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Abstract

Greece is divided into three seismic hazard zones ZI, ZII, ZIII. In the present research work,
the same building in the three seismic zones of Greece is modeled, analysed and dimensioned
and then the construction cost of its structural body is estimated. The building modeling was
performed in SAP2000 using linear finite elements. The analysis of the building was per-
formed by dynamic spectral analysis methods using the design spectrum of ECS8. A 5-storey
building with a standard floor plan per floor was used. The supports in this building were
simulated using springs to take into account the influence of the soil. The purpose of this re-
search paper is through comparative analytical estimation of construction costs to demon-
strate whether the cost of construction of the bearing structure of a reinforced concrete
building is affected by the area seismic hazard, if this influence is significant and to what ex-
tent. Useful conclusions are drawn regarding the influence of seismicity on the construction
cost of the load-bearing structure of reinforced concrete buildings with spring supports.
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1 INTRODUCTION

Over the years the evolution of construction was an inevitable and welcome consequence
of the time, as the massive increase in population and its concentration in large urban centers
brought to the forefront the construction of complex and multi-storey buildings which were
called to meet the primary need of housing. Through the evolution of the constructions, the
specialization of the materials came according to the needs of each one [1]-[4]. The needs of
each construction are distinguished depending on the use of the construction, the area in
which it is located, the soil and weather conditions, the studies required and the cost [5]-[13].

The Greek Seismic Code [14] divides Greece into the three seismic danger zones we know
today. Designing a structure for the right seismic zone is another challenge for the engineer.
Planning for the minimum zone of an area is sometimes a borderline situation. If one wants to
make his construction safer and plan for a higher seismic zone, then one should consider the
cost increase that comes with this option [8], [9], [15], [16].

Usually, the seismic hazard in a place is expressed quantitatively either by the probability
of seismic acceleration or intensity greater than a certain value within a certain time, or by the
value of acceleration or intensity for which the probability of exceeding its value for a certain
period of time is below a certain limit.

Thus, from the aforementioned, it is understood that the manifested intensity of an earth-
quake or its maximum acceleration weakens as the distance from the epicenter increases [17]—
[22]. From the statistical evaluation of a large number of earthquakes, empirical laws of at-
tenuation have emerged which connect the intensity (I) with the magnitude of the earthquake
(M) and the focal length (A).

According to those factors, the earthquake resistant regulations have been evolved world-
wide [14], [23], [24], facing with great effectiveness the safety of human life. In the seismic
design of reinforced concrete structures, a key parameter is the seismic design actions, based
on which the structures in each area are designed (Table 1). With the help of the aforemen-
tioned, it became possible to calculate the statistical distribution of a parameter of seismic mo-
tion in a certain place, since the individual epicenter distances A and the statistical distribution
of time of magnitude M in each epicenter are known. Based on the statistical distributions of
A and I, seismic hazard maps are compiled (Figure 1).

Zone of seismic risk Ground acceleration values (g]
Zl 0,16
£2 0,24
Z3 0,36

Table 1: Ground acceleration values [14].
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Figure 1: Seismic hazard map of Greece [14].

The following simulation will be analyzed in zone I with maximum seismic horizontal
ground acceleration ag = 0.16g, in zone II with az = 0.24g and in zone III with a; = 0.36g
(where g is the acceleration of gravity and is equal to with 9.81 m/sec?). So, the growth rate
from seismic zone I to zone II is equal to 50%, from I to III 125% and from II to III 50%.
These percentages should be compared mainly with the percentages of increase in the weight
of steel, in order to prove if the construction cost of the building is within reasonable limits.

2 ANALYTICAL RESEARCH

2.1 Building data

The present study presents the simulation and dimensioning, as realistically as possible and
based on modern regulations, of three buildings which have the same standard floor plan, the
same number of floors (5 floors), but are located in different seismic zones.

The floor plan of the 5-storey building (Figure 2) has dimensions 25x25 m, therefore the
total floor plan is equal to E = 625.00 (m?). The height of the floors is h = 3.00 m, except for
the height of the first floor (ground floor) which is h = 4.50 m. Therefore, the total height of
the building is hgum = 16.5 m. The influence of the soil is taken into account and spring con-
nections are used for the building’s supports [5].

