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Effects of the Soft Soil Layer on the Vertical Response
of a Structure Excited with the Vertical Component of Earthquakes
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ABSTRACT

The importance of the vertfical resporse of a structure was well recognized dfter the Hyogoken-Nanbu earthqucke of
Jopan, However, most of the seismic design codes does not specified the site soil profiles, and the soil and foundation
conditions were mostly neglected in the vertical seismic analyses of a siructure. In this paper, the effects of foundation
size, soll layer depth under the foundation, foundation embedment and pile foundation on the verfical seismic
resporse spectra for both surface and embedded mat foundations were studied to investigate the effects of the soft
soll layer on the vertical response of a structure excited with the vertical components of Taft and E Centro
earthauokes, considering the soll profile types of Sa Se. & in UBC97, the medium and large size foundations, the soil
layer depth under the foundation of 30 ond &0m, the foundation embedment of 0 and 15m, and the precost
reinforced concrete bearing piles installed in the soft soil deposit. According to the study resuls, the foundation size has
a little effect on the vertical seismic resporse, however, the soil layer depth under the foundation of 60m heas 1o be
considered for the vertical seismic andlysis of a siructure as for the horizontal one. The embedded pile foundations as
well as the surface ones built on the soft soll layer amplified the verticd selsmic resporse of a sfructure very much.

Key words : vertical seismic response, soft soil layer, embedded foundation, pile foundation

1. Introduction was underestimated and ignored in the
dynamic analysis of a structure. However,
The vertical seismic response of a structure the huge damages of structures due to the
. vertical seismic excitations were well recog-
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@ w2 g ESE 68 0UA AN wgEAR 2 B8 nized aftg)r the Hyogoken-Nanbu Earthquake
g A RS of Japan."’ Also the vertical seismic analyses
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of a structure were mostly carried out
neglecting the soil and foundation conditions
under the structure and most design codes
does not specify the site conditions for the
vertical seismic analysis of a structure. The
necessity of the vertical seismic analyses of
a structure with the soft soil condition
should not be overlooked, and the vertical
seismic design codes for the structure built
on the soft soil layer must be prepared as for
the horizontal ones.

In UBC97, soil layers were classified into
five categories as shown in Table 1, and the
soil property of the site was determined
averaging the soil properties of the top 30m
of the soil layels.(z) However, it is controversial
to take into account only the top 30m soil
deposit to characterize the specified site.
Also the elastic design response spectra of
UBC-97 were constructed using the seismic
coefficients of Ca and Cv specified in the
code with the damping ratio of 0.05 without
reflecting the effects of foundation embedment
and pile foundation.

In this paper, the effects of the soft soil
layer on the elastic vertical seismic response
spectra were studied with the vertical excitations
investigating the effect of foundation size,
soil depth, foundation embedment, and pile
foundation for both surface and embedded

mat foundations.

Table 1 Sail profile types in UBC-97

2. Modelling

For the study, substructure modelling method
was utilized to construct the vertical response
spectra of a structure taking into account the
soft soil conditions under the foundation. The
Pseudo 3-D finite element method in the
cylindrical coordinate was used to find the
stiffness matrix of the massless foundation
representing the foundation and soil layer
resting on the hard rock or very dense soil
layer.?®® For pile foundation, pile arrangement
in the square grid form was modified into
the equivalent circular one having the same
rotational moment of inertia with respect to
the minor axis of the foundation, and the
dynamic stiffnesses of the piles as 3-D linear
members were calculated and then added to
the corresponding terms of those of a finite
soil element.®” The response of a structure
was calculated simplifying the structure as a
single degree of freedom system and attaching
the soil springs at the bottom of a structure.
And seismic analyses in the frequency domain
were carried out in the frequency range of 0 to
10 Hz corresponding to the structural funda-
mental period range of 0.1 to 3 seconds.

The soil properties were assumed to be ho-
mogeneous, linear elastic, viscous and isotropic.
Two different soil layer thicknesses of 30m
and 60m were considered to investigate the

. ' ) ) o Average Soil Properties for Top 30m
Soil Profile Type Soil Profile Description -
Shear Wave Velocity(m/sec) SPT N-value

Sa Hard Rock > 1500 _

S Rock 760 - 1500

Sc Very Dense and Soft Rock 360 - 760 > 50
So Stift Soil Profile 180 - 360 15 - 50
St Soft Sail Profile < 180 <15
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effects of soil depth on the seismic response
of a structure. Soil profile types of Ss Sc
and Sz classified in UBC-97 representing the
rock, very dense soil and soft soil were
studied with the shear wave velocities of
1500, 360 and 150 my/sec, and the unit weights
of the corresponding soil were also assumed
to be 2451, 2155 and 1762 KN/m’ res-
pectively. Poisson’s ratio of 0.3 and damping
ratio of 0.05 were assurmed for the soil deposit.

