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Summary (This will be published at our website ’geofuture.no’)
While the seismicity is generally low in the Nordic countries, it is still large enough to impact some
elements of structural and geotechnical design. The earthquake loading in Europe is unified and
follows the Eurocodes. In particular, the requirements related to earthquake analysis and design are
collected in Eurocode 8. This code has several parts including one on geotechnical issues (Part 5).
The existing numerical codes for structural analysis and design are being revised to incorporate the
provisions of Eurocode 8. However, no such development is underway concerning geotechnical
aspects of design although the existing computational codes are capable of simulating most of the
earthquake issues.
This document aims at providing a state of art of the geotechnical analysis and design issues related
to earthquake loading. The issues addressed in this document include seismic slope stability,
liquefaction susceptibility assessment, soil-structure interaction, earthquake loads on piles and
retaining walls. Some of these topics, such as slope stability, are considered mostly geotechnical,
while some others, for example soil-structure interaction, are meant primarily to provide input to the
structural design.
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1.

Introduction

While the seismicity and earthquake loading are generally low in the Nordic countries, they are still
large enough to impact some elements of design. As in the other design cases, the earthquake
loading in Europe is unified and follows the Eurocodes. In particular, all the requirements related to
earthquake analysis and design are collected in Eurocode 8. This code has many parts including one
on geotechnical aspects (Part 5).
The existing numerical codes for structural analysis/design are being revised to incorporate the
provisions of Eurocode 8. However, no such development is underway concerning geotechnical
aspects of design although the existing computed codes are able to make simulation of almost all
earthquake issues.
This Appendix aims at providing a state of art of the geotechnical analysis and design issues related
to earthquake loading. The most important issues are:
1.
2.
3.
4.
5.
6.

Parameter determination
Slope stability assessment
Liquefaction susceptibility assessment
Soil-structure interaction
Loads on piles
Loads on retaining walls including gravity walls, sheet piles and non-yielding walls

The second and third topics are considered purely geotechnical in the sense that the results are often
used only by the geotechnical designer, whereas topics 4 to 6 are, to a larger extent, meant to
provide input to the structural designer.

2.

Soil parameters

The two most important parameters in earthquake analyses are the cyclic undrained shear strength
(most often under DSS conditions) cy,u, and small-strain shear modulus, Gmax. Sand and silt behave
primarily undrained during earthquake due to its high rate of loading. Gravel and soil with larger
particles are often considered drained for which the friction angle is the main parameter.

1.1.

Cyclic shear strength

The undrained shear strength is often defined for the number of equivalent uniform shear stress
cycles, Neq. The common practice is to determine Neq from the magnitude of the dominant
earthquake. Figure 2.1 shows a commonly used relationship for determination of Neq from the
earthquake magnitude (Seed et al. 1975). The uniform stress is often takes equal to 0.65 times the
maximum shear stress. Using this figure, one can take Neq equal to about 5, 10 and 15 for
earthquakes with magnitudes 6, 6.75 and 7.5, respectively.

[4]
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Figure 2.1 Number of equivalent uniform stress cycles, Neq. (After Seed et al., 1975)

While a large database of cyclic shear strength is available in the literature (see for example
Andersen, 2010), there is a need to establish a set of best-estimate parameters for some common
soil types.
While the strength of frictional material seems to be unaffected by the rate of loading, clays tend to
display larger strength with increased loading rate. Figure 2.2 displays data on static shear strength
of several clays as function of rate of shear strain (Lunne and Andersen, 2007). The data in this figure
indicate that the change in strength per log-cycle increases with increasing rate of strain and
decreasing time to failure. No systematic effect of plasticity or over-consolidation ratio has been
observed in the range of OCR=1 to 4.5. Considering the typical frequencies of earthquake excitations
(of the order of 0.5 to 1 Hz), one could use these data to allow for at least 40% increase in the static
shear strength of clay under earthquake loading.

