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Abstract 
We have known for more than 50 years that damping ratios in buildings tend to decrease with increasing fundamental 
period of vibration. Over the years, this important observation has been independently confirmed by several different 
studies in various countries, yet it is typically ignored in building codes which commonly specify a constant damping 
ratio, often 5%, regardless of building height or fundamental period of the building. Similarly, based on data recorded in 
instrumented buildings, several studies have shown that damping ratios in higher modes are, in most cases, higher than 
those in the fundamental mode of vibration and tend to increase approximately linearly with increasing frequency, yet 
most seismic analyses use a Rayleigh damping which combines a stiffness- and mass-proportional damping model with 
the same damping ratio at two modal frequencies which are typically selected fairly arbitrarily. Practically no research 
has been conducted to study the reasons behind these empirical trends in damping ratios. The objective of this paper is 
to summarize the results of a five-year investigation aimed at improving our understanding on damping in buildings and 
on improving how damping is modeled for seismic analysis. Using relatively simple models, for both the superstructure 
and the foundation-soil system, it is shown that effective damping ratios, that is, damping ratios that when used together 
with fixed-base models are able to reproduce the dynamic characteristics and dynamic response of buildings with 
flexible base, decrease with increasing building height. This reduction with building height also corresponds to an 
approximately linear increase in effective damping ratio with increasing fundamental frequency of vibration. Similarly, 
the same relatively simple analytical models show that effective damping ratios of higher modes tend to be higher than 
those of the fundamental mode and that they tend to also increase approximately linearly with increasing frequency. It is 
shown that these trends observed in the analytical results match closely the trends in damping ratios inferred from 
strong motion records obtained in various earthquakes in more than 150 instrumented buildings in California by using 
system identification techniques, indicating that soil-structure interaction, and more specifically radiation damping, 
explains the trends in empirical data.  
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1. Introduction

The seismic response of buildings to earthquake ground motions depends on the level of damping in the soil-
foundation-structure dynamic system. Relative to other dynamic characteristics of buildings, our present 
knowledge on damping mechanisms and their relative contribution to the overall energy dissipation in the 
system is more limited. Building codes all over the world usually use different values of damping ratios 
when analyzing the same building when subjected to wind loading and when subjected to seismic loading 
even though one would intuitively think that the level of damping at comparable levels of response would be 
the same or at least very similar regardless of the type of dynamic loading.  

In most seismic analysis it is assumed that damping that is not explicitly modeled through hysteretic 
energy dissipation in structural elements is viscous, that is, that damping forces are proportional to relative 
velocities. Furthermore, in most cases a Rayleigh viscous damping is used with a linear combination of 
stiffness-proportional damping (damping ratios proportional to modal frequencies) and a mass-proportional 
damping (damping ratios inversely proportional to modal frequencies). The same level of damping ratio, 
typically 5%, is assumed to occur at two, rather arbitrarily-selected, modal frequencies (e.g. the fundamental 
frequency and fifth-mode frequency of vibration). Furthermore, the same damping ratio is assumed 
regardless of the height of the building, the fundamental period of the building, the slenderness ratio of the 
building, the lateral-resisting system or site conditions, even when several studies have indicated that these 
characteristics influence the level of damping in buildings [2-7]. 

The level of damping has an influence not only on peak values of many important response parameters 
such as peak interstory drifts, peak floor accelerations, peak story shears, peak overturning moments and 
peak base shear, but also on the duration of the response and therefore on the number of cycles that the 
structure and nonstructural components will undergo during earthquake ground motions. Unlike mass and 
stiffness which can be estimated at the element/component level 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 information at the element/component level to the 
structure/system level. Furthermore, damping cannot be measured directly and therefore it needs to be 
inferred from measured dynamic response of structures. 

