171
1 1750
ORCAN 5206
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Fig 9. Computational model of the building
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Fig 10. Displacements diagram of the top of the segment
in w direction

This test proved that proposed model which used
MQDES elements can well describe dynamic response of
the building and can provide accurate results with signifi-
cantly reduced computational time.

3.3. Example of practical application

Computational example No 3 shows the real applica-
tion of the presented model — the results of the dynamic
computations of the building located in the mining area.

G KL-1
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Fig 11. Displacements diagram of the segment top in v
direction

Fig 12 presents the building erected in WWT technology.
The building consists of 7 habitation segments and 4
separated staircases (KL).

The staircases are the subject of the analysis. Buil-
ding has been subjected to kinematic load in the form of
subsoil vibrations on the mining area Fig 13 b). In Fig 14
the eigenvalues and their vibration forms have been pre-
sented.

Fig 15 shows the horizontal displacements diagrams,
where P4, P8 and P11 are the displacements appropriately
at the level of 4, 8 and 11 ceiling.

a) horizontal projection

b) view of the building

Fig 12. Staircase location
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4. Conclusions

The presented method opens possibilities for the
modelling and discretisation of complex three-
dimensional building structures. The model is assembled
of elements corresponding to the division of a real struc-
ture into constituent elements, i e wall panels, floor slabs,
plane and spatial joints as well as lintels. The description
of stiffness changes, which is determined at the level of
the individual cross-sectional areas of the building ele-
ments, does not increase the number of unknowns. Such a
modelling and description of stiffness changes allow to
create a computational model with a comparatively small
number of unknowns.

Because of the small number of unknowns the dy-
namic analysis of large building structures in three-
dimensional scheme can be carried out easily in relatively
short time on commonly used hardware of PC class (the
computational time is from dozens to several-hundreds
times less in comparison with the commercial software).

Numerical tests have confirmed the correctness and
usefulness of the presented method for the analysis of
complex structures subjected to kinematic load.

This model can be very useful for scientific research
and code verification purposes, for testing simple compu-
tational models, for structural designing in complicated
load and soil conditions, for carrying out expertises or for
modernisation existing building systems.
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