[5]
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Gmax is computed from

(2.1)
where  is the total unit mass of the soil.
The empirical equations relate Gmax to one of the more commonly-known parameters of the soil. In
normally-consolidated clay, an estimate of Gmax can be obtained using the undrained shear strength
in DSS test, suDSS, and Plasticity Index, Ip, using the following relationship
(2.2)
The relationship is valid for Ip > 15 and is based on data reported in Andersen (2004) shown in Figure
2.3.
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Measurements using bender elements have indicated Gmax/suDSS = 800 to 900 for Norwegian quick
clay (Andersen et al. 2008).

Figure 2.3 Normalized shear modulus as function of Plasticity Index, Ip (Andersen et al. 2008)

For sand, the following empirical relationship by Hardin and Drnevich (1972) has shown to be useful
for estimating Gmax
(2.3)
Where e is the void ratio,
is the effective mean stress, and is the atmospheric pressure (= 100
kPa if the same unit is used for
). The mean effective stress is expressed by
(2.4)
where

,

and

are the effective principal stresses.

A number of correlations have been proposed in the literature for determination of Gmax from the
CPTU data (Lunne et al. 1997). A recent relationship for Norwegian clay has been proposed by Long
and Donohue (2011) as follows:
(2.5)
Where qt is the corrected cone resistance and Bq is the pore pressure parameter expressed as (Lunne
et al. 1997)
(2.6)
Where is the measured pore pressure,
vertical total stress.

is the in situ hydrostatic pore pressure, and

[7]

is the

Project Title: State of the Art: Geotechnical Analyses
Document Title: Earthquake Design Issues
Report no.: 2013-04 Version no.: 1.0
Date: 21 January 2013

__________________________________________________________________________________
For sand, the following relationship proposed by Rix and Stokoe (1992) can be used.
(2.7)
where

3.

is the measured cone resistance and

is the vertical effective stress.

Slope Stability

Stability of slopes (static and seismic) is a common design issue in connection with road and bridge
construction in transportation projects. In other types of projects, the stability of slopes becomes an
issue when the response of the slope could negatively impact the behavior of a structure. In all cases,
one has to establish satisfactory margin against slope instability.
The most common method of assessment of seismic slope stability is by the quasi-static method
(Kramer, 1996). In this method, a constant set of horizontal and vertical static loads, representing the
inertial loads on the slope mass, are added to the ordinary static loads such as weight and live loads.
This is achieved simply by specifying a horizontal (quasi-static) acceleration in the horizontal direction
of the model and reducing the acceleration of gravity (g) by the quasi-static vertical acceleration. The
advantage of this method is that one can use the same computational tools for the static slope
stability. In cohesive soil one can take advantage of the increased shear strength due to high loading
rate (Sec. 2.1).
The key issue in this method is the value of the quasi-static acceleration. This value is specified often
by design codes. For example, Eurocode 8 specifies a value equal to 0.5 times the peak ground
acceleration in the horizontal direction and 50% of that in the vertical direction. The factor 0.5 is
considered to approximately take into account the variability of the earthquake accelerations
through the soil mass.
While the quasi-static method is simple to apply, it has the disadvantage that one has to satisfy the
same values of safety factor used in the static analysis. This may represent unrealistic conditions in
many cases where the design can tolerate certain amount of slope deformation during the
earthquake. In such cases, it is advisable to use non-linear dynamic analyses using FE codes such as
PLAXIS to obtain estimates of the permanent deformations of the slope. Such analyses require
experience in numerical modeling and familiarity with selection of input acceleration time histories
to represent the local seismic conditions.

4.

Liquefaction Susceptibility

One of the significant factors leading to ground failure during earthquakes is the liquefaction of loose
to medium dense sand and silts below the water table. The phenomenon is related to rapid build-up
of the pore-water pressure and the subsequent loss of shear strength during the earthquake shaking.
The state-of-art procedure for assessment of liquefaction susceptibility is based on use of CPT cone
resistance. A widely-used correlation between the CPT cone resistance and the cyclic resistance ratio
(CRR) to cause liquefaction is presented in Robertson and Wride (1998) as presented in Figure 4.1.
The figure is based on the observed response of sites during earthquake loading. The curve that
separates liquefied from non-liquefied sites depends on the fines contents (grain size  0.005 mm) in
sands. The curve on this figure is for clean sands with low fines content and represents a lower
bound.