 A few years after the development of the response spectra by Maurice Biot at the California Institute of 
Technology, Alford, Housner, and Martel were developing response spectra that could be used in the seismic 
analysis of buildings. In the technical report that preceded their well-known paper [1], they acknowledged 
that the damping ratio that can be expected in engineering structures was an unanswered question. Based on 
a series of large amplitude tests conducted by the Earthquake Engineering Research Institute on a four-story 
concrete building, they concluded: “From the meager evidence available, it appears possible that a minimum 
figure of the order of 5% of critical damping might be established as appropriate for conventional buildings” 
[1]. This early recommendation, despite being based on the tests results of a single building in the early 
1950s provided the basis for the value of damping ratio of 5% that is recommended in many building codes.  

Another early recommendation of damping ratios was done by Professor Jacobsen at Stanford 
University in a report to the Division of Architecture of the State of California, in 1959 [8]. The document 
aimed to provide damping values for different types of structures based on a literature review of 13 
references. These recommended damping ratios varied from 4%for steel buildings with welded joints to 50% 
for buildings with nailed joints. They are much larger than any current standard. These damping values were 
not based on measurements of dynamic response but rather they correspond to equivalent damping ratios 
were obtained from static load tests of individual components and connections. That is, the recommended 
values are based on equating the ratio of dissipated work to the total work occurring during half or a full load 
cycle in the test, to the theoretical work ratio that a single-degree-of-freedom (SDOF) system with a linear 
viscous damper would have under the same load. Jacobsen himself admitted that the concept of equivalent 
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damping ratios involves debatable assumptions, and wrote that “from a philosophical point of view it must 
be admitted that it is highly artificial to separate restoring forces and friction forces in vibrational systems 
where the hysteretic effect is a function of displacement only” [9]. 

Other early recommendations for damping ratios in structures were made in the early 1960s, when the 
first nuclear reactors were designed in the US. The design code for these reactors was the TID-7024, 
developed by the United States Atomic Energy Commission (AEC) [10]. Values ranged from 0.5% for 
welded steel structures to 7% for concrete structures, but it also included recommendation of 15 to 40% for 
masonry structures. Another well-known recommendation were made by Newmark and Hall [11, 12] but 
they did not properly documented the basis for those recommendations but they appear to be based on the 
recommendation by Jacobsen. 

The first attempt to infer information on damping ratios in buildings subjected to earthquakes is the 
work of Tanaka et al. in 1969, who investigated the records of 17 buildings subjected to the Saitama 
earthquake of July 1, 1968 in Japan [13]. The fundamental period of the different buildings was obtained 
from peaks in the power spectral density function, and the damping ratios were estimated using the half-
power bandwidth. They showed for the first time, that damping ratios tend to decrease with increasing 
fundamental period of vibration. In the U.S. Hart and Vasudevan analyzed the records of 12 buildings 
subjected to the 1971 San Fernando Earthquake and used a simplified method for estimating damping based 
on the half-power bandwidth method, and was one of the first investigations to systematically infer 
properties of buildings from their measured seismic response [14]. Their values ranges from 1.9% to 11.3%. 

Goel and Chopra studied the records of 22 buildings subjected to the Northridge Earthquake of 1994, 
estimating the dynamic properties of the structures; including the modal periods and damping values [15]. 
More recently, Bernal et al. [4] inferred damping ratios of the fundamental mode of 72 buildings. More 
recently Cruz and Miranda [5-7,  16] inferred damping ratios on 154 instrumented buildings for more than 
1,300 damping ratios and provided recommendations. They showed that the best individual predictor to 
estimate damping ratios in buildings was the building height and that adding information about the 
slenderness ratio, the fundamental period and lateral resisting system could provide modest improvements in 
the estimate. Data gathered and analyzed by Tanaka et al. [13] and Satake et al. [2] in Japan or by Goel and 
Chopra [15], Bernal [4] and Cruz and Miranda [5-7,  16] in the United States show that damping ratios 
decrease with increasing height and/or increasing fundamental period of vibration. However, none of these 
studies have investigations the reasons for with decreasing trend in damping ratios. 

