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Introduction
Geotechnical engineering is at its most unpredic-
table and uncomfortable when ‘live’ or dynamic
loads on foundation systems are significantly 
higher than in the static or ‘dead’ load condition.
Resilient infrastructure requires that the duration
of bounce-back, the time to restore functionality
after extreme events, is minimised. Codes attempt
to deal with this using combination of load and 
resistance factors that are sometimes drawn from
fatigue or repetitive loading experience, however
these can result in design solutions that either 
fail due to a lack of appreciation of the controlling
parameters or that are uneconomic and overcautious.
The lecture examines dynamic soil structure inter-
action under extreme events: catastrophic collapse,
wave loading, high speed rail track behaviour and
urban seismic interaction using examples drawn
from real-world installations. Economy in design
can be driven using unified soil-structure inter-
action modelling through advanced numerical 
analysis in which rate effects are explicitly consi-
dered. It provides a springboard from which 
resilient, performance-based design methods can
be developed and improved, with the promise 
of feedback from instrumentation and digital 
data analytics. For reasons of space, high speed 
rail track behaviour is not covered in this article.
However, a recording of the complete lecture is
available at youtube.com/watch?v=44x4KuheZiQ. 

Dynamic Soil-structure interaction
Dynamic soil-structure interaction can be exami-

ned using pseudo-static methods (Kausel 2010,
Dobry, 2014) although the simplifying assumptions
inherent in that approach, both in terms of 
structural mass participation and soil response to
the associated loading in shear, will result in in-
efficient, and in extreme cases, insufficient foun-
dation systems. The challenge is that extreme 
dynamic foundation loading situations are gene-
rally rare, involving statistically-derived forces
with return periods that can be far in excess of 100
years. This means that full-scale testing of such
foundations might involve field testing at inap-
propriate stress states, the mobilisation of very
large lateral forces and moments, or limited to a
small range of materials such as unstructured sands
and kaolinite. Dynamic loading of appropriately
scaled foundation systems can be simulated in 
the centrifuge (Muir-Wood, 2004, Kutter, 1992)
however these present formidable challenges in
terms of foundation construction simulation: for
example ‘wished-in place’ test foundations in 
unstructured sands are relatively commonplace but
do not adequately replicate reality. This can mean
that the results from dynamic centrifuge tests can
be dominated by the skill of the operators and the
geometric limitations of the centrifuge box.  

Figure 1 shows the primary components of dynamic
soil-structure interaction. Whilst the upper bounds
of dynamic structural loading and approximate 
response can be established by assuming complete
fixity at foundation level, the participation of soil
in transmitting or responding to dynamic loading

is more complex. Of importance is the mass of 
soil participating in the loading event: often the
stiffness and strength of soils at comparatively
high rates of strain are underestimated. This leads
to premature formation of failure mechanisms,
over-damping of soil response and under-estima-
tion of the forces involved. It follows that the 
geotechnical engineer must attempt to model 
the ground as realistically as possible. 

At this point, it is underlined that the results of 
numerical SSI illustrated in this paper are obtained
using direct Finite Element (FE) methods (Bollisetti
et al, 2015) using Arbitrary Langrange-Eulerian 
formulation (LSTC, 2017). These methods facilitate
the use of non-linear soil and structure models 
in extreme, large strain events. They give the 
greatest scope for economy in design and con-
struction for situations where the governing 
design case is that for an extreme event. 
O’Riordan and Almufti (2015) summarised the 
desirable attributes of 3D dynamic SSI analysis
software as follows:
- Pressure- and rate-sensitive non-linear shear

stress/strain soil properties
- Degrading G/Gmax curves for the soil
- Water pressures: recognise volumetric & shear

strain rates at excavation/construction and dyna-
mic excitation stages

- Foundation systems 
- Interface layers between structural elements and

the soil mass that represent disturbed soil
- Representation of structures, vehicles etc: equi-

valent mass, stiffness and damping to capture dy-
namic behaviour

- Representation of construction installation se-
quencing

- Soil domain sufficiently large that boundary ef-
fects are negligible during dynamic loading

- Able to provide a ‘rupture to rafters’ (Ellison et al,
2017) process for seismic load cases

Currently, these attributes can potentially be met
by LS Dyna (LTSC, 2017), ABAQUS (2013) and
ANSYS(2016). Such formulations are comfortable
with large strain calculations and discontinuities,
for example when material boundaries separate. 
In a major review paper Bolisetti et al (2013) 
describe the advantages and disadvantages of a 
variety of software for dynamic analysis of soil-
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structure interaction analysis. Large strain pro-
blems can also be analysed using the Material Point
Method (Fern et al, 2019) although at the time 
of writing the computational efficiency of the 
method over FEM is being quantified.

