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On the 28th of February, Professor Ian M. May gave a talk 
on High Mass — Low Velocity Impact in London. In the 
following he provides a summary of the presentation. 

The presentation on high mass – low velocity impact 
of reinforced concrete commenced with an adver-
tisement for the Structures and Buildings Special 

Issue on the subject [1] which had been edited by the pre-
senter and contained further details of the topics to be dis-
cussed. 

It was explained that the type of impacts to be discussed 
were those to be encountered for example due to objects 
falling from cranes, vehicle impacts on structures, ships 
colliding with bridge piers or offshore structures, etc.

There are currently a number of very powerful software 
packages that can be used to analyse impacts. However 
there is little high quality experimental data that can be 
used to validate the software so the first objective of the 
research was to obtain such data. A drop weight test rig 
has been built which can be used to guide weights of up to 
about 1000 kg from heights of up to 4.00 m, Figure 1.

Data from the tests is collected at 0.5 MB per second 
and can include impact loads, accelerations, reactions for 
beams and displacements. Strains in the reinforcement are 
also recorded. The strain gauges are placed within the rein-
forcement bars using a system developed by Richard Scott 
at Durham University. The bars are split longitudinally and 
a small groove machined along the centre line into which 
the gauges and wires are placed. The two halves are then 

Figure 1. General view of test rig
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glued together again. The advantage is that because the 
gauges are inside the bars there is no affect on the bond 
behaviour, and the reduction in strength of the bar due to 
the loss of the small area of the groove can be taken into 
account in any analysis. The final piece of data to be gath-
ered was high speed video, about 7,500 frames per second, 
which enable the behaviour of the beam to be correlated 
against the impact load at any particular time. This has 
proved to be particularly useful as for example the order of 
the formation of cracks can be identified, see for example 
Figure 2. A number of tests on beams and slabs have been 
carried out and the results were described and some of the 
high speed video was also shown. Full details of the tests 
are given in Reference 2.

The test rig has also been used for applying impact loads 
to other types of structure and a test, for Bredero Shaw, 
on a shroud used to protect valves on subsea pipelines was 
described, Figure 3.

The results from the tests have been compared with the 
results predicted by two software packages, ELFEN and 
LSDYNA. 

ELFEN employs discrete elements for the analysis which 
allows the cracks to be modelled discretely. The results from 
the analysis have been compared with the experimental 
data and good agreement has been obtained; full details of 
the analysis and comparisons are given in Reference 3 and 
typical results are shown in Figure 4.

LSDYNA is a more traditional finite element code in 
which the cracks are smeared rather than modelled dis-

Figure 2. Load time history of beam with stills from video

Figure 3. Shroud test for Bredero Shaw
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cretely. The difficulty with using such software is that a 
number of models for the concrete are available and it may 
not be obvious which one should be used. Currently inves-
tigations are being carried out to help identify the strengths 
of the various models. Up to date good agreement has been 
obtained using the Winfrith model for slabs and a typical 
load time curve is given for one of the slabs tested, Figure 
5. 

The final part of the presentation discussed the perfo-
ration of slabs by columns; a project which has been car-
ried out jointly with Arup. The object was to determine if a 
falling column could penetrate a reinforced concrete slab, 
a possible problem should a column fall from the crane 
during construction and particularly if work is being car-
ried out in previously completed floors below. Analyses 

Figure 4. Comparison of cracking in test with ELFEN

had been carried out by Arup using LSDYNA in order to 
extend guidelines usually used for high-velocity impacts. 
Tests were carried out which validated the analysis in or-
der that the guidelines could be considered satisfactory. 
Typical damage to the slabs is shown in Figures 6 and 7. 
Comparisons between the accelerations of the column 
measured in the tests and those predicted by LSDYNA are 
shown in Figure 8.

It was concluded that the experimental data in gener-
al validated the methods of analysis used in the projects. 
However, there is still a requirement for more high qual-
ity data in order to further validate and improve analytical 
models.

Figure 5. Comparison of load time relationship in test with LSDYNA
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Figure 6. Damage to top of slab after impact by 
 column

Figure 7. Damage to underside of slab after impact by 
column
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Sir/Madam,

Unwin Lecture “Designing for earthquake effects in 
Great Britain” by Edmund Booth, Consulting Engineer

The purpose of this response to Edmund Booth’s article 
in the SECED Newsletter is to highlight the practice adopt-
ed in the United States of America to generate the design 
earthquake for the seismic design of buildings.

In this brief discussion I will present the method adopt-
ed by IBC/ASCE 7 to calculate the design level spectrum 
for application in the design of new buildings.  Most of 
the references are taken directly from an explanation pre-
sented in an article in the Earthquake Institute Research 
Institute (EERI) Spectra journal entitled “Development of 
Maximum Considered Earthquake Ground Motion Maps. 
Earthquake Spectra, Volume 16, No. 1, February 2000”.  If 
you have access to this document then I would urge you to 
read it, as it has salient points that have a particular bearing 
on the proposed change to the Earthquake return period 
adopted for design.

In the now superseded Uniform Building Code UBC97 
it was assumed that a building designed to resist an earth-
quake with a 10% probability of occurrence in a 50 year 
period (i.e. 1 in 475 years mean return period) would not 
collapse under an earthquake with a 2% probability of oc-
currence in a 50 year period (i.e. 1 in 2475 years mean re-
turn period).

However, UBC was applied in a relatively small area of 
the United States which had generally high seismic activ-
ity compared to the relatively inactive areas of the eastern 
United States.

“Given the wide range in return periods for maximum 
magnitude earthquakes throughout the United States and 
its territories (hundreds of years in parts of California to 
thousands of years in other locations) the Seismic Design 
Procedures Group (SDPG) focused on defining the Maxi-
mum Considered Earthquake (MCE) ground motions for 
use in design.” [1] 

It should be made clear that the design procedure is 
based on spectral response acceleration parameters rath-
er than peak ground acceleration, or zone factors, i.e. the 
shape of the response spectrum is important.

