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ABSTRACT
This paper provides a summary of a study of the effects of soil-structure interaction on effective
modal damping ratios in buildings. Theoretical results of effective modal damping ratios, that is,
of damping ratios in replacement fixed-base multi-story building models that approximately
reproduce the absolute acceleration transfer function of multi-story building models on flexible
base, are compared to damping ratios inferred from recorded response of instrumented buildings
during earthquakes in California. Multi-story building with shallow foundations on elastic half
space with various levels of shear wave velocity were studied, but the effects of material soil
damping and foundation embedment are also considered. It is shown that in addition to the wave
parameter which controls the importance of soil-structure interaction effects, the aspect ratio is the
most important parameter controlling the effective damping ratio in buildings. It is shown that the
reduction in effective damping ratio with increasing building height or with increasing aspect ratio
computed from purely analytical models of multi-story buildings on elastic half space closely
matches the median trend obtained from inferred damping ratios in instrumented buildings,
indicating that such reduction of damping ratio with increasing height is primarily due to soilstructure interaction effects. It is also shown that the increase in damping ratio with increasing
frequency in higher modes that has been reported in several previous studies is also due to soil
structure interaction effects.
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ABSTRACT
This paper provides a summary of a study of the effects of soil-structure interaction on effective
modal damping ratios in buildings. Theoretical results of effective modal damping ratios, that is, of
damping ratios in replacement fixed-base multi-story building models that approximately reproduce
the absolute acceleration transfer function of multi-story building models on flexible base, are
compared to damping ratios inferred from recorded response of instrumented buildings during
earthquakes in California. Multi-story building with shallow foundations on elastic half space with
various levels of shear wave velocity were studied, but the effects of material soil damping and
foundation embedment are also considered. It is shown that in addition to the wave parameter which
controls the importance of soil-structure interaction effects, the aspect ratio is the most important
parameter controlling the effective damping ratio in buildings. It is shown that the reduction in
effective damping ratio with increasing building height or with increasing aspect ratio computed
from purely analytical models of multi-story buildings on elastic half space closely matches the
median trend obtained from inferred damping ratios in instrumented buildings, indicating that such
reduction of damping ratio with increasing height is primarily due to soil-structure interaction
effects. It is also shown that the increase in damping ratio with increasing frequency in higher modes
that has been reported in several previous studies is also due to soil structure interaction effects.