[8]
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The above method is primarily considered for large extent of soil masses which do not have the
possibility for draining the generated pore pressures. In soil profiles where thin layers of liquefiable
soils are present, the ability of excess pore pressure dissipation may considerably reduce the
liquefaction potential.
According to the procedure by Robertson and Wride (1998), a sand layer will liquefy if the cyclic
shear stress ratio, CSR, exceeds the cyclic resistance ratio, CRR.
The cyclic shear stress ratio is defined as

CSR 

 cy
 'v0



 cy
 'z

(4.1)

where cy = effective cyclic shear stress defined as 0.65 times the maximum shear stress induced by
the earthquake motion, ’v0 = vertical effective stress,  = average submerged unit weight of soil, and
z = depth below surface.

Figure 4.1 Empirical liquefaction data from case histories and curve recommended for calculation of
cyclic resistance ratio (CRR) from CPT data (Robertson & Wride, 1998)

[9]
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At depths less than 20 m, cy could be estimated from the following equation:

 cy  0.65   v 0 

a max
 1  0.00765  z 
g

(4.2)

where:

v0

= total vertical overburden stress (t z)

amax

= maximum horizontal acceleration at surface of soil profile

g

= gravitational acceleration = 9.81 m/s2

The cyclic resistance ratio for earthquake magnitude 7.5 is estimated using the following simplified
equations (Robertson and Wride, 1998):
3

If (qc1)cs < 50:

CRR

M 7.5

 (q ) 
 0.833 c1 cs   0.05
 1000 

(4.3a)

3

If 50 ≤ (qc1)cs < 160:

CRR

M 7.5

 (q ) 
 93 c1 cs   0.08
 1000 

(4.3b)

where (qc1)cs is normalized cone penetration resistance for clean sand and is dimensionless.
The normalized cone penetration resistance for clean sand is determined according to

(qc1 ) cs  qc1  K c

(4.4)

where
(qc1)cs

= normalized cone penetration resistance for clean sand (dimensionless)

qc1

= normalized cone penetration resistance (dimensionless)

Kc

= correction factor for grain characteristics applied to CPT

The normalized cone resistance qc1 is defined as:

qc ,corr  p a 


qc1 
p a   v' 0 

0.5

(4.5

in which
qc1

= normalized cone penetration resistance

qc

= measured cone penetration resistance

pa

= atmospheric pressure = 100 kPa

v0

= vertical effective stress
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The correction factor for grain characteristics Kc is determined from the soil behavior type index, Ic:
If Ic ≤ 1.64: K c  1.0

(4.6b)

If Ic > 1.64: K c  0.403  I c  5.581  I c  21.63  I c  33.75  I c  17.88

(4.6b)

If Ic ≤ 2.36 and F < 0.5%: K c  1.0

(4.6c)

If Ic ≥ 2. 6 and F > 1%:

(4.6d)

4

3

2

Likely non-liquefiable

where:

3.47  log Q2  1.22  log F 2

Ic 

(4.7a)

Q

qc   v 0
 'v 0

(4.7b)

F

fs
 100%
qc   v 0

(4.7c)

where:
Q

= normalized penetration resistance

F

= normalized friction ratio

fs

= measured sleeve friction

The CRR for earthquake magnitudes other than M = 7.5 can be estimated using the magnitude
scaling factor, MSF given by

CRR  MSF  CRR M 7.5

(4.8)

where
MSF = 102.24/M 2.56

(4.9)

[11]
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5.

Soil-Structure Interaction

For many years the general belief has been that consideration of soil-structure interaction (SSI) in
earthquake analyses reduces the load on the foundation and structure. Therefore, there has been a
tendency to ignore SSI in ordinary design. However, it has been shown in numerous applications that
inclusion of SSI might indeed represent more critical cases. Therefore, more recent codes, including
Eurocode 8, require consideration of SSI effects in certain structures including:
a)
b)
c)
d)

Structures where P-δ(2nd order) effects play a significant role;
Structures with massive or deep-seated foundations, such as bridge piers, offshore caissons,
and silos;
Slender tall structures, such as towers and chimneys;
Structures supported on very soft soils, with average shear wave velocity Vs less than 100 m/s.