One key point is that the “rate of change of ground 
motion versus probability is not constant throughout the 
United States” [1]. As can be seen in Figure 1 the slope of 
the hazard curve for the 0.2sec spectral response ranges 
from very shallow for Los Angeles and San Francisco to 
very steep for New York and Charleston, South Carolina.  
Therefore the difference between the “10% in 50 years 
ground motion and the 2% in 50 years ground motion in 
the western United States is typically less than the differ-
ence between these two probabilities in the less active seis-
mic areas such as those in the central and eastern United 
States.” [1]

The decision of the SDPG group was 
that seismic margin contained in the 
1997 NEHRP provisions provided a 
minimum margin of safety against col-
lapse of about 1.5 times the earthquake 
ground motions.  Therefore a structure 
subject to 1.5 times the design level 
event should have a low likelihood of 
collapse.

Applying this logic to the 10% and 2% 
in 50 years ground motions showed that 
for an eastern location such as Charles-
ton a structure designed for a 10% in 50 
year earthquake was much less likely to 
survive the 2% in 50 year return period 
event.  In fact, the only location where 
results were deemed acceptable was in 
coastal California where the 2% in 50 
year ground motion values are about 1.5 
times the 10% in 50 years ground mo-
tion [1].Figure 1 [1]

Letters Dr Stewart C. Gallocher in Ayr has kindly sent the following letter com-
menting on Edmund Booth’s report on the Unwin Lecture (in the SECED 
Newsletter, Vol. 21, No. 2).
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The SDPG deemed that the increase in risk is areas 
which were non-conservative was not acceptable and came 
up with a method based upon the MCE ground motion 
which was introduced in the 1997 NEHRP document. The 
MCE spectrum incorporates factors for site class.

In the short period range, the MCE ground motion is 
adjusted for site class effects becoming

SMS = FaSs, 

where Fa is the short period site coefficient (0.2Hz), and

SM1 = FvS1 

where Fv is the one second site coefficient (1Hz).  
Then the MCE ground motion values are divided by the 

conservative 1.5, the seismic margin, to generate design 
level ground motion.

The definition of the MCE ground motion response 
spectrum for the MCE ground motion and design response 
spectrum are presented in Figures 2 and 3 respectively [1].

One consequence of dividing the MCE values by the 
seismic margin of 1.5 is that in areas similar to San Fran-
cisco they design for ground motion close to the traditional 
10% in 50 year probability and in the Central-Eastern US 
regions are designing for ground motions at around a 5% 
in 50 years probability in recognition of the possibility of 
the rare earthquake ground motion.  The result is a uni-
form margin against collapse but not a uniform probability 
of the ground motion [1].

In the UK we do not define our design parameters ac-
cording to the US methodology, which uses spectra accel-
erations at 1sec and 0.2secs to define the design hazard. 
Instead, we adopt PGA. However, a few conclusions can 
be drawn.

Taking the 1 in 2500 year as a design level event is over 1. 
conservative and not consistent with the approach 
taken in the United States where it is considered that 
a conservative 1.5 margin is the minimum achievable 
against collapse at the design level event.  We should 

not be generally designing to an earthquake level of 1 
in 2500 years.
The definition of design and ultimate level events needs 2. 
to be rigorously defined and understood since the per-
formance anticipated at these hazard levels will have a 
significant impact on the selection of the return period 
for the hazard.
If a seismic margin of 1.5 is justified for Europe then 3. 
there is a strong argument for dividing the accelera-
tions under the 2,500year MCE proposed in the article 
by 1.5 to obtain design level events. 
If the above is adopted and applied to Figure 2 and 3 4. 
of Reference 2 then one would anticipate that the Peak 
Ground Acceleration (PGA) would come down from 
0.18g to 0.12g which is still 50% bigger than the PGA 
presented in Figure 2 a) of Reference 2.

Overall one concludes that adoption of a UK design 
PGA greater than the current 475 year return period is war-
ranted but that a methodology based solely on a 2500year 
return period without accommodating importance factors 
is not consistent with the current US approach.  

This is not to say that it does not have merit.

  Yours faithfully,

  Dr Stewart C. Gallocher
  M.Eng., M.S., Ph.D., C.Eng., M.I.StructE

Figure 2. MCE Response Spectrum [1] Figure 3. Design Response Spectrum [1]
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Summary
This paper provides an overview of boundary conditions 
for seismic analysis. The substructure method and the 
direct method are covered with reference to ASCE 4-98. 
Guidance on the selection of appropriate boundary condi-
tions is given, and a few pitfalls are mentioned. The empha-
sis is on methods commonly used in practice. However, the 
paper also identifies two relatively new methods that may 
be adopted by industry in the near future.

Introduction

An earthquake affects a large area of the Earth’s surface. 
However, engineers are usually concerned with the re-
sponse of a relatively small site and one particular struc-
ture. Instead of modelling the entire region affected by an 
earthquake, which is not always feasible and almost never 
desirable, it is common practice to truncate the model at a 
small distance from the region of interest. This truncation 
introduces artificial borders around the model. The geo-
logical media outside these artificial borders are assumed 
to be unbounded (semi-infinite), and their presence is 
simulated by enforcement of appropriate boundary condi-
tions.

Unbounded media allow seismic waves originating 
from a source to spread in three dimensions. As the waves 
spread, the amplitudes decay and eventually vanish. Thus, 
an unbounded medium acts as an energy sink, leading to 
radiation damping, which will not occur in a bounded sys-
tem. The effect of radiation damping for a structure found-
ed on soft soil can be considerable and will often be more 
important than that of material damping.