Strain rate effects, drainage and 
cyclic degradation
Increased foundation resistance at high rates of
strain is well known. Such increased resistance can
be effectively simulated using strain-rate depen-
dent soil models. 
The basis for an integrated soil model is the
G/Gmax v shear strain degradation ‘backbone’
curve that originated with Seed and Idriss (1970)
and has subsequently been developed by Daren-
deli (2001) and others. Figure 2 is redrawn after At-
kinson (2000) and shows the leading components
that control the location of the backbone curve
along the shear strain axis and Figure3 shows how
unload/reload behaviour is often simulated using
a format originally proposed by Masing (1926).
Zhang et al (2005) demonstrated the large scatter
in Masing damping for soils. Consequently the 
assumption of Masing behaviour should be critically
examined for soil-structure interaction analysis,
and to avoid over-damping soil response. Non-
Masing behaviour can be examined through detailed
examination of cyclic laboratory tests.

O’Riordan and Almufti (2015) demonstrated a direct
method for examining the effects of adjacent

structures upon braced excavation in areas of high
seismicity. They showed that excavation and seis-
mic excitation stages could be represented se-
quentially so long as the backbone curve was
adjusted for shear strain rate. 
The effect of strain rate on stiffness and strength
has been the subject of wide investigation. Many
investigators have found excess pore pressure 
generation is suppressed as shear strain rate 
increases (Sheahan et al 1996, Biscontin and 
Pestana, 2001, Diaz-Rodriguez et al 2009) and
show that the rate of increase in strength appears
to be related to clay mineralogy. Thus low to 
medium plasticity clays might display a strength
increase of about 5%/log cycle of shear strain rate
and high plasticity clays closer to 20%. Figure 
4 shows typical results for normalised strength 
variation and shear strain rate at these extremes.

Vardanega and Bolton (2013) examined a wide
range of soils and concluded that, along with plas-
ticity index (as a proxy for soil mineralogy) and
overconsolidation ratio (OCR), measured secant
shear moduli could be adjusted to a given shear
strain rate using the following relationship: 

Where G is the shear modulus at a given shear strain
rate and Z is a reduction factor dependent upon
strain rate effect and the frequency of loading. 
For a clay-like material which displays an increase
in secant shear modulus of 5% per tenfold increase

in strain rate !
.
, has a frequency of loading of 50Hz

(typical loading frequency in a resonant column
test), and shows the onset of plastic strains at 
10-5 , Vardanega and Bolton (2013) found

This enables alignment of shear modulus degrada-
tion with increasing shear strain using undrained
laboratory tests carried out at very different shear
strain rates. 
Typical shear strain rates for a triaxial compression
test are at least 3 orders of magnitude slower than
a resonant column test, as illustrated using tests on
Vallerica Clay by Giorgiannou et al (1991). Figure 4
includes the effect of consolidating specimens at
levels well above the Yield Stress (Burland 1990):
the effects of such destructuration suppress rate
effects and care should be given if soil properties
obtained from such tests are to be used for design
and analysis (Hight et al., 2007). 

To effectively establish a priori whether the dyna-
mic event is loading the soil next to the foundation
sufficiently rapidly for undrained/zero volumetric
strain conditions to pertain, closed-form solutions
such as Gibson et al (1970) are extremely useful.
Gibson et al (1970) uses linear elastic consolidation
theory under plane strain and axi-symmetric 
loading conditions. They conveniently define a
time factor T for dissipation of excess pore pressures
such that T=2Gkt/!wb2

Figure 2 – Backbone curve: effects of increasing strain rate,
Plasticity Index and Overconsolidation.