Introduction
Unlike the response to static loads, the seismic response of buildings depends on the damping in
the structure. In particular, peak values of important response parameters such as lateral
displacements, story drift ratios, peak floor accelerations, story shear, story overturning moments
and element forces rely on an adequate knowledge of the level of damping in the building and its
correct modeling.
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Unlike mass and stiffness which can be estimated at the element/component level from the
geometry and mechanical properties of the structural materials and then assembled into mass and
stiffness matrices at the structure/system level, material damping or damping in individual
elements or in individual connections is not representative of the main energy dissipation
mechanisms present in buildings and therefore damping cannot be computed or assembled from
the element/component level to the structure/system level to assemble a damping matrix.
Furthermore, damping cannot be measured directly and therefore it needs to be inferred from
measured dynamic response of structures.
The first attempt to determine damping from earthquakes records in an instrumented
building was done by White and Martel [1] who used records obtained on the Hollywood storage
building during the October 2, 1933 aftershock of the 1933 Long Beach earthquake.
Accelerometers had been installed at the base and roof level of the building in 1933 by U.S. Coast
and Geodetic Survey. They obtained the ratio of amplitude of two consecutive cycles of vibration
was in the order of 0.8 or 0.85 which to a damping ratio in the building to be in the order of 7%
that was comparable to the one they had previously obtained with a vibration shaker.
The first study to investigate the damping in building in a group of buildings subjected to
earthquake ground motions was conducted by Tanaka et al. [2] who used a simplified
nonparametric system identification technique based on the power spectral density analysis to
estimate the damping ratio of 17 buildings located in Tokyo and its vicinity from strong-motion
seismographs obtained during the magnitude 6.1 Saitama July 1, 1968 earthquake which occurred
approximately 45 km northwest of Tokyo. The building heights ranged from 7 to 21 stories and
15 of the buildings were steel buildings will only 2 being reinforced concrete buildings. Their
inferred damping ratios varied from 1.2% to 8.1% with a mean and median values of 3.4% and
2.95%, respectively. These values were significantly lower than those measured previously. They
also observed a clear decreasing trend in damping ratios with increasing fundamental periods of
vibration.
This descending trend in damping ratios with increasing fundamental period of vibration
or with increasing height has been well-documented in several other studies. For example, Satake
et al. [3] studied the damping ratio of 31 steel building in Japan using ambient vibration. They
concluded that “the longer the natural period becomes, the smaller the damping factor becomes”.
They later expanded their study to 205 buildings [4] and concluded that “The higher the building
i.e., the longer the natural period, the smaller the first-mode damping ratio”. Fritz et al. [5]
gathered information on almost 4,000 damping ratios from almost 1,000 buildings and proposed
predictive models for damping ratios as a function of the number of stories based of damping ratios
inferred from buildings, with decreasing damping ratios with increasing number of stories.
However, most of the data included in these studies was from ambient vibration, very low
amplitude forced vibration or from low amplitude vibration wind vibration. Furthermore, data
mixed damping ratios identified with various methods several of which are known not to be
reliable or that introduced a bias toward overestimation of damping ratios (e.g., half-power
bandwidth method.
More recently, Bernal et al. [6], Cruz et al. [7-9] studied damping ratios inferred from a
relatively large number of instrumented buildings subjected exclusively to earthquake loading and
using modern system identification techniques and again showed a clear descending trend in

damping ratios with increasing building height (or number of stories) or with increasing
fundamental period of vibration. Despite, this clear trend on decreasing damping ratios with
increasing building height well-document for almost 50 years this trend is rarely taken into account
in design. For example, in Japan steel buildings are typically designed assuming a damping ratio
of 2% for steel buildings and 3% for reinforced concrete structures [3,4]. Similarly, in the United
States a 5% damping ratio is often assumed during seismic analyses for all building regardless of
their height [10]. A notable exception are the recently modified performance based guidelines for
buildings in California [11, 12], which based on the previous cited studies [6-9], now recommend
the use of decreasing damping ratios with increasing building height at the service-level earthquake
intensity.
In the specialized literature there has been a significant discussion recent years on how to
model damping when conducting nonlinear response history analyses [e.g., 13-16] and whether
the portion proportional to the stiffness matrix, that is the stiffness-proportional damping term
should be proportional to the initial or tangent stiffness [17-20] However, it has been inherently
assumed that the Rayleigh damping is adequate when the structure is elastic. To the best of the
authors knowledge there has been no systematic evaluation of the Rayleigh model when applied
to buildings even when they are responding elastic. The authors recently conducted such
evaluation [21] and concluded that there was no evidence of a mass-proportional damping in
damping inferred from records obtained in instrumented structures, that is, of damping ratios
decreasing hyperbolically with increasing frequency, nor of damping ratios remaining constant for
all frequencies/modes of vibration as other studies have assumed or recommended [e.g., 14, 16].
The study, which was based on 24 buildings with records from various seismic events where 3 or
more higher modes could be reliably identified, concluded that in practically all cases damping
ratios of higher modes increase approximately linearly with increasing frequency. This coincides
with previous observations done in Japan that also showed that damping ratios in higher modes
are typically higher than those of the fundamental mode [4, 22]. Although these previous studies
have identified decreasing damping ratios with increasing period (or increasing damping ratios
with increasing frequency), they have not pointed to the cause of these observed behavior.
The main objectives of this paper are: (1) to summary a study conducted by the authors on
the role of soil-structure interaction (SSI) on modal damping ratios; and (2) to study if trends on
modal damping ratios inferred from instrumented structures can be explained by SSI effects.
Multistory Building on an Elastic Half-Space
In this study a substructure approach to the SSI was used. In the substructure method, the analysis
separates the problem into two systems: the superstructure and the soil-foundation subsystems.
Frequency-dependent force-deformation relationships between the foundation and the soil, known
as the impedance, or dynamic stiffness of the soil-foundation interface, are first established. These
relationships are then applied to the nodes at the soil-foundation interface to take into account the
dynamic interaction between the soil-foundation substructure and the superstructure.
Consider the planar N-story building shown in Figure 1. The building's mass has been
lumped at floor levels, with each story having mass 𝑚𝑗 . Each level is assumed to act as a rigid
diaphragm, the rotational inertia of each story with respect to a horizontal axis is assumed to be