All the beams have the same dimensions 0.25x0.70 m, the walls have a thickness of 0.25
m, while for the columns, those on the 1% and 2™ floor are 0.50x0.50 m while those on 3™, 4™
and 5" floor are 0.45x0.45, 0.40%0.40 and 0.35x0.35 m respectively.
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Figure 2: Typical floor plan.
. Height | Beam dimensions (cm) | wa]] thickness | Column dimensions
m A . cm cm
(m) Perimetric Internal (i) ()
1%t (Ground floor) 4.50 25%70 25%70 25 50%50
2 3.00 25%70 25%70 25 50x50
3 3.00 25%70 25%70 25 45%45
4 3.00 25%70 25%70 25 40x40
5 3.00 25%70 25%70 25 35%35

Table 2: Dimensions of the structural elements.
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2.2

The building, as a typical construction, is stressed by gravity loads which are the perma-
nent loads (self-weight, etc.), the live loads (human load, etc.) and the seismic loads. For the
building in question, the loads are shown in Table 3.

Construction

PERMANENT LOADS

N/A Type Value
1 Flooring 1.40 kN/m?
2 Partition brick structures 1.00 kN/m?
3 Perimeter brick structures 8.00 kN/m
4 Roofing 3.50 kN/m?
5 Parapet roof load 3.60 kN/m?

LIVE LOADS

N/A Type Value
1 Ground floor 2.00 kN/m?
2 Typical floors 2.00 kN/m?
3 Roof 2.00 kN/m?

SPECTRUM DATA EC8

N/A Type Data
1 Spectrum type Horizontal design spectrum type 1
2 Soil category B
3 Factor f 0.20
4 Seismic acceleration factor o For the three categories: o =0.16, 0.24, 0.36
5 Gravity acceleration g 9.81 m/sec?
6 Coefficient behavior q Calculation based on ECS8

Table 3: Building loads.
2.3 3D Modelling

The modeling of the load-bearing structure of the building will be performed with the finite
element software SAP2000. The individual structural elements that were modeled are the
beams, the columns and the seismic walls of the building. Also, it is essential to simulate the
diaphragm function of the slabs on each floor. The dynamic spectral method analysis accord-
ing to the EC8 [24] will be applied for the seismic actions of the building.

In conclusion, through the simulation some results will be extracted according to which the
building will be dimensioned for the three seismic hazard zones and these are the design mo-
ments of the beams, the values for N, M33, M2 of the vertical elements. Figure 3 presents the
3D model of the building.
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Some assumptions were made when designing the simulation of the 5-storey building.
Stiffness for cracked sections were considered equal to 0.5. Resistant to torsion was consid-
ered equal to 0.1. In beams as well as in vertical elements, the mass is considered zero. On the
other hand, the self-weight factor on the beams remains zero, while on the vertical elements it
is equal to one. To calculate the masses of each floor, half the masses of the vertical structural
elements of the underlying floor and half the masses of the vertical structural elements of the
upper floor were considered. In this case, the evenly distributed loads of the slab, as well as,
its self-weight were transferred to the beams as an equivalent uniform load to facilitate the
introduction of loads into the model.

The foundation of the vertical elements of a building has been done in such a way and in
soil conditions that cannot be considered as completely rigid. Except in special cases of foun-
dation in rocky soils or with the use of rigid devices, the foundation is expected to show some
movement and/or turn, due to the compressibility of the soil on which it is based [25].

For this reason, the simplified Winkler model is usually adopted, which includes the theory
of springs at the points of contact of the structural elements with the ground [6]. The use of
spring constants for the simulation of supports has been shown to give satisfactory results,
compared with more complex simulations with surface finite elements, both in terms of re-
sults of stresses and changes in the construction period.

The movement possibilities of the node that simulates the support of a vertical element are
a total of 6, three transportational and three rotational (Figure 3). Of the six soil deformation
possibilities, those that are practically related to the behavior of building foundations and are
usually taken into account are three: the possibility of vertical movement (vertical spring K)
and the two rotational around the two horizontal axes (rotational springs Kix and K.y). The de-
formations in the remaining three movement possibilities are negligible and can be considered
as completely rigid in their direction.