S U M M A R Y

Figure 3 – Backbone curve and definition of Masing(1926) Damping.
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Behaviour is effectively undrained if T<10-2. If the
distance to a zero excess water pressure boundary
is greater than the width of the loaded area, then
using most plausible combinations of the leading
parameters we find undrained behaviour can occur
under these loading conditions:
> k=10-4m/s cohesionless ‘sand-like’ soils expe-
rience a rate of loading/unloading <1 sec. We can
add that sand-like soils are dynamically not parti-
cularly strain rate sensitive.
< k=10-9m/s, cohesive ‘clay-like’ soils experience a
rate of loading/unloading <10 days. Clay-like soils
are dynamically highly strain rate sensitive, parti-
cularly at low OCR and high PI. 

A similar conclusion was reached by Zienkiewicz et
al (1980). It follows that any use of Observational
Methods, for example large excavations in clay-like
soils (Nicholson et al, 1999) needs to explicitly 
consider the effects of drainage of stages in con-
struction durations and the consequences of delays
(and indeed acceleration) in construction rate.

Collapse and landslide modelling
Large strain FEM has been used for the inverse 
analysis of landslides and associated rockfall 
containment barriers (Cheung et al, 2018). The 
design of piled foundations in metastable slopes
and in areas prone to karst collapse is particularly
challenging. Muir-Wood (2004) considers the 
situation of piles embedded in an infinite slope
where failure occurs along a defined plane, parallel
to the ground surface. Treating the problem as
pseudo-static and if the soil pressure is related to
the relative movement between soil and pile, 
Muir-Wood was able to establish an exact solution
albeit based upon empirically derived parameters.
His analysis gives a value of lateral pressure close
to the passive limit, Kp"v’, when the relative 
movement between pile and soil is large.
Sartain et al (2009) considered failure of residuum
around piled viaduct foundations using dynamic

analysis and established that the maximum lateral
pressure did not exceed 2*Kp"v’, as illustrated in
Figure 5. The failing soil was unable to sustain
stresses anywhere near the passive pressure of 
the soil. Recognising the kinematic nature of the
problem and adjusting the design to follow the 
numerical analyses has led to the use of foundations
that are more economic in karst and land-
slide-prone areas.

Wave loading and partial drainage
As offshore windfarms and deepwater installations
proliferate, so the foundation challenges increase
particularly when extreme storm loading of struc-
tures can potentially lead to liquefaction of the

seemingly ubiquitous sand layers that are found 
at the mudline (deGroot et al, 2006). Sampling 
of such soils is difficult and the carrying out of 
cyclic testing to characterise the soils can be highly
operator-dependent. In turn, excess pore pressure
generation rate varies widely and unpredictably
with sand particle size, shape, stress state, mine-
ralogy etc, as well demonstrated in the CANLEX
project (Robertson et al, 2000) for example. It 
follows that, as partial drainage of sands can occur
during the passage of a single wave, a cautious 
liquefaction model can be combined with credible
storm histories to reduce the theoretical demands
on soil and structure.
Andersen (2015) shows how repetitive wave loads

Figure 5 – Lateral
pressures on pile 

during sinkhole 
collapse, after 

Sartain et al (2011).

Figure 4a, b, c– Effect of strain rate on
stiffness and strength for two clays.

Figure 6 – Variation of
maximum cyclic shear
stress levels (in plan),
and excess pore pressu-
res(in cross-section and
plan) below a 120m 
diameter offshore gra-
vity base structure.
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are collected by the structure and then transmitted
into the soil. 

Figure 6 shows the results of a 3D FE analysis of a
gravity base structure. As expected the variation
of excess water pressure varies widely across 
the base. In this case the storm event has been 
modelled according to a modification to the Hans-
teen (1980) storm to account for real composition.
The Hansteen storm is recreated in a pseudo-
random way (O’Riordan & Seaman, 1993, and 
Dingle et al, 2017) to follow the statistical 
treatment of storm composition by Longuet-
Higgins(1984). Figure 7 compares the cyclic shear
stress ratio with the stepwise Hansteen storm. 
For the six hour, 1 in 100 year return period storm
considered the average wave period is 12 seconds.
For most sand-like soils, partial drainage can occur
during the passage of a single wave. Thus, the 
re-ordering of waves in a pseudo-random way 
can be used as a series of pulses of excess pore 
pressure that decay in coupled analysis.
Recognising that at shallow depths the static 
vertical effective stress is directly proportional to
the weight of the gravity structure it is common to
find nearly 50% savings in weight can be made if
partial drainage is combined with pseudo random
storm histories. Similar reductions can result for
offshore windfarm foundations by using realistic
storm histories and wave compositions.