For foundation, medium and large size
mat foundations with the radius of 15m and
25m were modelled with the embedment of
Om and 15m. The mass density of a foundation
was assumed to be uniform along the depth
of the foundation and 356KN/m’. For the
pile foundation, 350mm diameter precast
reinforced concrete bearing piles were con-
sidered assuming the properties to be Young's
modulus of 2058KN/ cm?,  unit weight of
2352KN/m3, Poisson’s ratio of 025 and
damping ratio of 0.05, and the pile arrange-
ments of 18x18 and 33x33 were also assumed
for medium and large size foundations,
respectively, with the pile spacing of appro-
ximately four times the pile diameter.

For buildings, it was assumed that the story
height is equal to be 3.3m, and the damping
ratio of a building is 0.05. Also the mass
density of a building was assumed to be
267KN/m’ distributing uniformly along its
height. For the modelling of a building, the
equivalent SDOF system was built by lumping
three quarters of the total mass of the building
at the height equal to two thirds of the total
height, and the stiffness of the system was
vertical ~fundamental
period of a building built on a rigid base.

estimated from the

Seismic analyses were performed using the
vertical records of 1952 Taft Earthquake (Fig. 1)

TAFT VERT.

Amplitude

-
o

: T
7 8 9 Hz

Fig. 1 Fourier spectrum of Taft earthquake

and 1940 El Centro Earthquake(Fig. 2) with
the peak accelerations of 0.105g and 0.21g,
respectively.(s) And the response spectra were
constructed normalizing the spectral accelera-
tions(SA) by the gravity acceleration of g
(980cm/sec’).

3. Effects of the foundation size

Seismic analyses of a structure for both
medium and large size mat foundations
were performed to investigate the effects of
the foundation size on the response of a
structure with the vertical component record
of Taft Earthquake. The study was carried
out for the surface mat foundation(E=0m)
with the soil depth of 60m(H=60m). Three
different cases with the shear wave velocities
(Cs) of 1500, 360 and 150m/sec, respectively
(corresponding to the body wave velocities

M3 M1s (SH Mex) 1999.3
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EL CENTRO VERT.

Amplitude

1.04

0.54

Fig. 2 Fourier spectrum of El Centro earthquake

of 2826, 678 and 283m/sec) were considered
for the soil property.

The results of seismic analyses for the
effects of the foundation size are shown in
Fig. 3. In case of the shear wave velocity of
greater than 360m/sec, the response spectra
of a structure with medium and large size
foundations show almost no difference in the
whole fundamental period range, even though
there were some difference in the responses
of a structure built on the soft soil layer having
the shear wave velocity of 150m/sec at the
fundamental period range of the soil layer.

However, study results show that there is
a little effect of the foundation size on the
response spectra of a structure with the different
soil properties including the soft soil, indicating
that the trend of the response spectra of a
structure with different foundation sizes is
similar and it is practical to study the vertical

-:\ VERT. RESPONSE SPECTRA FOR FIN SIZE
< EFFECTS W/ TAFT BQ. (H=60m E=0m)
12l

1.0

0.5

'2.5 T(sec)3.0
Fig. 3 Response spectra for fdn. size effect

response of a structure only with the large

size foundations.

4. Effects of the thickness of a soil layer

It is recognized that the thickness of the
soil layer under the foundation affects on
the seismic response of a structure with the
horizontal excitations.”? To investigate the
depth effects of the soil layer on the response
of a structure with the vertical excitations,
vertical seismic analyses of a structure using
the 1952 Taft Earthquake were performed for
the soil depths under the foundation of 30m
and 60m with three different soil properties
of the shear wave velocities of 1500, 360
and 150 m/sec, including both surface and
embedded mat foundations.

The results of vertical seismic analyses of

structure are shown in Fig. 4, 5 and 6. In case
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Fig. 4 Response spectra for depth effect(1)

:] VERT. RESEONSE SPECTRA FCR DEPTH EFFECT
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Fig. 5 Response spectra for depth effect(2)

Fig. 6 Response spectra for depth effect(3)

of the shear wave velocity of 1500m/sec, the
response spectra of a structure built on both
surface and embedded foundations with the
30m deep soil is almost similar to those
with the rigid base, however those with the
60m deep soil show the amplification of the
response at the fundamental period of the
soil layer for the body wave. For the cases of
soft soil layers with the shear wave velocities
of 360 and 150 m/sec, the response spectra of
a structure show that the fundamental period
of a structural system is changed due to the
different soil depth and the peak responses
are increased with the deeper soil layer for
both surface and embedded foundations.
Study results indicate that it is not enough
to consider only the top 30m soil deposit as
specified in the UBC-97 code when the soil
layer is thicker than 30m, and it is necessary

M3 M1S (S Mo=) 1999.3
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to take into account the soil deposit under
the foundation of 60m, as it was recognized
in the horizontal case, to investigate the effects
of various parameters on the response spectra
of a structure for the vertical excitations.