In static problems, the effect of the boundary conditions 
on the local response will diminish with distance. There-
fore, fixed or free boundary conditions can be enforced at 
some distance from the region of interest without sacrific-

ing much in terms of accuracy. However, for dynamic load-
ing, these elementary boundary conditions should only 
be used when they represent an actual physical boundary 
such as an abrupt jump in stiffness between two soil layers, 
or a free surface. If they are used at an artificial border in 
a homogenous medium, they reflect outward propagating 
(radiating) waves instead of letting them through. This, in 
turn, can negate the effect of radiation damping.

A simple solution is to define a very large model so that 
waves reflected at the artificial boundaries will not have 
time to return to the region of interest, or, if they do return, 
they will be sufficiently attenuated by material damping to 
have any noticeable effect. However, this solution will typi-
cally result in an uneconomical model with a high number 
of unnecessary degrees-of-freedom. Smaller and more ef-
ficient models that retain the required level of accuracy are 
possible in conjunction with boundary conditions that are 
designed specifically for analysis of unbounded media.

A great number of highly accurate and sophisticated 
methods have been developed over the past 40 years. How-
ever, many of these methods have limited applicability, 
are difficult to implement and validate, and are generally 
much more accurate than required for design purposes. 
In contrast, the methods favoured by industry tend to be 
relatively simple and robust. Even so, seismic analysis of 
unbounded media remains one of the most difficult ana-
lytical disciplines in civil engineering today.

This paper provides an overview of boundary condi-
tions for seismic analysis. First, the prerequisites for fixed 
boundary conditions are stated. This is followed by a re-
view of the substructure method and the direct method. 
Although the emphasis is on the latter, it should be noted 
that the substructure method in some cases is more effi-
cient and easier to implement than the direct method. A 
number of pitfalls are highlighted. Finally, recommenda-
tions for further reading are given. 

This is the third in a series of articles from the one day seminar Seismic Analysis 
using Finite Elements organised by SECED and NAFEMS and held in London, 

5 December 2008. The first two articles appeared in Vol. 21, No. 2.
In this article, Andreas H. Nielsen reviews various boundary conditions for seismic analysis.

Boundary Conditions for Seismic Analysis
Andreas H. Nielsen
Jacobs, Glasgow
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Fixed base boundary conditions
The simplest boundary condition for any civil engineering 
structure is fixed base support. Strictly speaking, a fixed 
lower boundary is a prerequisite for response spectrum 
analysis. ASCE 4-98 permits a fixed base analysis when the 
frequency obtained assuming a rigid structure supported 
on soil springs is more than twice the dominant frequency 
obtained from a fixed base analysis of the flexible structure 
(ASCE 4-98, 3.3.1.1). This condition is typically satisfied 
for structures founded directly on rock. Whenever this is 
not the case, soil-structure interaction (SSI) shall be con-
sidered and, as an implication, boundary conditions need 
to be more sophisticated.

Two general methods of SSI analysis for structures 
founded on semi-infinite media exist: the direct method 
and the substructure method. Boundary conditions for 
each of these methods are reviewed in the following.

Substructure method

In the substructure method the artificial border is located 
immediately below the base mat, which is usually assumed 
rigid. The appropriate ‘boundary condition’ in this case is 
the dynamic impedance of the unbounded soil. The im-
pedance can in general be represented by a frequency-de-
pendent spring k(w) and a frequency-dependent dashpot 
c(w). Exact and approximate formulas for k(w) and c(w) 
can be found in numerous papers (e.g. Gazetas, 1991).

When the foundation is excited by harmonic loading 
due to vibrating machinery, a simple analysis in frequency 
domain can be carried out. Earthquake excitation is dis-
tinctly non-periodic, and analysis in frequency domain 
involves Fourier transforms, which are unpopular with 
engineers. As a result, seismic analysis in time domain is 
usually preferred.

In order to work with time domain procedures the dy-
namic stiffness of the soil must be independent of frequen-
cy. It transpires that the impedance functions for circular 
and square foundations on a uniform half-space are only 
weakly frequency-dependent, and so ASCE 4-98 permits 
the use of springs and dashpots with constant coefficients 
for uniform sites (3.3.4.2.2). A layered site may be idealised 
as a uniform half-space when certain criteria are satisfied. 
According to ASCE 4-98, the half-space idealisation is war-
ranted if the depth of first soil layer below the foundation is 
equal to or greater than the largest foundation dimension 
on plan. The analyst should also check that the dominant 
excitation frequency and the natural frequency of the cou-
pled soil-structure system are greater than the natural fre-
quency of the top layer when this is fixed at the base (see 
Wolf, 1994, for further explanation).  

Wolf (1994) has shown that a relatively simple assem-
blage of springs, masses and dashpots with constant coef-

ficients (a so-called lumped parameter model) can provide 
a good approximation to the exact impedance over a wide 
range of frequencies. The scheme applies to both uniform 
sites and a flexible layer of soil on a rigid half-space; how-
ever, in the latter case some coefficients are negative, which 
likely will cause problems with general-purpose FE codes. 

The substructure method is limited to sites with linear-
elastic soil behaviour. The local stratigraphy must be hori-
zontal. When the site cannot reasonably be idealised as a 
uniform half-space, most engineers will probably find the 
direct method an easier option.

A recent development is the scaled boundary finite ele-
ment method (Wolf, 2003). It would seem that this method 
provides highly accurate impedance functions, it makes the 
rigid base mat assumption redundant and, interestingly, it 
will be commercially available for time domain analysis in 
a forthcoming release of SOFiSTiK. This could potentially 
lead to a revival of substructure methods in industry.

Direct method

In the direct method, a part of the unbounded media (typi-
cally soil or rock) are included in the model, and the ar-
tificial boundaries are located at some distance from the 
region of interest. The arrangement of strata within the 
model may be arbitrarily complex, and material behaviour 
may be non-linear.