Earthquake loading: urban 
interaction effects
Bolisetti & Whitaker (2015), in a major study of
structure soil structure interaction (SSSI) analysis
methods showed that significant restraint to 
foundation movement and ground loss/gapping
can occur with an adjacent deep basement. The
flipside of this is that the basement sees more load
from the adjacent structure as confirmed by recent
centrifuge testing of tall buildings adjacent to

deep excavations and tunnel boxes by Hashash 
et al (2018).

O’Riordan & Almufti (2015) confirmed that in 
temporary works, equivalent static methods can
substantially underestimate load effects from 
adjacent buildings and Ellison et al (2017) summa-
rise the asymmetric loading that can occur in a
deep basement inserted between two very tall 
towers in San Francisco. O’Riordan et al (2018) 
examine in detail processes for far-field site 
response analysis for performance-based design in
near-fault situations where velocity pulses can 
dominate structural behaviour and those where
soft soils can produce substantial magnification of
bedrock motions at the ground surface. These 
far-field response analyses can be further refined
using data from vertical arrays and form a reliable
basis for examining urban effects and SSSI.
O’Riordan et al (2018) includes a back-analysis 
of the Puebla earthquake in Mexico City (19 
September 2017). 

Measurements across the lakebed during the 
Puebla earthquake highlight the potential for 
entire city blocks to interact and change the com-
position of the shaking of building foundations. 
Figure 8 shows the shear wave velocity profile
across the Mexico Basin at locations west to east.

The softest soils are found in the east, and Figure
9 shows the accelerometer recordings at site C. 
The duration of shaking is around 100 s. Figure 10
shows the measured values at the Aux Station 
within an urban area 10 km south of site C. The 
duration of shaking is not only significantly longer
in the urban site, the record shows a distinct 
second phase of shaking, beating at a period of
about 2 to 3 seconds. The spectral amplification,
and associated double peak acceleration spectra,
that have been ascribed to ‘basin effects’ (Reinoso
& Ordaz, 1999) in the Mexico City case and other
cities on soft soils in areas of high seismic activity
may be more likely due to urban, anthropogenic 
effects. Speculative analytical work by Guegen et
al (2002), using observations in the Roma Norte
district at the stiffer, western edge of the basin,
suggested that urban interaction effects could 
be anticipated if the kinematic interaction ratio of
the buildings to the underlying soil is higher than
approximately 0.1. The calculated ratio for the
urban area of Aux Station is 0.87, and thus kine-
matic interaction at a city block level is almost 
certain to have contributed to the measured move-
ments and, to the west of the urban area, catastro-
phic damage of some buildings.

On stiffer soils and those prone to liquefaction, the
potential for adjacent building damage due to

Figure 7 – Comparison of RANWAVE with conventional ‘Hansteen’ approach to
excess pore pressure generation, after O’Riordan and Seaman(1993).

Figure 8 – Variation
of shear wave 

velocity across the
lakebed zone,

Mexico City.
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structure-soil-structure interaction (SSSI) effects
can also be large. Long term construction works
adjacent to large existing structures are particu-
larly vulnerable especially when the participating
modal masses of the works are large and have 
widely differing period. O’Riordan & Almufti
(2015) who considered the seismic exposure of 
a tall building to an adjacent multipropped excava-
tion. Using earthquake simulations scaled to a 
return period of between 50 and 100 years, they
demonstrated how seismic inertial loading from a
tall building adjacent to a deep excavation with
four levels of struts can deform the excavation 
support system sufficiently to produce a perma-
nent increase in strut load. They found that strut
forces can be nearly twice the force calculated for
the slow excavation process itself.