The SSI is carried out in practice by the so-called Three-Step method (Kausel et al., 1978). This
method breaks the SSI analysis into the following three computational steps as sketched in Figure 5.1:
1.

Determination of the consistent base motion, which is the acceleration input motion at the
base of the structure. This motion is calculated assuming mass-less foundation and structure,
and the analysis is referred to as kinematic interaction analysis. A central task in this step is
calculation of the free-field ground surface motion for a given bedrock outcrop motion (Figure
5.2). This analysis is known as seismic site response or soil amplification. For surface
foundations or foundations with minor embedment compared to the foundation width, the
consistent horizontal base motion is practically identical to the free-field surface motion and
there is no need for performing this step.

2.

Determination of the frequency-dependent foundation impedance (often referred to as soil
spring and damping) at the base of structure.

3.

Computation of the earthquake response of the structure supported on the soil springs
computed in Step 2, and subjected to the consistent base motion computed in Step 1. This
step is referred to as inertial interaction analysis.

The first two steps are performed by the geotechnical engineer and the third step is undertaken by
the structural engineer. The objective of this type of analysis is to provide the structural engineer
with a simplified soil interface model and earthquake excitation.

Figure 5.1 Schematics of three-step method for earthquake SSI analyses

[12]
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Figure 5.2 Key features of site response analysis

1.3.

Soil springs

As stated under Step 1, the kinematic interaction effect in most foundations can be ignored;
therefore, the only geotechnical-related information required for a SSI analysis is the soil springs.
Soil springs (foundation stiffnesses) can be computed by FE programs for the given soil/foundation
parameters. For pile foundation, one could alternatively use programs based on p-y and t-z curves
such as Geosuite/Splice. Soil springs are in general 6x6 matrices which are assembled onto the
stiffness matrix of the structure. The stiffness matrices can in many cases, be represented by the
diagonal terms representing the three translational and rotational directions (see for example, the
rightmost sketch in Figure 5.1).
Under ideal condition of uniform soil, one can use simple closed-form solutions for the soil springs.
Examples of these equations are those suggested in Eurocode 8 for single piles (copied in Figure 5.3)
and the ones derived for rigid circular foundations (copied in Figure 5.4). An extensive set of
equations, charts and tables for soil springs are given in Gazetas (1991).

[13]

Project Title: State of the Art: Geotechnical Analyses
Document Title: Earthquake Design Issues
Report no.: 2013-04 Version no.: 1.0
Date: 21 January 2013

__________________________________________________________________________________

Figure 5.3 Stiffnesss of single piles in different soil profiles (Eurocode 8)

Figure 5.4 Stiffnesss of rigid circular foundations on homogeneous elastic soil

The main parameter in the above expressions is the elastic modulus (E or G) of the soil. It is common
practice to use an equivalent (strain-compatible) shear modulus, G, in these equations. Eurocode 8
provides some guidelines for the ratio G/Gmax (Table 5-1) as a function of the peak ground
acceleration normalized by g (first column in the figure). This table also suggests typical damping
values.

[14]
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Table 5-1 Average damping ratios and modulus reduction factors within 20m depth (Eurocode 8)

1.4.

Nonlinear soil springs

Whereas the standard practice in SSI analyses is based on usage of strain-compatible soil springs, as
described in Sec. 5.1, there are cases that the designers wish to use non-linear springs compatible
with the level of forces on the foundation.
The nonlinear soil springs can be computed by the same numerical tools used for the linear soil
springs (for example, PLAXIS, Geosuite, etc.) and by using appropriate/available nonlinear soil models
or Winkler springs. The soil spring is then taken as the secant stiffness consistent with the level of the
loads. The determination of the secant stiffness is often made through an iterative process.