5. Effects of the embedment of a foun-
dation

Embedment effects of a large size foundation
on the vertical response of a structure, assuming
the soil layer depth under the foundation of
60m, were investigated for both surface(E=0m)
and embedded(E=15m) mat foundations with
three different soil properties (soil type Sa,
Sc, Se in UBC-97) using the vertical records
of Taft and El Centro Earthquakes.

Fig. 7 and 8 show the study results with
the shear wave velocity of 1500m/sec (body
wave velocity of 2826m/sec). The vertical res-

1.0

VERT RESECNSE SPECIRA FCR EMBED EFFECT

= W/ IARGE FIN (TAFT ED. H=60m)

w

=

<

@ —e—Cs=1500 E= 0
—— E=15
—e—Rigid Base

0.5

0.0 ——T——T—r ——————r——

0.0 0.5 1.0 1.5 2.0 2.5 T{sec) 3.0

Fig. 7 Resp. spectra for embedment effect(1)

ponse spectra with the embedded foundation
are almost the same as those with the surface
one due to the rock-like soil layer, however
the acceleration response spectra show amplified
peaks at the fundamental period of a soil
layer due to the boundary effect comparing
those of the rigid base.

Study results for the shear wave velocity
of 360m/sec are also shown in Fig. 9 and
10, indicating almost similar results between
surface and embedded mat foundations.

Reponse spectra for the soft soil layer
having the shear wave velocity of 150m/sec
are shown in Fig. 11 and 12. The fundamental
periods of the structural system are changed
due to the effects of the soft soil layer, and
the peak accelerations are amplified approxi-
mately 50% and 30% with Taft and El Centro
Earthquakes, respectively, due to the effects
of the embedment of a foundation.

VERT RESKNSE, SPECTRA FOR EMBED EFFECT
W/ LARGE FIN (E] Centro HQ. H=60m)

SA(g's)

2.0

-—+-Cs=1500 E= 0

g E=15

—e— Rigid Base

1.5

1.0

0.5

0.0 T T
0.0 0.5 1.0 1.5 2.0

2.5T(sec) 3.0

Fig. 8 Resp. spectra for embedment effect(2)
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Fig. 9 Response spectra for embedment effect(3)

2.0
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Fig. 10 Response spectra for embedment effect(4)
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- VERT RESKCNSE SPECTRA FOR EMBED EFFECT
)
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1.0 = =15
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Fig. 11 Response spectra for embedment effect(5)

1.0

SA(g's)

VERT' RESEONSE SPECTRA FOR EMBED EFFECT
W/ LIARGE FIN (El Centro E). H=60m)

——Cs= 150 E= 0
—— E<15
—e—Rigid Base

2.5T(sec) 3.0

0.5 1.0 1.5 2.0

Fig. 12 Response spectra for embedment effect(6)
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6. Effects of the pile foundation

Vertical response of a structure with the
large size pile foundation was studied with
the soil layer thickness of 30m and 60m using
Taft and El Centro Earthquakes to investigate
the effects of the precast reinforced concrete
bearing piles on the vertical response of a
structure built on the soft soil layer having
the shear wave velocity of 150m/sec. The
study was performed for both surface and
embedded mat foundations with and/or without
bearing piles.

In case of the soil layer thickness under
the foundation of 30m, the results shown on
Fig. 13 and 14 indicates that the vertical
peak acceleration of a structure built on the
surface pile foundation increased approximately
100% at the fundamental period of a soil
layer with both Taft and El Centro Earth-

_;“\ VERT. RESPCNSE SPECTRA FOR PILE EFFECT
o
Pt W/ LARGE FIN. (TAFT EQ.)
u

—8—H=30 E= 0 Mat FIN
—— Pile FIN
— £-15 Mat  FIN
—— Pile FIN

2.5 T(sec) 3.0

0.0 0.5 1.0 1.5 2.0

Fig. 13 Response spectra for pile effect(1)

quakes due to the bearing piles, however the
effects of the bearing piles on the vertical response
of a structure built on the deep embedded
one(E=15m) were minimal and can be ignored
in the vertical seismic analyses of a structure.

For the case of the soil layer thickness of
60m, the study results are shown on the
Fig. 15 and 16. The general trends of the
effects of the bearing piles on the vertical
responise of a structure were similar with
those in case of the soil layer thickness of
30m. However, the peak acceleration at the
fundamental period of the soil layer amplified
approximately 60% with the surface pile
foundation for both Taft and El Centro
Earthquakes, and that at the fundamental
period of the foundation embedded soil
layer increased approximately 30% with the
embedded pile foundation for the El Centro
Earthquake. »

2.0

VERT. RESFONSE SPECIRA FUR PILE EFFECT
W/ IARGE FIN. (El Centro EQ.)