In theory, the direct method is equally valid for 2D and 
3D problems, but in practice it is rarely used for 3D prob-
lems. Because 3D analysis imposes a high demand on staff 
and computer resources, the temptation is often to analyse 
a true 3D problem as an equivalent 2D slice through the 
soil and the structure. However, this approach is potential-
ly dangerous. Wolf (1994) and others have shown that it is 
impossible to construct an equivalent 2D slice that matches 
the dynamic behaviour of a 3D model. A 2D model with 
same dimensions and material properties will generally 
underestimate the soil’s dynamic stiffness k, but overesti-
mate radiation damping c due to geometric spreading of 
waves (counterintuitively). This means that the effective 
damping ratio, which is proportional to c/√k , is grossly 
overestimated. (To make matters worse, the FLAC manual 
(2005) recommends the addition of “3D damping” to 2D 
models through the command “SET 3d_damp”. This op-
tion should be avoided.)

ASCE 4-98 gives fairly simple guidelines for locating the 
artificial boundaries in the direct method. The most gen-
eral (and important) rule is probably this:

The artificial boundaries shall be located far 
enough from the structure that the seismic response at 
points of interests is not significantly affected.

SECED/NAFEMS Seminar Seismic Analysis using Finite Elements Andreas H. Nielsen
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The effect of boundary location on response of interest 
should always be checked as a part of model validation; 
typically, this is done by varying the width and depth of 
the model. 

According to ASCE 4-98 (3.3.3.2), the lower boundary 
may be placed at the top of a layer in which the shear wave 
velocity exceeds 1,100m/s (typically rock) or at the top of 
a soil layer that is at least 10 times stiffer than the layer 
immediately below foundation level. The lower bound-
ary need not be placed more than 3 times the maximum 
foundation dimension below the foundation. The Standard 
goes on to say that the lower boundary may be assumed 
rigid. This last statement is generally only valid if the lower 
boundary is placed on the top of relatively stiff material. If 
the lower boundary is located within a uniform layer or a 
half-space, fixed boundary conditions will introduce spuri-
ous resonance at the natural frequency of the truncated soil 
column. Fortunately, it is quite easy to avoid this problem 
by applying viscous boundaries at the lower boundary (see 
below).

Let r denote a representative radius of the foundation; 
then, a reasonable initial location for the lateral boundaries 
is 4r to 5r from the edge of the foundation (ASCE 4-98, 
C3.3.3.3). The Standard permits elementary boundaries 
(i.e. fixed or free or a combination of both) at the lateral 
boundaries. This sounds simple, but ‘fixed’ boundaries 
must enforce the free-field motion (i.e. the motion that 
would occur on a flat site in the absence of the structure), 
and ‘free’ boundaries must apply the free-field stresses, so 
both of these options involve at least two analyses: one to 
determine the free-field motion and on to determine the 
SSI. Elementary boundary conditions will reflect outgoing 
waves; therefore, a large model and some form of material 
damping are likely required to achieve negligible influence 
on the response of interest.

An interesting alternative to fixed and free lateral bound-
aries is so-called tied boundaries described by, among oth-
ers, Zienkiewicz et al. (1989). Tied boundaries are exact for 
1D problems (i.e. soil columns). The implication of these 
boundaries for 2D and 3D problems is that the model re-
peats itself infinitely in the horizontal plane. Therefore, a 
wave that exits through the right-hand-side boundary will 
re-enter the model on the left-hand-side. Surface waves 
will never escape the model unless they are dissipated by 
material damping. Kontoe et al. (2007) found that tied 
boundaries could be inaccurate for problems with signifi-
cant irregularities in the region of interest and fixed lower 
boundaries. On that background, tied boundaries should 
be used only in conjunction with a viscous lower bound-
ary (see below) and should always be validated against an 
alternative method.

The most versatile boundary condition for seismic 
analysis is the viscous boundary due to Lysmer & Kuhle-

meyer (1969). This can be used at the base and at the lat-
eral boundaries of the model. The boundary condition is 
completely effective at absorbing body waves approaching 
the boundary at normal incidence. For oblique angles of 
incidence, or for surface waves, there is still energy absorp-
tion, but it is not perfect. The viscous boundary is easy to 
implement as discrete dashpots in most general purpose 
finite element codes, and, for that reason, it remains one of 
the most popular methods today. Moreover, given the large 
uncertainty associated with earthquake prediction and soil 
modelling, the accuracy of the method is generally consid-
ered acceptable for engineering purposes.

Numerous alternatives to the basic viscous boundary 
have been suggested over the years. To list all these is be-
yond the scope of the current paper (but see below for fur-
ther reading). However, the doubly asymptotic approxima-
tion suggested by Kellezi (2000) should be mentioned as 
this provides some static boundary stiffness which may be 
desirable in certain situations. It is also very easy to imple-
ment.

The viscous boundary works well when the seismic 
source is within the model (e.g. as vibrating machinery). 
However, when the seismic signal originates from outside 
the model (e.g. as earthquake excitation), an extension is 
required. The problem is that the dashpots on the lateral 
boundaries will attenuate the motion as the seismic waves 
travel up through the model (this effect is also known as 
leakage). One solution is to define the dashpots such that 
they act on the difference between the free-field motion 
and the motion at the boundaries of the model; this solu-
tion is sometimes referred to as free-field boundary condi-
tions (Wolf, 1988). Another recent solution is the domain 
reduction method as proposed by Bielak et al. (2003) and 
explored by Kontoe et al. (2009). Both methods essentially 
achieve the same aim: the viscous boundary absorbs only 
scattered waves due to SSI, but leaves the input motion un-
affected.