negligible, as well as the axial deformations of the columns, so there is only one dynamic degree

Figure 1. Idealized building-foundation-soil system.
of freedom per floor. It is also assumed that the superstructure has classical damping, which allows
decomposition into classical normal modes. The building has a rigid, circular foundation of radius
𝑅0 and mass 𝑚0 , sitting on an elastic half space with no inherent damping. Consider that the
building is subjected to a ground motion 𝑢𝑔 (𝑡). Due to the flexibility of the soil, there will be a
relative horizontal deformation 𝑢0 (𝑡) between the foundation and the rigid-body motion of the
ground. Also, the base moment of the structure will induce a rotation 𝜃 in the foundation. The
equations of motion of the system under this loading are given by:
[𝑀𝑠 ]{𝑢̈ } + [𝐶𝑠 ]{𝑢̇ } + [𝐾𝑠 ]{𝑢} + [𝑀𝑠 ]{1}𝑢̈ 0 + [𝑀𝑠 ]{ℎ}𝜃̈ = −[𝑀𝑠 ]{1}𝑢̈ 𝑔

(1)

{1}𝑇 [𝑀𝑠 ]{𝑢̈ } + 𝑚𝑡 𝑢̈ 0 + 𝐿𝑟0 𝜃̈ + 𝑉0 (𝑡) = −𝑚𝑡 𝑢̈ 𝑔

(2)

{ℎ}𝑇 [𝑀𝑠 ]{𝑢̈ } + 𝐿𝑟0 𝑢̈ 0 + 𝐼𝑏 𝜃̈ + 𝑀0 (𝑡) = −𝐿𝑟0 𝑢̈ 𝑔

(3)

where eq. (1) represents the dynamic equilibrium of lateral forces at each floor, eq. (2) corresponds
to the dynamic equilibrium of shear at the base, and eq. (3) represents the dynamic equilibrium of
moments at the base; [𝑀𝑠 ], [𝐶𝑠 ], and [𝐾𝑠 ] are the mass, damping, and stiffness matrices of the
superstructure, respectively; {𝑢}, {𝑢̇ }, and {𝑢̈ } are vectors containing the horizontal displacements,
velocities, and accelerations of the different floors with relative to the foundation; 𝐼𝑏 is the mass
moment of inertia of the building with respect to its base; {ℎ} is a vector containing each level's
height ℎ𝑗 ; 𝐿𝑟0 = ∑𝑁
𝑗=1 𝑚𝑗 ℎ𝑗 is an auxiliary variable; 𝑉0 (𝑡) and 𝑀0 (𝑡) are the base shear and moment
that arise due to soil-structure interaction, respectively. If the rotational inertia of each floor
2
(including that of the foundation) is negligible then 𝐼𝑏 ≈ ∑𝑁
𝑗=1 𝑚𝑗 ℎ𝑗
Given that the superstructure is assumed to have classical modes, its lateral response can
be computed via modal superposition, i.e. {𝑢(𝑡)} = [𝜙]{𝑞(𝑡)}. If only 𝑁𝑚 are modes
participating in the structural response, then substituting in eq. (1), pre-multiplying by [𝜙]𝑇 and

dividing by the modal mass leads to the following system of differential equations:
𝑞̈ 𝑛 + 2𝜁𝑛 𝜔𝑛 𝑞̇ 𝑛 + 𝜔𝑛2 𝑞𝑛 + 𝛤𝑛ℎ 𝑢̈ 0 + 𝛤𝑛𝑟 𝜃̈ = −𝛤𝑛ℎ 𝑢̈ 𝑔