The objective of this investigation is to show that soil-structure interaction effects explain the reduction 
of first mode damping ratios with the building height, and also the linear increment with increasing 
frequency of damping in higher modes, observed in the empirical data. First, the method of Veletsos and 
Meek [17] for computing the effective periods and damping ratios of an SDOF system is extended to MDOF 
structures. Using the statistical relationships between the buildings’ height, aspect ratios, and periods 
analytical models including soil-structure interaction are assembled and analyzed to examine the analytical 
variation of the effective damping ratio with the building height and with the effective modal frequency. 
Finally, the analytical results are compared to the empirical data showing that empirical data closely 
followed the analytical results. 

2. Dynamic properties of the soil-foundation-structure system

A series of idealized planar N-story soil-foundation-building models similar to that shown in Figure 1 were 
developed. The building’s mass was 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	of	 freedom	per	 floor.	 It	was	also	assumed	 that	 the	 superstructure	has	 classical	damping,	which	allows	
qwert		
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Fig. 1. Simplified building-foundation-soil system considered in this investigation. 
	

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. The transfer function relating absolute 
horizontal acceleration at any floor to the ground acceleration were computed in the frequency domain as a 
function of the transfer function of the superstructure and the dynamic stiffness of the circular rigid 
foundation on an elastic half-space using for the latter the results by Veletsos and Wei [18]. Figure 2 shows 
the simplified model of the soil-foundation system that was employed while figure 3 shows the frequency-
dependent dynamic stiffness of the soil-foundation system which related horizontal forces with horizontal 
displacements and overturning moments at the base of the structure with rotations at the base. This dynamic 
stiffness is given by the following system of two equations with two unknowns: 

     (1)	

where Hu0 and Hq are the frequency response functions associated with the swaying and rocking motions, 
respectively, and a0 is the non-dimensional frequency defined as a0 = wR0/Vs.  

 

 

Fig. 2. Simplified model of the soil-foundation system. 
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(b) Substructure method.

Figure 7.1: Methods of SSI analysis (after Wolf 1994).

the dynamic interaction. Impedance functions for di↵erent types of soil-foundations have been com-

puted through the years (e.g. Veletsos and Wei, 1971; Luco and Westmann, 1971 and 1972; Pais and

Kausel, 1988), limiting the analysis to the superstructure and its interaction with the soil-structure

interface. For this reason, the substructure approach was used in this investigation.

Consider the soil as an elastic, homogeneous and semi-infinite medium with density ⇢, shear

modulus G, Poisson ratio ⌫, and where shear waves propagate at a velocity Vs. The foundation of

the building is assumed to be a massless rigid circular disk of radius R0, with 2 degrees of freedom

that correspond to the horizontal direction x and the rocking rotation ✓ (Figure 7.2). The interaction

forces and moments acting on the foundation for a steady-state harmonic load at frequency ! can

be expressed as V0(t) = V ei!t and M0(t) = Mei!t, respectively. The corresponding horizontal

displacements and rotations will be u0(t) = Hu0(!)e
i!t and ✓(t) = H✓(!)ei!t. The horizontal forces

and displacements are related by:
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The dynamic stiffness matrix of the soil-foundation interface is defined by the terms KVV, KVM, KMV, and 
KMM, which are given by: 

(2) 

where kij and cij are dimensionless functions of the soil’s Poisson ratio n	  and the non-dimensional frequency 
a0. Exact values for these parameters can be found in Veletsos and Wei [18] and are shown in Figure 3 for 
n=0.45. As shown in this figure the horizontal stiffness (real part of the dynamic stiffness) relating horizontal 
forces and horizontal displacements is relatively frequency independent, but in the case of the rotational 
stiffness relating overturning moment at the foundational and rotations at the foundation (rocking) the 
stiffness shows significant reductions with increasing stiffness. Meanwhile the damping coefficients 
(imaginary part of the dynamic stiffness) is again fairly independent of frequency for the horizontal 
direction, that is the relationship between horizontal velocity and horizontal damping force, while the 
damping coefficient relating the change in rotational damping force and rotational velocity is again strong 
frequency dependent but in this case the rocking damping increases with increasing frequency. 