(@) (b)

Figure 3: Views of the 3D building model: (a) Linear finite elements (b) Sections.
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2.4  Material properties

For all the load-bearing structural elements of the construction, C30/37 quality concrete
and B500C quality steel were used for the reinforcement bars. According to Eurocode 2 [26],
concrete has a characteristic strength fom = 2.9 MPa. Also, for concrete quality C30/37, the
measure of elasticity is given equal to Ecm = 32 GPa. The Poisson ratio is considered equal to
zero (v = 0) for cracked concrete. Steel of quality BS00C has a characteristic strength fyx =
500 MPa.

2.5 Measurements of building materials

The dimensioning and pre-measurement has taken place only for the level of the ground
floor, both for reasons of simplicity and for the fact that it is the most vulnerable floor and,
based on this, the results were simply multiplied by the number of floors of the building, so
that the total measurement of building materials is resulted. Thus, the large process of dimen-
sioning the building has taken place first, where the slabs were checked for bending, while the
beams, columns and walls were checked for bending and shear, for each seismic zone. Thus,
it was calculated the required reinforcement for each structural element.

This was followed by the measurement of materials, where it was considered a necessary
procedure to estimate the construction cost. The volume of concrete and the weight of rein-
forcement for each seismic zone were calculated (Table 4). Table 4 displays the measure-
ments for the concrete material, which remain the same for all three seismic zones. Similar
calculations have taken place for the measurement of the steel material used for the concrete
reinforcements.

CONCRETE MEASUREMENT

STOREY | SLABS | BEAMS | COLUMNS | WALLS TOTAL
(m?) (m?) (m?) (m®) | (STOREY) (m’)

1 180 30.28 22.50 36.00 268.78

2 180 30.28 15.00 24.00 249.28

3 180 30.28 12.15 24.00 246.43

4 180 30.28 9.60 24.00 243.88

5 180 30.28 7.35 24.00 241.63

TOTAL 1249.98

Table 4: Concrete measurement.

3 RESULTS ANALYSIS

3.1 Beams

Referring to the beams, it is observed that the cross sections remain the same throughout
the building and their reinforcement for the entire construction has been calculated approxi-
mately according to the reinforcement of the ground floor, so there is no change in both the
steel/concrete ratio and the percentage increase in steel weight steel.

As shown in Figure 4 there is an increase in the weight of the reinforcement of 4.32% from
seismic zone I to II and 9.81% from seismic zone II to III. This increase is very small com-
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pared to the increase of seismic acceleration (from seismic zone I to II is 11.5 times smaller
and from II to III 5 times smaller).

BEAMS

% (Percentage Growth of Steel Weight %)
16.00 1456

14.00
12.00
10.00
8.00
6.00 432
400 -
2.00 -
0.00 -

9.81

SeismicZone | -1l SeismicZone | -l Seismic Zone Il - Il

Figure 4: Percentage growth of beams’ steel weight between all seismic zones.

3.2 Walls

Through the diagram (Figure 5), it is observed that the percentage increase of the steel of
the walls between the seismic zones is almost the same whether we are talking about the walls
of the ground floor specifically or we are talking about the walls of the building as a whole.
Moving from seismic zone I to Il the percentage increase of steel is 36.47%. From seismic
zone | to III the percentage increase of steel is 61.92% while from seismic zone II to III the
percentage increase of steel is 18.65%.

The walls are also the vertical elements of the construction that are relatively less affected
by the earthquake. The increase in the weight of steel from seismic zone I to II is of the order
of 36.37%, from I to III 61.75% and from II to III 18.61%. It is observed that in seismic zone
IT the reinforcement increases considerably. This zone mostly affects the construction. The
rate of increase in weight of steel is about 1.4 times less than the rate of increase of seismic
acceleration in the first case, 2 times lower in the second and 2.7 times lower in the third.
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WALLS
% (Percentage Growth of Steel Weight %)
70.00 61.9261.75
60.00
50.00
40.00 36.4736.37

H Ground Floor
30.00

18.6518.61 W Building

20.00
10.00

0.00

SeismicZone I -1l Seismic Zone | - Il Seismic Zone Il - 11l

Figure 5: Percentage growth of walls’ steel weight for the ground floor (blue) and the whole building (red).