The free-field boundary condition comes in two vari-
ants, which may be labelled symmetric or unsymmetric 
(these labels refer to the resulting stiffness and damping 
matrices). When the symmetric variant is employed, the 
motions of the free-field must be computed in advance 
and applied as time histories to the free-field nodes of the 
model: this variant necessitates at least two analyses. In the 
unsymmetric variant, the free-field motions are computed 
simultaneously with the motions of the main model, and 
only one analysis is required.

Implementations

Elementary, lumped parameter, viscous, tied and symmet-
ric free-field boundary conditions are possible in most pro-
prietary FE packages.

SECED/NAFEMS Seminar Seismic Analysis using Finite Elements Andreas H. Nielsen
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As far as the author is aware, FLAC is currently the only 
commercial software with inbuilt free-field boundary con-
ditions (2D and 3D). Finite element implementations of 
the unsymmetric variant are possible in Abaqus (UEL sub-
routine) and ANSYS (MATRIX27 elements). The theory to 
support an Abaqus/ANSYS implementation of the unsym-
metric free-field boundary condition for 2D problems is 
given by Nielsen (2006).

The domain reduction method can, in principle, be 
implemented in any general purpose FE package such as 
ANSYS or Abaqus. It is equally applicable to 2D and 3D 
problems. However, the analyst must possess a sound un-
derstanding of finite element theory and good program-
ming skills to complete a succesful implementation. Once 
implemented, the advantages of this method would likely 
exceed those of free-field boundary conditions, and it could 
become an industry standard.

A simplified diagram of ‘best-practice’ options is given 
in Figure 1. This diagram ignores a number of important 
factors (such as the relative flexibility of soil and structure) 
which may influence the choice of suitable boundary con-
ditions.

SECED/NAFEMS Seminar Seismic Analysis using Finite Elements Andreas H. Nielsen

Further reading

One of the most productive authors in the field of SSI anal-
ysis is J.P. Wolf (now retired). His books are not an easy 
read, but are recommended. If you buy only one book, 
choose Wolf (1994), which is a highly useful introduction 
to substructure methods. The successor, written by Wolf 
and Deeks (2004), is supposedly more accessible; however, 
seismic analysis is largely ignored in this book. 

The literature on transmitting boundary conditions is 
vast. The first and now classic paper on the topic was writ-
ten by Lysmer & Kuhlemeyer (1969). Good introductions 
are given by Cohen & Jennings (1983), Wolf (1988) and 
Mulder (1997). For practical implementations, consult 
Nielsen (2006) and Kontoe et al. (2008). One of the most 
ubiquitous papers in industry was written by Zienkiewicz 
et al. (1989) – however, the implementation of free-field 
boundary conditions suggested in this paper is difficult to 
untangle and is largely outdated.

For piled foundations, see Wolf (1994), Novak (1974) or 
Gazetas (1984); the last paper contains a good physical ex-
planation of radiation damping.

 

Domain reduction 
method 
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2D 3D 

Free-field BCs 

Stratigraphy 
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Figure 1. Simplified diagram for selection of appropriate boundary conditions
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Case Study: Geotechnical Structures
Stavroula Kontoe
Imperial College London

This is the fourth in a series of articles from the one day seminar Seismic Analysis using Finite 
Elements organised by SECED and NAFEMS and held in London, 5 December 2008.

Stavroula Kontoe reports on a study of the seismic response of  a Turkish tunnel.

The Finite Element (FE) method is becoming an increas-
ingly important analysis tool for the seismic design of geo-
technical structures such as tunnels, retaining walls, em-
bankments, etc. To achieve a rigorous design procedure 
for such problems a good understanding of the behaviour 
of the soil and the structure under both static and seismic 
conditions is required on top of sophisticated software 
packages. 

The FE analysis of geotechnical structures subjected to 
seismic loading is essentially a problem of modelling wave 
propagation. Therefore, it requires careful consideration of 
the spatial discretization (i.e. element size) of the FE mesh, 
the boundary conditions and the overall size of the compu-
tational domain. Furthermore, when analysing a dynamic 
phenomenon in the time domain, a time-marching scheme 
will have to be chosen. It has been shown that the efficiency 
and accuracy of the analysis depends significantly on the 
features of the adopted time-marching scheme (Kontoe et 

al 2008a). Finally, in a similar fashion to static FE analysis, 
the accuracy of the predictions largely depends on the em-
ployed constitutive relationship, which describes the soil 
behaviour. In particular, for dynamic analysis the constitu-
tive model should be able to capture important features of 
the soil behaviour when subjected to a seismic excitation 
such as hysteretic behaviour, liquefaction, pore water pres-
sure build up, etc.

The issues of boundary conditions and spatial and time 
discretization are not addressed in detail in this paper. The 
importance of selecting an appropriate constitutive model 
is demonstrated in a case study investigating the seismic 
response of twin tunnels. The paper presents the case study 
of the Bolu highway twin tunnels in Turkey which experi-
enced the damaging effects of the 1999 Duzce earthquake 
(Figure 1) (Menkiti et al, 2001). Particular attention is given 
to a section of one of the tunnels that was still under con-
struction when the earthquake struck. This tunnel section 

  

Figure 1. The surface rupture of the November 1999 Düzce earthquake and active faults around Bolu (after 
Kontoe et al, 2008b).
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suffered extensive damage during the seismic 
event (Kontoe et al, 2008b) (Figure 2). 

Plane strain finite element analyses (with 
a static part to simulate the construction se-
quence and a subsequent dynamic part to sim-
ulate the seismic event) were performed with 
both an advanced kinematic hardening model 
(Grammatikopoulou et al 2006) and with a 
simple elasto-plastic constitutive model (Mod-
ified Cam Clay, Roscoe & Burland 1968). The 
results of both sets of analyses were compared 
with post earthquake field observations to in-
vestigate the ability of simple and advanced 
constitutive models to mimic soil response 
under seismic excitation. 