Fig 3. Dynamic stiffness for a rigid circular disk on an elastic half-space with	n	=	0.45. 

3. Dynamic properties of the soil-foundation-structure system

A series of idealized planar N-story soil-foundation-building models similar to that shown in Figure 1 
ranging from 1 to 80 stories were developed. Most buildings are designed using a linear elastic response 
modal spectrum analysis, in which the base structure is typically assumed as fixed. Therefore, it is of interest 
to evaluate what dynamic characteristics should a replacement fixed-base structure have in order to replicate 
as best as possible the transfer function of a building with a flexible base. An optimization routine was 
developed to find the equivalent fixed-base parameters that would best reproduce the transfer function of the 
building with a flexible base. Figure 4 shows the transfer function relating horizontal accelerations at the roof 
of the structure to the horizontal ground motion for a 25-story building The building has a height of 75 m, 
with a uniform story height of 3 m.  The superstructure has a fundamental (fixed-base) period T1 = 3.0 s. The  
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Figure 4. - Comparison of the absolute acceleration transfer function of the building at the roof considering 
fixed and flexible bases. 

building has a dual lateral resistant system, consisting of moment frames and shear walls, i.e. a = 6 [18]. The 
damping ratio of the superstructure was considered to be 2% for all modes. Each story was assumed to be 
circular with a radius R0 = 15 m. The seismic weight is 10.5 kN/m2 (220 psf). The foundation has the same 
radius R0, but only half the mass of a typical story. The building was assumed to be sitting on a soil with 
shear wave velocity Vs = 250 m/s (corresponding to NEHRP site class D), mass density r=2 kN ·s2/m4, and 
Poisson ratio n=0.45. It was assumed that 5 modes contributed significantly to the structural response. Also 
shown in this figure is the transfer function for the same building with a fixed base. It can be seen that, as 
expected the modal frequencies of the fixed-base model are larger than those of the building on the elastic 
half space. However, the modal peak amplitudes in some cases are larger for the fixed-based model (e.g., for 
the fundamental mode) while in other cases they are smaller (higher modes). The optimization procedure 
consisted then on modifying the dynamic characteristics of the fixed-based model to match, as best as 
possible, the transfer function of the building on flexible base by minimizing the difference in transfer 
function of the replacement fixed-based structure and that of the flexible-base model. An example of the 
match after the optimization is shown in figure 5. 

Figure 5. - Comparison of the absolute horizontal acceleration transfer function at the roof of the building 
with a flexible base (on elastic half-space) and the replacement building with a fixed base. 

CHAPTER 7. THE EFFECTS OF SOIL-STRUCTURE INTERACTION 167

periods Tn and damping ratios ⇠n of the fixed-base superstructure, and the corresponding properties

of the replacement or “equivalent” structure T̃n and ⇠̃n. As expected, the e↵ective periods T̃n are

longer than those of the superstructure. Period elongation a↵ects primarily the fundamental mode,

which elongates 4% while the periods of higher modes elongate, on average, just 1%. Regarding

damping, the e↵ective damping ratio of the fundamental mode decreases in 11% with respect to

the superstructure, but for the second and higher modes, there is an increase in e↵ective damping,

reaching up to an increment of 81% for the fifth mode. It is interesting to note that the e↵ective

damping ratios increase with increasing e↵ective modal frequency f̃n, which is shown in Figure

7.11. It can be seen that this increment is approximately linear, in complete agreement to recent

observations of higher modes in tall buildings [5]. Figure 7.11 also shows the slope � and intercept ⇠0

of a linear fit of the data, obtaining a coe�cient of determination R2 = 0.99. Finally, the resulting

e↵ective mode shapes of the equivalent structure �̃n�̃nj were analyzed. Figure 7.12 compares the

e↵ective mode shapes of the superstructure with the equivalent ones, evaluated at the stories in

which the curve-fitting process was performed. It can be seen that the di↵erences between the two

models are negligible, which suggests that the e↵ects of soil structure interaction may be taken

into account approximately by just modifying the periods and damping ratios in the replacement

fixed-base superstructure.