(4)

where 𝜔𝑛 and 𝜁𝑛 are the modal frequencies and damping ratios of the superstructure, respectively.
Γ𝑛ℎ and Γ𝑛𝑟 are defined as the horizontal and rotational modal participation factors of the n-th mode,
which are given by:
𝛤𝑛ℎ =
𝛤𝑛𝑟 =

{𝜙𝑛 }𝑇 [𝑀𝑠 ]{1}

(5a)

𝑀𝑛
{𝜙𝑛 }𝑇 [𝑀𝑠 ]{ℎ}

(5b)

𝑀𝑛

{𝜙𝑛 } corresponds to the n-th mode shape, and 𝑀𝑛 = {𝜙𝑛 }𝑇 [𝑀𝑠 ]{𝜙𝑛 } to the modal mass of the nth mode. Defining 𝐷𝑛 = 𝑞𝑛 /Γ𝑛ℎ and substituting in eq. (4) leads to:
𝑟

𝛤
𝐷̈𝑛 + 2𝜁𝑛 𝜔𝑛 𝐷̇𝑛 + 𝜔𝑛2 𝐷𝑛 + 𝑢̈ 0 + 𝛤𝑛ℎ 𝜃̈ = −𝑢̈ 𝑔

(6)

𝑛

Note that if the soil is assumed to be rigid, then 𝑢̈ 0 = 𝜃̈ = 0, leading to the well-known
modal equation for fixed-base systems with classical damping. Substituting eqs. (5)-(6)into eqs.
(2) and (3), the equilibrium of horizontal forces and moments at the base of the structure can be
written as:
𝑚
𝑟 ̈
ℎ 2
̈
∑𝑁
𝑛=1(𝛤𝑛 ) 𝑀𝑛 𝐷𝑛 + 𝑚𝑡 𝑢̈ 0 + 𝐿0 𝜃 + 𝑉0 (𝑡) = −𝑚𝑡 𝑢̈ 𝑔

(7)

𝑚
𝑟
𝑟
𝑟 ℎ
̈
̈
∑𝑁
𝑛=1 𝛤𝑛 𝛤𝑛 𝑀𝑛 𝐷𝑛 + 𝐿0 𝑢̈ 0 + 𝐼𝑏 𝜃 + 𝑀0 (𝑡) = −𝐿0 𝑢̈ 𝑔

(8)

The dynamic force-deformation relationships at the soil-foundation interface are frequency
dependent, therefore it is convenient to obtain the solution of the system in the frequency domain.
For a linear elastic system a specific response quantity 𝑦(𝑡), can be computed from its input ground
motion 𝑢̈ 𝑔 with knowledge of a transfer function 𝐻𝑦 (𝜔) relating the input and the output. If the
input 𝑥(𝑡) of the system is harmonic (i.e. 𝑥(𝑡) = 𝑒 𝑖𝜔𝑡 ), then the response quantity can be
computed as 𝑦(𝑡) = 𝐻𝑦 (𝜔)𝑒 𝑖𝜔𝑡 , where 𝑖 = √−1. In particular, for the soil-structure interaction
problem:
𝐷𝑛 (𝑡) = 𝐻𝐷𝑛 (𝜔)𝑒 𝑖𝜔𝑡

(9)

𝜃(𝑡) = 𝐻𝜃 (𝜔)𝑒 𝑖𝜔𝑡

(10)