Figure 11 contains results from the real-time 
monitoring for the Transbay Transit Center (McLan-
drich et al, 2013) showing the measurement of
strut loads in a bottom level strut around the time
of the Mw=6.0 Napa earthquake that took place at
3 a.m. on 24 August 2014. It can be seen that the

repetitive daily change in force arising from
changes in strut temperature is perturbed by a tiny
drop in force at the time of the earthquake itself.
Also in Figure 11 is the public record (CGS, 2014)
of accelerometer and associated displacement
time histories taken at 11 locations down an 
adjacent 12 story building with a 5 level, 18m deep
basement. The records show an almost complete
attentuation of the inertial response of the 
superstructure above level 1 by the multi level 
substructure (traces labelled B1, B2 etc). The 
response of the strut monitoring system is compa-
tible with this measured behavour of an adjacent,
multi-basement structure.
SSSI effects can also strongly influence the design
of buried structures in the permanent condition 
involving shaking from earthquakes of much longer
return periods than those considered for the 
‘temporary’ works. O’Riordan et al (2018) examine
how appropriate site response analyses are 
required before embarking upon detailed SSI. 
Ellison et al (2017) consider the effects of two very
tall structures, Salesforce Tower (326m tall) and
181 Fremont (244m tall), located either side of 

the 20m deep, 60m wide and 500m long Transbay
Transit Center rail station box in the middle of San
Francisco downtown. These tall towers have 
foundations socketted into bedrock at about 70 to
80m depth and the Transit Center box is essentially
groundbearing, equipped with 1800 tie-downs 
to deal with buoyancy effects in some parts of 
the base slab under long term rising groundwater
pressures. The first mode period of the Transit 
Centre is approximately 1.2 sec, as summarised in
Figure 12. Modal mass participation of all adjacent
structures was considered, mostly using the 
simplified methods given in ASCE 7-16. 
It can readily be seen that this is not a ‘green field’
situation and multiple SSSI effects can be anticipa-
ted. Ellison et al (2017) describe the process of site
response analysis and site characterisation which
will not be repeated here. 
Figure 13 shows the envelope of the shear forces
developed in the ground slab of the Transit Center
box arising from the participation of Salesforce
Tower in the 1 in 975 return period event. It can be
seen that the train box behaves rather like a very
large beam, ‘held’ by the soil and foundations of

Figure 9 – Triaxial accelerometer measurements at NAIM site,
Puebla earthquake, 19.09.17.

Figure 10 – Triaxial
accelerometer 

measurements and
spectral analysis at

Aux. recording 
station, Puebla

earthquake.

Figure 11 – Measurements of load at lowest level of strut, Salesforce Transit
Center, and comparison with measurements at adjacent 5 level

basement. Napa earthquake 24.08.14.
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lower-rise structures, while the Salesforce Tower
causes a localised action and reaction across the
slab amounting to 30 MN higher than the forces
calculated without the tower. The effect of 
including 181 Fremont diagonally opposite has a
restraining effect on the beam-like deflection 
of the train box and an increase in demand at 
the eastern extremity is found in ground and 
mezzanine level slabs. 

Large scale numerical analyses such as these 
currently require the processing power of multiple,
linked computers and can take a day to reach a 
conclusion. Nevertheless by systematically creating
versatile soil models of the type described in this
paper, together with close attention to construction
sequence and structural modelling, appropriately
optimised, economic design solu-tions can be
found to these complex dense urban situations. 
The physical modelling of SSSI is complex and
there have been few successful, published simula-
tions of the effects. Until there are more  case 
histories of instrumented building and tunnel 
response from real earthquakes, the most 
promising area of research appears to be in the 
use of seismic centrifuges.  There are constraints 
in the way in which construction sequencing, 
tall building inertial effects etc can be simulated in
the centrifuge and back-analysed using LSDyna
(Musgrove et al, 2017, and Hashash et al, 2018). 

Summary and Conclusions.
- Increasing urbanisation has changed the nature of

geotechnical engineering.

- Everything is connected, and we can ‘instrument
the Anthropocene’, beyond mere construction
monitoring.

- A resilient future will require much greater 
feedback from performance of foundation 
systems.

- Dynamic numerical analysis can be used to 
calibrate soil models against extreme events.

- These analyses can explicitly include the changes
in rate of loading of the ground during sudden,
extreme events as well as that in slow, normal 
service loading.

- Transient ‘extreme’ in-situ tests such as the CPT
and Pressuremeter, as well as output from verti-
cal arrays of seismic accelerometers can be 
successfully analysed using advanced numerical
analysis.

- Unified soil models and increasing computing
power enable progress towards performance-

based design and resilience.
- We can look forward to increasing feedback from

long term instrumentation systems: ‘Big geo-
technical data’.

- We now have the tools to articulate to stake-
holders the consequences of extreme events on
foundation systems.
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