1 10 30
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50

ω / ω1
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Flexible base
Equivalent fixed−base

Figure 7.9: 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 6.  Relationship between the height and the number of stories in instrumented buildings in California. 

 

4. Parametric analysis using 80 different building models  

A parametric analysis was conducted to assess the influence of the different parameters that govern the 
effects of soil structure interaction on the effective damping of MDOF buildings. To this end, 80 different 
structures were modeled, and their effective properties were computed using the simplified analysis method 
for MDOF structures previously described in section 3. All the buildings were assumed to have a dual lateral 
resistant system consisting of shear walls and moment frames, therefore a value of 6 was used for the lateral 
stiffness ratio a. The damping ratio of the superstructure was set to 3% for all modes. The structures had 
different number of stories, with the first building having 1 story, the second one, 2, and so on until the 80th 
structure, which had 80 stories. In order to have buildings with realistic heights for a given number of stories, 
the height of each building was computed as a function of the number of stories using a regression performed 
on data obtained from instrumented buildings in California as shown in figure 6. In order to have relatively 
simple models all stories were assumed to have the same height.  Once the building height H  was computed, 
the aspect ratio, AR, of each building was calculated from the regression analyses done on data relating 
aspect ratio and building height in instrumented buildings in California shown in Figure 7. Consequently, the 
radius of the foundation was set to be R=H/AR. The seismic weight was assumed to be 10.5 kN/m2 (220 psf) 
 

 

Figure 7.  Relationship between the aspect ratio (AR) and the building height in instrumented buildings in 
California. 

CHAPTER 8. INSIGHTS INTO DAMPING RATIOS IN BUILDINGS 192

0

50

100

150

200

250

0 20 40 60 80
N

H (m)

H = 4.94 N0.91

βln = 0.2
R2 = 0.95

Figure 8.9: Relationship between building height and number of stories for all the buildings in the
data set.

8.6 Parametric Analysis Using Numerical Simulations

8.6.1 Simplified Structural Model

A simplified model of the superstructure was used in order to perform a parametric analysis of the

factors that contribute to the e↵ective damping ratio of buildings. The model considers that the

lateral load resistant system of the building is composed of a cantilever flexural beam attached to a

shear beam (Figure 7.7). The mass was assumed to be equally distributed along the height of the

building, and was modeled as lumped at the di↵erent floors. The lateral sti↵ness is also assumed to

be constant along the height of the building. Additional details of the model can be found on section

7.6.1 of Chapter 7, while the derivation of the sti↵ness matrix of this building model is shown in

Appendix A.

8.6.2 Description of the Numerical Simulations

A numerical analysis was conducted to assess the influence of the di↵erent parameters that govern

the e↵ects of soil structure interaction on the e↵ective damping of MDOF buildings. To this end, 80

di↵erent structures were modeled, and their e↵ective properties were computed using the simplified

analysis method for MDOF structures described in section 8.3.3. All the buildings were assumed to
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Figure 8.  Relationship between the fundamental period and the building height in instrumented buildings in 
California. 

for all floors, while the foundation was assumed to be massless. Finally, the fundamental period of the 
superstructure was computed using the results of a linear mixed-effects, LME, model shown on Figure 8 
based on instrumented buildings in California. Note that the identified periods actually correspond to the 
effective period of vibration, which is larger than the period of the superstructure. 