𝑢0 (𝑡) = 𝐻𝑢0 (𝜔)𝑒 𝑖𝜔𝑡

(11)

The absolute acceleration at the j-th story 𝑢̈𝑗𝑡 at time 𝑡 is given by:
𝑢̈𝑗𝑡 (𝑡) = 𝑢̈ 𝑔 (𝑡) + 𝑢̈ 𝑗 (𝑡) + 𝑢̈ 0 (𝑡) + ℎ𝑗 𝜃̈(𝑡)

(12)

Using modal superposition considering that 𝑁𝑚 modes contribute significantly to the
response of the system the absolute (total) acceleration at the jth level is computed as:
𝑁𝑚
𝑢̈𝑗𝑡 (𝑡) = 𝑢̈ 𝑔 (𝑡) + ∑𝑛=1
𝛤𝑛ℎ 𝜙𝑛𝑗 𝐷̈𝑛 (𝑡) + 𝑢̈ 0 (𝑡) + ℎ𝑗 𝜃̈(𝑡)

(13)

If the ground acceleration is assumed to be harmonic (i.e. 𝑢̈ 𝑔 (𝑡) = 𝑒 𝑖𝜔𝑡 ), then (13) can be
rewritten as:

𝑁

𝑚
𝐻𝐴𝑗 (𝜔) = 1 − 𝜔2 ∑𝑛=1
𝛤𝑛ℎ 𝜙𝑛𝑗 𝐻𝐷𝑛 (𝜔) − 𝜔2 𝐻𝑢0 (𝜔) − 𝜔2 ℎ𝑗 𝐻𝜃 (𝜔)

(14)

where 𝐻𝐴𝑗 (𝜔) is the transfer function of the total acceleration at the j-th story. Given that the
transfer function does not depend on the input, then for any ground motion acceleration 𝑢̈ 𝑔 the
total acceleration time history can be obtained using the inverse Fourier transform as follows:
𝑢̈𝑗𝑡 (𝑡) =

∞

1

∫ 𝐻 (𝜔)𝑈̈𝑔 (𝜔)𝑒 𝑖𝜔𝑡 𝑑𝜔
√2𝜋 −∞ 𝐴𝑗

(15)

where 𝑈̈𝑔 is the Fourier transform of the ground acceleration. For a complete description of the
transfer function 𝐻𝐴𝑗 (𝜔) or transfer functions 𝐻𝐷𝑛 , 𝐻𝑢0 , and 𝐻𝜃 ; of the relative displacement of
the superstructure relative to its base, the relative displacement of the base of the building relative
to the free field displacement and of the rotation at the base of the building the reader is referred
to [23].
Effective Damping Ratios
Most buildings are designed using a linear elastic response modal spectrum analysis, in which the
base structure is typically assumed as fixed. Therefore, of particular interest is to find the dynamic
properties that a “replacement” fixed-base structure should have in order to replicate as best as
possible the absolute acceleration transfer function of a building with a flexible base. In other
words, what are the dynamic properties that a fixed-base structures should have in order to
reproduce recorded seismic response in the soil-foundation-structure system. The equations of
motion of a structure with a fixed base are obtained by imposing that the base of the building
cannot rock or sway, i.e. 𝜃(𝑡) = 𝑢0 (𝑡) = 0 in eq. (10) resulting in the following system of
equations:
𝐷̈𝑛 + 2𝜁𝑛 𝜔𝑛 𝐷̇𝑛 + 𝜔𝑛2 𝐷𝑛 = −𝑢̈ 𝑔

(16)

If only 𝑁𝑚 modes are assumed to participate in the structural response, then the absolute horizontal
acceleration at the 𝑗-th floor is given by:
𝑁

𝑚
𝑢̈𝑗𝑡 (𝑡) = 𝑢̈ 𝑔 + ∑𝑛=1
𝛤𝑛ℎ 𝜙𝑛𝑗 𝐷̈𝑛

(17)