1.5.

Soil damping

There are two sources of energy loss in the soil which lead to damping in the dynamic response of a
foundation:
a) Hysteretic damping due to nonlinear soil response.
b) Radiation damping due to outgoing propagation of waves generated by the foundation.
Hysteretic damping is a function of the soil nonlinearity and has typical values in the range 3% - 7% (5%
average) for low/moderate seismic conditions. Radiation damping, on the other hand, has larger
variation depending on the type of foundation and soil conditions (soft/stiff soil and deep/shallow
soil deposits). In the same reference for soil springs, Gazetas (1991) has presented a comprehensive
set of charts/formulas for different soil damping for different soils and foundations. As an example,
Table 5-2 gives theoretical damping constants for a rigid circular foundation with radius r over a
uniform half-space with shear modulus, G.
Table 5-2 Damping and added soil mass for rigid circular plate on uniform soil

[15]
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While damping, especially radiation damping, has a potential of reducing dynamic loads on
structures, and is therefore attractive to consider, its calculation is often involved and requires
special numerical codes (e.g. SASSI (Lysmer et al. 1981) for shallow foundations and PILES (Kaynia,
A.M. 1982) for pile foundations). Moreover, soil damping can be used only in SSI analyses performed
in the time domain (as opposed to the more common response spectrum method). Therefore, it is
common to ignore the soil damping (over typical 5%) in most projects.

1.6.

Added soil mass

The added soil mass is a notion that has been defined to physically explain the dependence of the
foundation stiffness on frequency. In dynamic analyses, this mass is added to the foundation mass.
As in the case of damping, computation of the added soil mass is fairly involved and requires special
tools. Gazetas (1991) has assembled charts and formulas for the added soil mass for a number of
soil/foundation types. The values in the last column of Table 5-2 give the added masses for rigid
circular foundations on uniform half-space. Unless the foundation is fairly rigid and large, the added
soil mass can ignored in most earthquake analyses.

6.

Pile Foundations

Pile foundations represent several challenging issues as follows:
a)
b)
c)

1.7.

Computation of soil springs
Computation of earthquake-induced forces
Response of batter piles

Soil springs

The general approaches for computation of soil springs for pile foundations were reviewed in
Sections 5.1 and 5.2. The most common approach in practice is based on the use of p-y and t-z curves
(e,g. Geosuite). The advantage of this method is its simplicity, especially in dealing with the soil
nonlinearity, and possibility of modeling batter piles. The deficiency of the method is its inability to
rigorously account for of pile-soil-pile interaction. Moreover, being a static solution, it cannot provide
any information about the soil damping nor the added soil mass both of which tend to be important
for closely-spaced pile groups. For such cases, one should use advanced tools based on finite element
models or analytical solutions.

1.8.

Earthquake-induced forces

As in shallow foundations, piles are subjected to the inertial forces in the structure resulting from its
dynamic motions. Additionally, piles are subjected to loads resulting from the propagation of the
seismic waves in the soil and the strains induced at the soil-pile interface. These forces, often termed
kinematic forces, arise purely as result of soil movements and are caused even in the absence of any
structure. Considering the larger concentration of soil strains at layer interfaces with large modulus
contrasts, kinematic forces tend to be largest at the interfaces. Figure 6.1 shows schematically the
distribution of kinematic bending moments in a single pile.

[16]
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Figure 6.1 Schematics of kinematic bending moments in piles crossing contrasting layers

The conventional approach for computation of the earthquake-induced forces in piles is by
computing the inertial and kinematic forces separately, and adding them together. This is obviously a
conservative solution. A more realistic approach is to combine the two loads by using statistical
methods such as SRSS (Square Root of Sum of Squares).
Computation of kinematic forces is generally complicated and requires special numerical tools which,
in addition to the usual pile-soil interaction aspects, must take into consideration the dynamic
response of the soil and the pattern of wave propagation in the soil medium. Due to this difficulty
and the fact that kinematic forces are large only if there are large stiffness contrasts in the soil profile,
most design codes require computation of kinematic forces for certain extreme cases. For example,
According to Eurocode 8, the kinematic interaction forces can be ignored unless all of the following
conditions occur simultaneously:
a)

b)