It is shown that the plasticity induced dur-
ing the dynamic part of the analysis with the 
Modified Cam Clay (MCCJ) model is not ad-
equate to represent the hysteretic behaviour of 
the soil and thus all predicted time histories 
resemble an un-damped elastic response (Fig-
ure 3). Consequently, the simple elasto-plastic 
model significantly over-predicts the loads 
acting on the tunnel lining during the earth-
quake, highlighting the inadequacy of such 
models for dynamic analysis. On the other 
hand, the kinematic hardening model (M2-
SKH) appropriately captures features of soil 
behaviour when subjected to cyclic loading, 
like hysteretic damping (Figure 4) and plastic 
deformation during unloading.

Table 1 summarizes the values of maxi-
mum hoop stress recorded at knee locations of 
the lining due to static and dynamic loading. 
While the two models predict similar values of 
maximum hoop stress for the static analysis, 
the seismically induced maximum hoop stress 
values predicted by the MCCJ model are un-
realistically high and significantly larger than 
those computed by the M2-SKH model. Based 
on in-situ measurements, the strength of the 
shotcrete was estimated 40MPa. Therefore the 
predicted maximum total (i.e. static and seis-
mic) hoop stress by the MCCJ model exceeds 
by up to 88% the strength of the shotcrete indi-
cating a dramatic failure of the lining. On the 
other hand the stress values predicted by the 
M2-SKH model just exceed the strength of the 
shotcrete and thus agree with the field obser-
vations of partial collapse.

Finally, the time domain FE predictions are 
compared with those obtained by simplified 

Figure 2. View of the collapsed tunnel after it had been re-
excavated and back filled with foam concrete (after Kontoe et 

al, 2008b)
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Figure 3. Bending moment time histories at shoulder location 
of the left tunnel predicted by the simple elasto-plastic model 

(MCCJ) and the kinematic hardening model (M2-SKH) (from 
Kontoe et al, 2009).
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methodologies (i.e. analytical elastic solutions, e.g. Hoeg 
1968 and Penzien 2000, and quasi-static elasto-plastic FE 
analyses). The results of the two analytical solutions are 
summarised in Table 2. The extended Hoeg method, as-
suming no-slip between soil and lining, predicts hoop 
stresses that match quite well with the dynamic FE analy-
ses and the post-earthquake field observations. The Pen-
zien (2000) method underestimated the maximum hoop 
stress developed due to the earthquake in the tunnels. The 
use of the Penzien solution for non-slip conditions should 
be avoided as it severely underestimates the seismically in-
duced maximum thrust. 

For the case study considered herein, the quasi-static 
racking FE analysis gave thrust and bending moment dis-
tributions around the lining that differed significantly from 
those obtained from the full dynamic analyses. However, 
the resulting hoop stress distributions were in reasonable 
agreement.

Maximum Hoop Stress (MPa) 

M2-SKH MCCJ

STATIC 12.5 11.3

E/Q 29.0 63.8

TOTAL 41.5 75.1
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Figure 4. Shear stress-shear strain curve 
predicted by the kinematic hardening 

model (from Kontoe et al, 2009).

Table 1. Maximum hoop stress at knee locations of 
the left tunnel linning predicted by the simple elasto-

plastic model (MCCJ) and the kinematic hardening 
model (M2-SKH) (from Kontoe et al, 2009).

Maximum Hoop Stress (MPa) 

Extended Hoeg Penzien (2000)

Full-Slip No-Slip Full-Slip No-Slip

STATIC* 10.0 10.0 10.0 10.0

E/Q 13.9 26.8 13.9 14.15

TOTAL 23.9 36.8 23.9 24.15

* Based on field measurements in similar material

Table 2. Maximum hoop stress predicted by the Ex-
tended Hoeg and Penzien (2000) methods 
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Stack Stability
Rory Lennon
Royal Haskoning

This is the fifth in a series of articles from the one day seminar Seismic Analysis using Finite 
Elements organised by SECED and NAFEMS and held in London, 5 December 2008.

This article, by Rory Lennon, looks into methods whereby the stability of stacks can be assessed.

Summary
The need to assess the behaviour of structures when they 
experience rocking behaviour arises in many applications 
in earthquake engineering, such as: 

Overturning potential of electrical cabinets. •
Stability of stacked nuclear waste storage packages. •
Stability of stacks of containers on the decks of mari- •
time port facilities.
Behaviour of freestanding and backfilled walls. •

In some cases bridge piers are fitted with rocker bearings 
to ‘de-tune’ the structure from resonant effects that would 
occur in an earthquake if the pier was fixed at the base.

Contact, separation and sliding at the base of a rocking 
structure can be simulated in dynamic finite element mod-
els by applying a contact interface between the block base 
and the floor support (Figure 1).

When an earthquake time history is applied in a rocking 
model, the amplitude of rocking can build up progressively 
and damping in the model can have a significant influence 
on peak displacements and assessment of overturning po-
tential. Damping in the system is affected by the flexibility 
of the rocking body and the flexibility of the base support 
and for this reason a purely kinematic rigid body approach 
may not always be an accurate method of simulation.

Figure 1. Time history block stack model
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Analytical solution
If the coefficient of friction of the materials at the base of 
a block is high, sliding actions are neglected and equations 
established in Housner’s research from 1963 [Ref 1] can 
be applied to estimate rocking period. Much research has 
been carried out to establish relationships between earth-
quake characteristics and rocking behaviour [Refs 1 to 4].

Unlike a spring system in which the period of vibration 
is constant with increasing amplitude, in a rocking system 
the period of rocking increases as the rocking amplitude 
increases. Figure 2 shows the relationship between rocking 
angle and rocking period for a tall block with aspect ratio 
1:5.