If the absolute acceleration for a fixed-base structure can be obtained by:
𝑁

𝑚
𝐻𝐴𝐹𝑗 (𝜔) = 1 − 𝜔2 ∑𝑛=1
𝛤𝑛ℎ 𝜙𝑛𝑗 𝐺𝑛 (𝜔)

(18)
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Figure 2. Comparison of the absolute acceleration transfer function of the building at the roof
considering fixed and flexible bases.

where the superscript F denotes that the structure has a fixed base, and 𝐺𝑛 is the transfer function
of the relative displacement of a SDOF system given by
𝐺𝑛

=

−1

(19)

2 −𝜔2 +2𝑖𝜁 𝜔 𝜔
𝜔𝑛
𝑛 𝑛

Figure 2 compares the absolute acceleration transfer functions at roof level of a 25-story
building on fixed base and on a soil with shear wave velocity 𝑉𝑠 = 250 m/s (corresponding to
NEHRP site class D), mass density 𝜌 = 2 kN⋅s2/m4, and Poisson ratio 𝜈 = 0.45. It was assumed
that 5 modes contributed significantly to the structural response. Figure shows the absolute
acceleration transfer function of the system – computed with eq. The peaks of the transfer functions
correspond to the modal frequencies, while the height of the peaks depend on the corresponding
modal damping ratios. It can be seen that soil-structure interaction shortens the system’s
frequencies, thus elongating the modal periods but that the main effect is on the fundamental
(lowest) frequency. It can be seen, that for this flexible and slender structure SSI lead to a higher
peak for the fundamental frequency suggesting that SSI results in a lower effective damping ratio,
but that for higher modes the peaks are slightly reduced indicating that SSI increses effective
damping ratios. Furthermore, the reduction in amplitude of the second mode is almost negligible
but it is significant for the third and higher modes, with the reduction increasing with increasing
frequency.
Effective damping ratios were computed employing a transfer function matching approach,
via optimization to find the equivalent fixed-base parameters that would best reproduce the transfer
function of the building with a flexible base. That is, to find the equivalent modal periods 𝑇̃𝑛 ,
effective damping ratios 𝜁̃𝑛 , and effective mode shapes Γ̃𝑛ℎ 𝜙̃𝑛𝑗 , that would make the curve defined
by eq. (14) as close as possible to that defined by eq. (18). The objective function was defined as
the difference squared between the transfer function of the flexible base 𝐻𝐴 (𝜔) and that of the
replacement fixed-base structure 𝐻𝐴𝐹 (𝜔), summed over all the frequencies in the range from 0.001
rad/s to 1.3𝜔𝑁𝑚 , over all the floors at which the match is desired, and normalized by the modulus
of the flexible base transfer function summed over the range of frequencies where the two
functions are being matched. This objective function provides an overall measure of fit between
the two transfer functions being matched. An example for the 25-story building is shown in figure
3 where is can be seen that is possible to obtain an excellent match with the replacement fixedbase structure.
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Figure 3. Comparison of the absolute horizontal acceleration transfer function at the roof of the building
with a flexible base and the replacement building with a fixed base.
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Figure 4. Variation of the effective damping ratio of the fundamental mode as a function of
building height level of foundation embedment.
Effective damping ratios computed for buildings with increasing height and for various
embedment ratios are shown in figure 4. It can be seen, that regardless of the level of embedment
a reduction in damping ratios is observed with increasing building height. These trends are
essentially the same that have been observed from instrumented buildings [6-9] suggesting that
this reduction in damping ratios is due to SSI effects.
Summary and Conclusions
A study of the effects of soil-structure interaction of effective damping ratios has been conducted.
From the results it can be concluded that the reduction in damping ratios with increasing
fundamental period, with increasing building height or with increasing number of stories is due to
soil-structure interaction effects. Furthermore, the increase in damping ratio of higher modes of
vibration with increasing frequency is also explained by soil-structure interaction effects.
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