5. Results for the Effective Damping Ratio of the Fundamental Mode  

Figure 9 shows the variation of the effective damping ratio of the fundamental mode, normalized by that of 
the superstructure, with the aspect ratio of the building. The figure shows the curves obtained after the 
analyses of the 80 structures of different heights, for the 5 different site classes. It can be seen that the 
effective damping ratio decreases with increasing aspect ratio, and that the rate of decrement is significantly 
affected by the shear wave velocity. Again, this plot shows that for practical purposes buildings located on 
firm soils, such as NEHRP site classes A or B (Vs = 1600 and 1000 m/s, respectively) are not affected by the  
 

 

Figure 9. Variation of the effective damping ratio of the fundamental mode with changes in the aspect ratio 
of the buildings. 
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e↵ects of soil structure interaction. For buildings on softer soils, it can be seen that the e↵ective

damping ratio is higher than that of the superstructure for aspect ratios smaller than 2.0, 2.5, and

3.5 for shear wave velocities of 500, 250, and 120 m/s, respectively. The increment in the e↵ective

damping for squatty structures can reach values that double or even triple the damping ratio of the

superstructure in some cases. The opposite occurs for slender structures, where it is observed that

buildings with large aspect ratios have an e↵ective damping ratio lower than that of the superstruc-

ture. The reduction in damping can be significative for very slender buildings, for example, buildings

sitting on soils with Vs = 250 m/s (site class D, the most common site class in California) and aspect

ratios greater than 7 can have e↵ective damping ratios lower than 50% that of the superstructure.

Based on these results, it can be clearly seen that slender structures on soft soils do not benefit from

the e↵ects of soil-structure interaction.
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Figure 8.11: Variation of the e↵ective damping ratio of the fundamental mode with the aspect
ratio of the building.

As shown in Figure 8.8, the aspect ratio AR is strongly correlated with the building height H.

Therefore, for a given value of Vs, the height of the building can be used to determine the e↵ects of

soil-structure interaction in its e↵ective damping ratio. Figure 8.12 shows the theoretical variation

of the e↵ective damping ratio of the fundamental mode with the building height, obtained for the

80 di↵erent structures using a Vs value of 360 m/s, which defines the boundary of site classes C and
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Figure 10. Empirical relationship between the inferred effective damping ratios in instrumented buildings in 

California and their building height. LME model of empirical data also shown [7]. 
 
effects of soil structure interaction. For buildings on softer soils, it can be seen that the effective damping 
ratio is higher than that of the superstructure for aspect ratios smaller than 2.0, 2.5, and 3.5 for shear wave 
velocities of 500, 250, and 120 m/s, respectively. The increment in the effective damping for squatty 
structures can reach values that double or even triple the damping ratio of the superstructure in some cases, 
highlighting the positive effects of soil-structure interaction in increasing the effective damping ratio. The 
opposite occurs for slender structures, where it is observed that buildings with large aspect ratios have an 
effective damping ratio lower than that of the superstructure. The reduction in damping can be significative 
for very slender buildings, for example, buildings built on soils with Vs = 250 m/s (site class D, the most 
common site class in California) and aspect ratios greater than 7 can have effective damping ratios lower 
than 50% that of the superstructure.  

 

Figure 11. Comparison of empirical and analytical variation of the effective damping ratio of the 
fundamental mode with the building height. 
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parameter values, variances, and confidence intervals, are not included. The interested reader can refer to [19] 
for these and other details not included in this paper. 

The results of the previous section show that the building height is the single factor that explains most 
of the variance in the data. The statistical model that includes the building height as a single fixed-effect 
regressor has an 𝑅2 of 0.43, and correspond to the simplest damping equation assessed in this investigation. 
Fig. 1 shows the variation of damping ratio of the fundamental mode with the building height. It can be seen 
that damping ratio decreases with increasing building height following a trend that is approximately 
hyperbolic. The figure also includes a curve with the predicted median, using the equation resulting from the 
statistical analysis, and its corresponding ±1𝜎𝑙𝑛 prediction intervals. It can be seen that, for buildings taller 
than 21 meters, the median damping ratio is lower than 5%, the typical value recommended by most structural 
codes. Moreover, it can be seen that several tall buildings with heights greater than 200m have damping values 
lower than 2.5% – the damping ratio recommended by most guidelines for the seismic design of tall buildings.  

 
Fig. 1 – Damping ratio of the first mode as a function of the building height for all data, and results of the LME 

regression equation. 
 