The width and height dimensions of a block affect the 
theoretical period of rocking, however the mass and den-
sity of a block for a given dimension has no influence. The 
period of rocking is also reduced by rocking impacts re-
ducing the sway amplitude over each half cycle.

Under horizontal seismic acceleration, rocking of a 
block will not begin until the acceleration is large enough 
to generate uplift at a corner. This occurs when the over-
turning moment is greater than the self-weight restoring 
moment, i.e. when the ground acceleration is greater than 
the block horizontal to vertical aspect ratio × g.

Time step rocking model

In the equations of motion of a rocking block, inertial rota-
tion about either corner at the base of the block is equated 
with the self-weight restoring moment and the moment 
applied by acceleration of the ground in an earthquake 
(Figure 3):

ILW Stack stability
When multiple ILW packages are stacked on top of each 
other (Figure 4), low level earthquake accelerations initially 
cause the ILW stack to sway without uplift. As grout in the 
steel packages is used for vertical load transfer, the stacks 
are unusually massive and flexible, and the stack system 
before uplift typically has a low frequency harmonic re-
sponse. Amplification of ground accelerations at the COG 
of the stack can cause uplift and rocking to occur at an ear-
ly stage in the earthquake, before the estimated threshold 
ground acceleration of ‘stack aspect × g’.

When the stacks begin to uplift and rock, the mode of 
displacement is typically rocking of all the objects in a 
stacked column. However, with successive irregular hori-
zontal and vertical earthquake ground accelerations, the 
objects in the stack will typically rock and slide independ-
ently. It is more difficult to establish the frequency response 
in a stack of objects, and we rely on time domain simula-
tions and experimental test data for certainty in assessment 
of stability of stacks.  

Massive tall freestanding stacks of this type can experi-
ence large rocking displacements caused by low frequency 
displacement and velocity waves in the earthquake ground 
motion, which would typically occur at sites with deep lay-
ers of soft foundation materials. 

Figure 2. Rocking angle against rocking period Figure 3. Definition sketch

I0
d2θ
dt2
= −mgR sin(α − θ) −mugR cos(α − θ)

SECED/NAFEMS Seminar Seismic Analysis using Finite Elements Rory Lennon
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Figure 4. ILW finite element stack model
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Year Day Mon
Time

Lat Lon
Dep Magnitude

LocationUTC km ML Mb Mw

2008 05 OCT 15:52 39.53N 73.82E 27 6.6 KYRGYZSTAN
At least 74 people killed, over 140 injured and many houses damaged or destroyed in Nura in the Osh province of 
Kyrgyzstan.
2008 06 OCT 00:36 56.24N 3.74W 6 1.5 BLACKFORD, TAYSIDE
2008 06 OCT 08:30 29.81N 90.35E 12 6.3 EASTERN XIZANG
Ten people killed, over 25 injured and severe damage reported from the counties of Damxung, Doilungdeqen 
and Nyemo.
2008 10 OCT 04:28 56.84N 5.53W 12 3.5 GLENFINNAN, HIGHLAND
Felt throughout the Lochaber district, Highland (4 EMS).
2008 11 OCT 09:06 43.37N 46.25E 16 5.8 CAUCASUS REGION
Thirteen people killed, at least 100 injured and more than 1,000 buildings damaged in Chechnya.
2008 14 OCT 02:23 62.33N 1.62E 6 3.9 NORWEGIAN SEA
2008 16 OCT 19:41 14.42N 92.36W 24 6.7 CHIAPAS, MEXICO
2008 19 OCT 05:10 21.86S 173.82W 29 6.9 TONGA
2008 24 OCT 23:21 52.76N 2.49W 3 1.8 TELFORD, SHROPSHIRE
2008 25 OCT 20:17 26.53N 54.99E 29 5.2 SOUTHERN IRAN
Nine people injured and slight damage to buildings in Bandar-e-Kong.
2008 26 OCT 18:06 52.21N 2.58W 14 3.5 BROMYARD, HER & WOR
Felt throughout Herefordshire and Worcestershire (4EMS).
2008 28 OCT 23:09 30.64N 67.35E 15 6.4 PAKISTAN
At least 166 people killed, 370 others injured and several villages destroyed, by landslides, in the epicentral 
region.  Most of the damage and destruction occurred in the districts of Ziarat, Harnai and Pishin in Balochistan 
province.
2008 29 OCT 11:32 37.60N 67.46E 14 6.4 PAKISTAN
Several buildings collapsed in the Ziarat district
2008 03 NOV 09:53 56.38N 5.50W 14 2.5 OBAN, ARGYLL & BUTE
Felt Oban and Mull (3EMS).
2008 10 NOV 01:22 37.57N 95.83E 19 6.3 QINGHAI, CHINA
Three people injured and several buildings and utilities damaged at the Dameigou Coal Mine, where damage is 
estimated at US$4 million. Other buildings and homes also damaged in Golmud and Da Qaidam.
2008 16 NOV 17:02 1.27N 122.09E 30 7.3 SULAWESI, INDONESIA
Six people killed, at least 70 others injured and over 1,000 buildings damaged in the Buol area and in Gorontalo
2008 22 NOV 22:27 49.91N 18.46E 2 4.1 CZECH REPUBLIC
Two miners killed and three others injured as a result of a mine collapse near Karvina.
2008 24 NOV 09:02 54.20N 154.32E 492 7.3 SEA OF OKHOTSK
2008 25 NOV 03:24 53.53N 0.41E 17 2.1 SOUTHERN NORTH SEA
2008 07 DEC 13:36 26.99N 55.80E 15 5.4 SOUTHERN IRAN
Five people injured and minor damage on Jazireh-ye Qeshm.
2008 09 DEC 06:24 31.08S 176.97W 18 6.8 KERMADEC ISLANDS 

