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ABSTRACT
Along with the commonly-considered earthquake excitation of the horizontal
earthquake motion, the vertical earthquake motion is of critical consideration,
particularly for high-rise structures. Many field-reconnaissance after the destructive
earthquakes with higher ratio of vertical-to-horizontal (V/H) peak acceleration proved
that the vertical earthquake motion noticeably excited R/C structures, most of which
showed brittle behavior. In the present study, the effects of the vertical earthquake
motion on an existing multi-story R/C building designed according to the provisions
given in the Turkish Design Code for R/C Structures (TS-500) and the Turkish Seismic
Code (TSC-2007) were investigated. For this objective, time-history analysis of the R/C
structure was conducted taking the earthquakes with higher V/H ratio and relatively
detailed finite element model of the structure into account. The results showed that the
overturning moment and the base axial force highly increased under the vertical
earthquake motion even though the increase in the base shear force and top-story
displacement was determined lower compare to the former parameters. This
comparative study has indicated that the vertical earthquake motion should be
considered as crucial parameter in design and analysis stages since relatively affecting
earthquake performance and structural behavior of R/C structures.
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In many field observations after from the destructive earthquakes, such as Loma
Prieta (1989), Northridge (1994) and Kobe (1985), it was stated that vertical earthquake
motion had great effect on collapsing R/C structures in brittle behavior, which in turn
was directly related to such behavior leading to lower performance level. Although the
effects of the vertical earthquake motion on seismic performance of structures have
been well-known from the site-investigations and theoretical studies, it has not been
paid to attention enough upon earthquake resistant design of structures. Generally, the
reasons why this effect was not considered are based on: (a) the lack of the influence
of energy capacity of the vertical earthquake motion on structures (b) having enough
capacity for the vertical excitation if a structure is well-designed according to the
requirements of service loads of dead and live.
In order to identify the effects of the vertical earthquake motion on structures,
various experimental and theoretical investigations were conducted in literature.
Detailed study was carried out by Papazoglu and Elnashai (1996). They showed that
relation between dynamic characteristics of soil and structure was much more
significant than energy capacity of the vertical earthquake motion. Based on the field
and analytical investigations, they also proved that heavy damage took place under
earthquake load including vertical motion even if a structure was designed very well for
horizontal seismic action. Most of modern design codes (FEMA, UBC 97, IS 1893, NBC
105, TSC 2007, EC8 98 and ZS1170 2004) and certain important investigations
conducted by (Newmark et al., 1973, Ambraseys and Simpson 1996, Elgamal and He,
2004, Bozorgnia and Campbell, 2004) recommended provisions that the vertical
earthquake motion could be considered in the design stage as both a certain
percentage of the horizontal ground motion and additional reinforcement arrangement.
To illustrate, scaling factor of 2/3 is a commonly used for the vertical earthquake motion.
Papazoglu ve Elnashai (1996) indicated that such a scaling factor could be based on
general regression analysis of earthquakes to be used in seismic analysis instead of
local regression analysis of them. In addition, this value can be higher in near-fault
earthquakes than that in far-fault earthquakes.

Fig.1 the variation of V/H ratio based source distance of earthquakes (Kim et al. 2011)
However, the vertical-to-horizontal ratio (V/H) of earthquakes has been considered
as the key indicator for identifying the effect of the vertical earthquake motion and

earthquake resistant design of R/C structures (Kim et al. 2011). The variation of V/H of
some earthquakes depending on source distance of the earthquakes is shown in Fig.1.
In order to determine structural effects of the vertical earthquake motion, a number of
experimental and theoretical studies (Papazoglou and Elnashai 1996, Ambraseys and
Douglas 2003, Bozorgnia et al. 1998 and Button et al. 2002) were carried out after from
the destructive earthquakes, Kalamata (1986), Loma Prieta (1989), Northridge (1994),
Kobe (1996) and Kocaeli (1999). The findings from these study demonstrated that the
vertical earthquake motion was considerably effective on structures close to earthquake
fault. Besides, the difference between arrival time of horizontal and vertical ground
motions resulting from different propagation properties of each component of
earthquake was concluded to be another important parameters.