3.3 Columns

The columns are the vertical structural elements of the present construction, which are
more stressed by the earthquake [27], [28][29]-[34]. It is observed that in all seismic zones
the weight of column reinforcement is always greater than that of the walls (Figure 6). In Fig-
ure 7 the increase in the weight of steel for the whole building from seismic zone I to II is of
the order of 22.10%, from I to III 42.03% and from II to IIT 16.32%. It is observed that in
seismic zone II the reinforcement increases considerably. This zone mostly affects the con-
struction. The rate of increase in weight of steel is about 2.3 times smaller than the rate of in-
crease of seismic acceleration in the first case, 1.2 times lower in the second and 3 times
lower in the third.

Column / Wall Steel Weight Ratio

145.00
140.00
135.00
130.00
125.00
120.00
115.00

Seismic Zone | Seismic Zone |l Seismic Zone Il

Figure 6: Column/wall steel weight ratio.
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COLUMNS
% (Percentage Growth of Steel Weight %)

45.00 42.7922 n3

40.00
35.00

30.00
25.00 22512210

W Ground Floor
20.00

15.00
10.00
5.00
0.00

M Building

SeismicZone I -1l Seismic Zone I -1l Seismic Zone Il - 11l

Figure 7: Percentage growth of columns’ steel weight for the ground floor (blue) and the whole building (red).

3.4 Whole Building

In conclusion, in terms of reinforcement weight, there is an increase of 9.67% from seismic
zone I to zone II and 20.80% from zone I to zone III. There is also an increase from zone II to
zone III of the order of 10.15%. The above increases refer to the total weight of the rein-
forcement on the ground floor. However, the same increases apply to the entire building.

As for the whole construction, let's say that as it is logical, as the weight of the reinforce-
ment increases, separately for each structural element, moving from one seismic zone to an-
other, the same increases are displayed for the whole construction. This change plays a very
important role, while with the increase of the weight of the reinforcement, there is a corre-
sponding increase of the cost of the construction. However, the total increase in the quantity
of materials and consequently the construction costs from seismic zone I to II is only of the
order of 8.28%, i.e. 6 times less than the increase in seismic acceleration in the respective
zones. Also, the increase in the amount of materials from seismic zone I to III is of the order
of 18.81%, i.e. 2.6 times smaller than the increase in seismic acceleration in these zones. Fi-
nally, the increase in the amount of materials from seismic zone II to III is of the order of
9.72%, 1.e. 5 times less than the increase in seismic acceleration in the respective zones.

SUM OF ALL STRUCTURAL ELEMENTS

% (Percentage Growth of Steel Weight %)

25.00 20.80
20.00

15.00
10.00
5.00
0.00

10.159.72 M Ground Floor

M Building

Seismic Zone | - Il Seismic Zone | - Il Seismic Zone Il - Il

Figure 8: Percentage growth of all structural elements’ steel weight for the ground floor (blue) and the whole
building (red).
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4 CONCLUSIONS

The structure studied in the present research is a five-storey reinforced concrete building
without a basement with rectangular conventional floor plan and with spring supports. It has
been designed for all three seismic hazard zones Zone I, Zone Il and Zone III. The resulting
conclusions can be summarized as follows:

1.

In conclusion, observing the results obtained for all the structural elements in the three
seismic zones, it can be said that the rate of increase of construction costs from one
zone to another is quite small compared to the rate of increase of seismic acceleration
in the respective zones.

Thus, if an engineer wishes, for reasons of greater safety, to design his construction,
using the immediately larger seismic zone than the one in which the construction is
actually located, he can do so without significantly increasing the cost of materials.
The rate of increase in the cost of materials is less than the safety thus ensured by the
engineer for its construction.

Thus, it is concluded that for a five-storey reinforced concrete building, with a strong
core wall arrangement and spring supports, the influence of seismic hazard on the
construction cost of the load-bearing system should not be significant because the
percentage increase of materials required is much smaller than the large percentage
increases of the respective seismic accelerations.
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