SA{g's)

[
n

—4—H=30 E= 0 Mat FIN

—— Pile FIN
—h— E=15 Mat  FIN
—A— Pile FIN

0.0 0.5 1.0 1.5 2.0 2.5T(sec) 3.0

Fig. 14 Response spectra for pile effect(2)
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VERT. RESKNSE SPECTRA FCR PILE EFFECT
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Fig. 15 Response spectra for pile effect(3)

As a result of this study, the effects of
the pile foundation on the vertical response
of a structure are dependent on the charac-
teristics of the foundation system and the
magnitude of the applied earthquake, which
is somewhat different from the horizontal
case where the effects of the bearing piles
were negligible.”

7. Conclusions

The vertical seismic analyses of a structure
were performed to investigate the effects of
soil layer thickness under the foundation,
foundation embedment and pile foundation
on the vertical response of a structure built
on both surface and embedded mat foun-
dations with and/or without the precast
reinforced concrete bearing piles using the
vertical records of 1952 Taft Earthquake and

VERT. RESECNSE SPECIRA FCR PILE EFFECT

2 W/ LARGE FIN. (El Centro EQ.)

8
~4$—H=60 E= 0 Mat FIN

1.0 —— Pile FIN
—h— E=15 Mat FIN
A Pile FIN

0.04
0.0 0.5 1.0 1.5 2.0

2.5 T{sec} 3.0

Fig. 16 Response spectra for pile effect(d)

1940 El Centro Earthquake, and the final
conclusions are as follows.

The size of the foundation has a little
effect on the vertical response spectra of a
structure with the different soil profile types.

The soil depth under the foundation changed
the fundamental period of the structural system
and the peak acceleration of a structure at
the fundamental period of the soil layer for
the body wave, indicating that it is necessary
to consider the soil layer thickness under
the foundation of up to 60m to investigate
the various effects on the vertical response
spectra of a structure properly as recognized
in the horizontal case.

The vertical response spectra of a structure
built on the rock-like or very dense soil layers
(soil type Sa, Sc in UBC97) were not affected
by the foundation embedment, however those
built on the soft soil (soil type Sg in UBC-97)

N3 Mi1E (S M9%) 1999.3
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were amplified approximately 50% and 30%
with Taft and El Centro Earthquakes due to
the effects of the embedment of a foundation.

The vertical peak acceleration of a structure
built on the surface pile foundation was
increased approximately up to 100% at the
fundamental period of a soil layer due to
the effects of the bearing piles, and that
built on the embedded one was also increased
approximately 30% with the strong 1940 El
Centro Earthquake, emphasizing the conside-
ration of the pile foundation in the vertical
seismic analyses of a structure built on the
soft soil layer.

Also it is recommended to perform further
researches on the vertical response of a
structure built on the various soft soil layers
using the wide range of exciting earthquakes
to prepare the design spectra for the vertical
seismic design of a structure.

References

1. Earthquake Engineering Research Institute,
"The Hyogoken-Nanbu earthquake great Han-
shin earthquake disaster january 17, 1995,"
Preliminary Reconnaisance Report, 199, pp. 1741.

2. International Conference of Building Officials,

Uniform Building Code, California, USA,
1997, pp. 2-9~2-38.

. Kim, Y. S, "Effect of Fmbedment on Seismic

Motions of Buildings," MS. Thesis, The Uni-
versity of Texas at Austin, 1984, pp. 101.

. Kim, Y. S, "Dynamic Response of St-

ructures on Pile Foundations," Ph.D. Disser-
tation, The University of Texas at Austin,
1987, pp. 272.

. Kim, Y. S, "Seismic response of structure

on flexible foundation," Journal of the Earth-
quake Engineering Society of Korea, Vol. 1,
No. 1, March 1997, pp. 11-17.

. Roesset, J. M., "Dynamic stiffness of pile

groups,” Analysis and Design of Pile Foun-
dations, ASCE, 1984, pp. 263-286.

. Tyson, T. R and Kausel, E, "Dynamic analysis

of axisymmetric pile groups," Research Report
R83-07, Dept. of civil engineering, MIT.,,
1983, pp. 67.

. Wiegel, R L, Earthquake Engineering, Prentice-

Hall Inc,, Englewood Cliffs, NJ., USA, 1970,
518 pp.

. Kim, Y. S, "Study on the effects of the

characteristics of a soil layer on the seismic
response of a highrise building," Proceedings
of Structural Engineers World Congress, Re-
ference T108-3, San Francisco, California,
USA, 19-23 July 1998, pp. 783.

122 PI=EXEE™HE =2

N3 Ki1E (&3 Mez) 1999.3