2. SELECTION OF STRONG GROUND MOTIONS
Vertical component of earthquakes is related to the propagation of P-waves
(primary wave) having less wavelength than S-waves (secondary wave) whereas
source of horizontal component of earthquakes is S-waves. Therefore, the frequency
content of vertical earthquake is higher than that of horizontal earthquake. This leads to
lower dominant period of the vertical earthquake motion. Since the arrival time of
vertical the earthquake motion is shorter than that of the horizontal earthquake motion,
structural system is first excited from the vertical earthquake motion. Much more
important effect of this motion on structure becomes when natural vertical period of
structure is close to dominant frequency of the vertical earthquake motion. Based on
these considerations, near-fault effect was taken into account in selection of the
earthquake ground motions. Thus, Imperial Valley (1979), Kobe (1996) and Kocaeli
(1999) earthquakes with higher than V/H=2/3 or V/H=1 were utilized for the time-history
analysis of an R/C structure. General properties of the earthquakes are given in Table 1.
As shown from the table, the V/H ratio of the earthquakes decreases from Imperial
Valley (1979) to Kocaeli (1999) earthquakes. The influence of the variation in the V/H
ratios will be compared depending on the results from the analysis. Besides, the
earthquake motion records are indicated in Fig. 2.

Table 1 Properties of the earthquake motions
Year

Earthquake

Station

1979
1995
1999

Imperial Valley
Kobe
Kocaeli

El Centro Array #6
Port Island
Gebze

H1
0.45
0.35
0.26

PGA (g)
H2
V
0.44
1.90
0.29
0.57
0.14
0.19

Time (sec)

V/H

39.08
41.98
27.99

4.31
1.96
0.73

Fig. 2 Earthquake records: (a) Imperial Valley-1979 (b) Kobe-1996 (c) Kocaeli-1999

3. FINITE ELEMENT MODELING OF THE R/C STRUCTURE
3.1 General Description of the Structures
For the time-history analysis of the vertical earthquake motion, a high-rise R/C
structure designed according to the provisions given in TSC (2007) was considered.
General properties of the structure are given in Table 2. Also, story plan of the
structures is shown in Figure 3. The foundation system of the structure was designed
as mat foundation.
Table 2 Technical properties of the R/C structure
Number of story
Height of story (m)
Aim of structure
Structural system
Concrete class
Reinforcement class
Live load
participation factor, n
Seismic zone
Importance factor (I)
Local site class

10
4.5
Municipality
Shear wall-frame (R=7)
C35 (fck=30 MPa)
S420 (fyk=420 MPa)
0.3
1st (A0=0.4)
1.5
Z3, (Ta=0.15 s, Tb=0.60 s)

Fig. 3 Story plan

3.2 Finite Element Model-FE of the Bridge
Based on these structural properties and considerations, 3-D advanced FE
model of the structure was developed using SAP2000 (2015). All structural members
were modeled as frame elements. Shell element was utilized for the slabs. Rigid
diaphragm properties were assigned to each slab so as to provide to transfer seismic
load to frame system of the structure. The views from FE models of the high-rise
building are demonstrated in Fig. 4.

Fig. 4 3-D FE Model of the Structure

4. TIME-HISTORY ANALYSIS
The time-history analysis was conducted both only for horizontal earthquake
motion (H) and the combination of horizontal and vertical earthquake motion (H+V). In
order to indicate the vertical earthquake motion effects, the base shear force, the
overturning moment, the top-story horizontal displacement, the top-story vertical
displacement and the top-story twist angle were compared for these load cases. In Fig.
5, the results from Imperial Valley (1979) earthquake showed that no change in the topstory horizontal displacement and the top-story twist angle was obtained. Therefore, the
results of these parameter are not given in the tables.
Table 3 Max/Min results of Imperial Valley (1979) earthquake
Imperial Valley (1979) El Centro Array#6
Horizontal Horizontal + Vertical Difference
Structural Parameter
(H)
(H+V)
(H+V)-(H)
Max.
1458.40
1681.10
222.70
Base Shear orce (kN)
Min.
-1493.20
-1655.90
-162.70
Max. 39758.00
118360.00
78602.00
Overturning Moment
(kNm)
Min. -39864.00
-116720.00
-76856.00
Max. 0.000069
0.000326
0.00026
Top-Story Vertical
Displacement (m)
Min. -0.000065
-0.000315
-0.00025

Variation
(%)
15.27
10.90
197.70
192.80
370.52

384.59

Fig. 5. Analysis results from Imperial Valley (1979) earthquake

On the other hand, the base shear force increased during the earthquake;
however, this increase was determined as high in the overturning moment and the topstory vertical displacement. Details are given in Table 3 for H and H+V load cases in
terms of percentage change. From Table 3, the base shear force increased as 10-15 %
with the presence of the vertical earthquake motion (H+V) while this increase in the
overturning moment and the top-story vertical displacement was determined as 400 %
and 200 %, respectively.
Similar analysis was conducted for Kobe (1995) earthquake. Max. and min.
values are given in Table 4 for the considered parameters and the variation of these
parameters during the earthquake is shown in Fig. 6.