The ground profile is of type D, S1 or S2, and contains consecutive layers of sharply differing
stiffness (soil type D is one with Vs lower than 180 m/s, and soil types S1 and S2 represent
liquefiable soil and sensitive clays)
The site is of moderate or high seismicity (with the peak goround acceleration exceeding 0.1 g)
and the supported structure is in importance class III or IV. (Ordinary buildings are in
importance class II while structures housing large people and facilities such as hospitals and
fire fighting stations that are important for rescue operations after a devastating earthquake
are in classes III and IV).

A few empirical methods have been proposed for computation of the kinematic forces. The most
recent one is due to Mylonakis (2010) which can be summarized in the following steps:
a) Estimate the earthquake-induced maximum shear strain in the soil at the layer interface. This
can be done by using the peak ground acceleration on the surface and the shear modulus of the
soil.
b) Transfer a fraction of this strain (typically 5% to 15% depending on the soil/pile parameters) to
the pile in form of pile bending strain.
c) Compute bending moment in pile from the bending strain computed in b.
The above method has been shown to provide reasonable estimates of kinematic bending moments
for low to moderate seismic conditions.

[17]
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1.9.

Batter piles

Batter piles represent another challenge in seismic environments, and because of that, most codes
warn against their use unless special provisions are made.
The reasons batter piles have been viewed negatively by design standards are (see schematics in
Figure 6.2):
a) There is additional bending moment due to soil settlement.
b) The main mechanism of lateral load resistance is by axial forces in the batter piles which make
them less

Figure 6.2 Critical zone in batter piles ender seismic loading

While the same tools based on p-y and t-z curves can be used for computation of the foundation
stiffness and inertial loads in the piles, computation of the kinematic forces in batter piles require
special tools which are not readily available. However, simple models, based on Winkler soil, can be
developed for this purpose. Only a number of FE simulations using general purpose codes have been
attempted and the results indicate dramatic effects of batter piles on the induced forces.

7.

Retaining Walls

Retaining walls have represented another complex type of geotechnical constructions for numerical
analyses. Numerous cases of successful numerical simulations, using nonlinear dynamic analyses,
have been reported of case histories and model tests in shaking table/centrifuge. However, the
reported studies have expressed a degree of uncertainty in the results and interpretations, and do
not seem to indicate that these analyses are quite mature for normal design purposes.
Due to these observations, most codes suggest use of empirical methods based on quasi-static
solutions. One of the most commonly used solutions (also suggested in Eurocode 8) is the one known
as Mononobe-Okabe (Mononobe and Matsuo, 1929; Okabe, 1926). The method applies to yielding
walls (that is, walls with enough displacement to allow active soil response), and gives explicitly the
total lateral load on the wall. The main elements of this method are presented in the following.
The total design force acting on a retaining structure from the land-ward side,
Ed, is given by the following expression
(7.1)
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where H = wall height, Ews = static force on wall, Ewd = hydrodynamic water force, * = soil unit weight,
K = earth pressure coefficient (static + dynamic) and kv = vertical seismic coefficient (equal to peak
vertical acceleration normalized by g).
Then with reference to the parameters shown on Figure 7.1 the following define the total loads on
the wall.
a)

For active case:

(7.2a)

(7.2b)

b)

For passive case

(7.3)

Figure 7.1 Parameters of soil and wall and earthquake forces

For walls under water and for drained backfill, the hydrodynamic water force is given by
(7.4)
The angle  is a central parameter in these equations and is a function of the horizontal and vertical
seismic coefficients, kh and kv. To account for the flexibility of the wall, the horizontal coefficient is
reduced by the parameter r given in
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Table 7-1 Values of reduction factor r for horizontal seismic coefficient

References such as Eurocode 8 have more detailed descriptions of the above parameters for
different conditions for drained/undrained backfill. So these are not repeated here.
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