In Section 4.2 it was shown that separating the data by primary structural material did not significantly 
improve the fit. The posterior analysis of the coefficients of the statistical model shows that there is no 
statistical difference between damping ratios coming from reinforced concrete buildings and steel buildings. 
This can be seen in Fig. 2, which plots the values of damping ratios as a function of the building height, 
separating them by primary structural material. The figure shows no clear difference of damping ratios coming 
from one material or the other. Results show that the dispersion around the median values for steel buildings 
is 79% of that observed in reinforced concrete buildings. This can be seen in Fig. 2, where for any given value 
of the building height, the dispersion of reinforced concrete data is larger than the data coming from steel 
buildings.  The large variability around the median values, especially for reinforced concrete buildings, is 
probably why no statistical difference was found between these two materials.  
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As shown previously in Figure 7, the aspect ratio AR is strongly correlated with the building height H. 
Therefore, for a given value of Vs, the effective damping ratio will have a somewhat similar descending 
trend with increasing building height. Figure 11 compares the 1,335 damping ratios of the fundamental 
modes inferred from records obtained in instrumented buildings in California during various earthquakes 
[20-22] with those computed the analytical models shown in figure 1 obtained for the 80 different structures 
using a Vs value of 360 m/s, which defines the boundary of site classes C and D – where the vast majority of 
the buildings in the data set are located. The figure also includes the LME statistical model obtained from the 
empirical data. As expected, the effective damping decays with the building height following a nonlinear 
trend. More importantly, there is a remarkable similarity between the analytical results and the median 
damping ratios obtained by the statistical LME model, suggesting that soil-structure interaction is the most 
important factor controlling the observed reduction of damping ratios with increasing building height.  

 

7. Summary and conclusions 

The effect of soil-structure interaction on the overall damping ratio of multi-story buildings has been 
evaluated, and theoretical findings have been compared with empirical data inferred from the seismic 
response of buildings in California. A method was developed for obtaining the effective periods and effective 
damping ratios of replacement fixed-base MDOF structure capable of reproducing the response of the 
corresponding structures on an elastic half-space. The method uses modal superposition to decompose the 
structural response into a series of SDOF structures, whose effective properties are computed using the 
method developed by Veletsos and Meek for SDOF systems.  

A parametric analysis was conducted to assess the influence of parameters governing the effective 
damping ratios of the fundamental mode. In these analyses, the number of stories in the structure was varied 
while the building’s height, aspect ratio, and fundamental period were calculated to match relationships 
inferred from empirical data. It was shown that that for a given value of the shear wave velocity of the soil, 
the aspect ratio is the parameter that primarily controls the effects of the soil-structure interaction. On soft 
soils – like NEHRP site classes C, D and E – the effective damping ratio decreases with increasing values of 
the aspect ratio following a nonlinear trend. Squatty buildings with low aspect ratios will have an effective 
damping ratio of the fundamental mode higher than that of the superstructure, hence benefiting from soil-
structure interaction effects. On the other hand, on slender structures with aspect ratios greater or equal to 3, 
the effective damping ratio will be lower than that of the superstructure, reaching reduction rates than can be 
higher than 50%. A similar descending nonlinear trend was obtained when examining the variation of the 
effective damping with the building height.  

The analytical results were then compared with a database of 1335 damping ratios inferred from the 
seismic responses of 154 buildings in California. It was shown that the theoretical variation of the effective 
damping ratio with the building height, obtained for shear wave velocities representative of NEHRP site 
classes C and D – were the vast majority of the buildings in the data set are located, follows closely the 
median trend of the empirical data.  

These results show that soil-structure interaction, that is, the combination of radiation damping along 
with the rotation and swaying of the base of the building, explains the observed empirical variations of the 
effective damping ratio with building height, and with the effective modal frequency. This suggests that the 
effects of soil-structure interaction is the most important contributor, and therefore what primarily controls, 
the overall damping ratio of buildings subjected to earthquakes.	 
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