Notable Earthquakes October  –  December 2008
Reported by British Geological Survey
Issued by: Davie Galloway, British Geological Survey, January 2009.
Non British Earthquake Data supplied by The United States Geological Survey.
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Year Day Mon
Time

Lat Lon
Dep Magnitude

LocationUTC km ML Mb Mw

2008 09 DEC 18:53 32.50N 105.37E 10 5.4 EAST SICHUAN, CHINA
Two people killed in Guangyuan and three others injured in Lizhou.
2008 12 DEC 20:11 58.08N 3.14W 8 1.5 MORAY FIRTH
2008 16 DEC 07:31 58.08N 3.08W 8 1.7 MORAY FIRTH
2008 19 DEC 22:01 57.12N 5.49W 2 1.7 GLEN SHIEL, HIGHLAND
2008 19 DEC 22:06 57.12N 5.50W 3 1.8 GLEN SHIEL, HIGHLAND
2008 25 DEC 11:01 53.91N 3.69W 2 2.3 IRISH SEA
2008 27 DEC 21:00 51.61N 0.70W 15 1.9 HIGH WYCOMBE, BUCKS

Notable Earthquakes (continued)

SECED
SECED, The Society for Earthquake and Civil Engineering 
Dynamics, is the UK national section of the International 
and European Associations for Earthquake Engineering and 
is an affiliated society of the Institution of Civil Engineers. It 
is also sponsored by the Institution of Mechanical Engineers, 
the Institution of Structural Engineers, and the Geological 
Society. The Society is also closely associated with the UK 
Earthquake Engineering Field Investigation Team. The 
objective of the Society is to promote co-operation in the 
advancement of knowledge in the fields of earthquake 
engineering and civil engineering dynamics including 
blast, impact and other vibration problems. For further 
information about SECED contact:

The Secretary
SECED
Institution of Civil Engineers
One Great George Street
London, SW1P 3AA, UK

Or visit the SECED website:
http://www.seced.org.uk

SECED Newsletter
The SECED Newsletter is published quaterly. Contributions 
are welcome and manuscripts should be sent on a CD or 
by email. Diagrams, pictures and text should be in sepa-
rate electronic files. Copy typed on paper is also accept-
able. Diagrams should be sharply defined and prepared in 
a form suitable for direct reproduction. Photographs should 
be high quality. Colour images are welcome. Diagrams and 
photographs are only returned to authors on request.

Contributions should be sent to the Editor of the Newsletter, 
Andreas Nielsen.

Email
andreas.nielsen@jacobs.com

Post
Editor SECED Newsletter
c/o The Secretary
SECED
Institution of Civil Engineers
One Great George Street
London, SW1P 3AA
United Kingdom

Just a reminder that SECED’s Evening Meetings start again in the Autumn, always the last 
Wednesday of the month, the first being on the 30th September 2009. A full programme 

will be available in August/September on the website — www.seced.org.uk.
Look out particularly for a proposed half-day seminar on soil dynamics, planned for the Autumn

Evening meetings
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Request for Proposals: Global Earthquake Model (GEM) 
 
GEM seeks to build an authoritative standard for calculating and communicating earthquake 
hazard and risk. GEM will be the first global, open source model for seismic risk assessment at 
a  national  and  regional  scale,  and  aims  at  achieving  broad  scientific  participation  and 
independence.  GEM  aims  to  achieve  its  goals  by  developing  state‐of‐the‐art  open  source 
software and global databases necessary  for reliably mapping earthquake risk.   To this end, 
GEM has posted  these  requests  for proposals, due 15  July 2009, with  these  target budgets 
and durations: 
 
• Global  Active  Fault  and  Seismic  Source Database,  450,000€,  24 months.  Seismic  hazard 

assessments  should  incorporate  an  inventory  of  active  faults.  GEM  seeks  to  build  a 
uniform global active fault and seismic source database with a  common set of strategies, 
standards and formats.  It should include both observational (active faults and folds) and 
interpretative (inferred seismic sources) elements. 

• Global  Instrumental  Seismic  Catalog,  450,000€,  24  months.  As  basis  for  its  global 
reference  hazard model,  GEM  seeks  the  stable  quantification  of  seismicity  for  as  long  a 
time period as possible and in all regions, as the primary tool to be used to characterize 
the spatial distribution of seismicity, the magnitude‐frequency relation and the maximum 
magnitude.  

• Global Historical Earthquake Catalog and Database, 400,000€, 24 months. The record of 
past earthquakes is among the most important means to evaluate earthquake hazard, and 
the  distribution  of  damage  associated  with  past  earthquakes  is  a  key  to  assessment  of 
seismic risk. Extending  the record of  large damaging earthquakes by several hundred of 
years longer than the instrumental record is thus extremely valuable. 

• Global  Ground  Motion  Prediction  Equations,  400,000€,  24  months.  With  the  goal  of 
compiling  a  global  reference  hazard  assessment  model,  GEM  seeks  to  develop  a 
harmonized suite of ground motion prediction equations (GMPE), built on the most recent 
advances in the field. 

• Global  Geodetic  Strain  Rate  Model,  250,000€,  18  months.  The  geodetically  measured 
secular strain rate provides an independent benchmark for crustal deformation and thus 
the  recurrence of  large  earthquakes  that  can be  compared with  the  seismic  catalog  and 
active faults. 
 

We  anticipate  that  proposals  will  be  prepared  and  submitted  by  international  consortia. 
Proposals will  be  subject  to  peer  review,  and will  be  selected  by  the GEM Scientific  Board, 
with awards expected in mid‐September 2009. To learn more about GEM and to download the 
requests  and  guidelines  for  the  preparation  of  the  proposals,  visit 
www.globalquakemodel.org. 