Table 4 Max/Min results of Kobe (1995) earthquake
Structural Parameter
Base Shear Force
(kN)
Overturning Moment
(kNm)
Top-Story Vertical
Displacement (m)

Max.
Min.
Max.
Min.
Max.
Min.

Kobe (1995) Port Island
Horizontal +
Horizontal
Vertical
(H)
(H+V)
768.14
787.38
-799.56
-786.92
23387.00
32253.00
-16878.00
-33440.00
0.000031
0.000088
-0.000039
-0.000097

Difference
(H+V)-(H)

Variation
(%)

19.24
12.64
8866.00
-16562.00
0.00006
-0.00006

2.50
-1.58
37.91
98.13
183.23
147.69

The response of the R/C structure is similar to that of Imperial Valley (1979), but
the increase in the parameters are less than that in Imperial Valley (1979). Such
outcomes were directly based on lower V/H ratio of Kobe (1995) than Imperial Valley
(1979). As given in Table 4, the negative decrease in the base shear force pertained to
reducing effect of the vertical earthquake motion in opposite direction. Besides, another
reason for this result is to be different arrival time of vertical and horizontal component
of earthquake.

Fig. 6. Analysis results from Kobe (1995) earthquake
For Kocaeli (1999) earthquake with the lowest V/H ratio in the earthquakes
considered, the results from the time-history analysis are given in Table 5 and in Fig. 7.
The increase in the parameters were determined less than that in the other
earthquakes.
Table 5 Max/Min results of Kocaeli (1999) earthquake

Structural Parameter
Base Shear Force (kN)
Overturning Moment
(kNm)
Top-Story Vertical
Displacement (m)

Max.
Min.
Max.
Min.
Max.
Min.

Kocaeli (1999) Gebze
Horizontal +
Horizontal
Vertical
(H)
(H+V)
697.53
693.32
-654.24
-662.85
20185.00
33122.00
-20150.00
-33150.00
0.000027
0.000067
-0.000026
-0.000073

Difference
(H+V)-(H)

Variation
(%)

-4.22
-8.61
12937.00
-13000.00
0.00004
-0.00005

-0.60
1.32
64.09
64.52
154.34
183.33

Fig.7 Analysis results from Kocaeli (1999) earthquake
The duration and the V/H ratio of the earthquake are the key indicators to obtain
such result. The variation of the base shear force, the overturning moment and the topstory vertical displacement is also indicated in Fig. 8. The increase in the base shear
force was relatively less than that in the overturning moment and the top-story vertical
displacement according to the earthquakes. Besides, the highest increase was
obtained for the parameter of the top-story vertical displacement. Duration of the
earthquakes is predicted to be significant for damage assessment of the structure
although having no effects on these important parameters.
400
350

% Change

300
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Overturning Moment
Top Story Vertical Displacement

250
200
150
100
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Kocaeli (1999)

Fig. 8 The variation of the parameters based on the earthquakes

5. CONCLUSIONS
In this study, the effects of vertical earthquake motion on the certain critical
parameters of the base shear force, the overturning moment, the top-story horizontal
displacement, the top-story vertical displacement and the top-story twist angle were
investigated. For this purpose, Imperial Valley (1979), Kobe (1996) and Kocaeli (1999)
earthquakes were considered. Using these earthquake ground motions with different
the V/H ratio for the time-history analysis, how the V/H ratio affected seismic behavior
of the R/C structure was tried to be determined. From the analyses, the top-story lateral
displacement and the top-story twist angle were not affected from the presence of the
vertical earthquake motion. However, relatively increase in the base shear force, the
overturning moment and the top-story vertical displacement was obtained under H+V
load case. Among these parameters, the overturning moment and the top-story vertical
displacement increased higher than the base shear force. Such outcome was obtained
from all earthquakes considered in the study. However, percentage change of the
parameters was different based on the V/H ratio of the earthquakes. Based on these
consequences, the V/H ratio was determined to be the most important parameter.
Highly change in the parameters demonstrated that vertical component of the
earthquakes should be taken into account for reliable assessment of structures.
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