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Abstract
LS-DYNA is a versatile non-linear dynamic analysis platform with a large library of material models and
element formulations suitable for computationally intensive time-domain multi-physics simulation. Powerful
graphical interfaces are available for visualization. The owner and developer of LS-DYNA is Livermore
Software Technology Corporation (LSTC). The authors have been involved in the development of new
features in LS-DYNA for non-linear static and dynamic soil-structure interaction analysis, and have used the
software for the design of complex infrastructure projects internationally for over 20 years.
The paper describes features available in the software, including those developed recently, for simulation of
soil-structure interaction and illustrates uses of the software in the design of major construction projects.
The paper concludes with an overview of the advantages of the non-linear time domain technique to soilstructure interaction problems in the Nuclear Power industry.
1. Introduction to LS-DYNA
LS-DYNA®1 is a versatile three-dimensional non-linear finite element analysis program, owned and
developed by Livermore Software Technology Corporation (LSTC), capable of computationally intensive
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time-domain multi-physics simulation. Although initially conceived for modeling short-duration events such
as impact and blast in the military and mechanical engineering arenas, the program has been extensively
developed to cover a very wide range of applications that today include civil engineering structures, soils and
soil-structure interaction, and loading by earthquake or long-duration events such as movements due to
construction.
Arup has used LS-DYNA for many years, and has collaborated with LSTC in the development of the
software. Many of LS-DYNA’s capabilities for civil engineering were developed by the authors. These
include material models for reinforced concrete and soil, capabilities for modeling pore water effects such as
time-dependent consolidation, and pore pressure generation and liquefaction during earthquakes, and
capabilities for introducing structures and removing soil during staged construction analysis. These were
developed for use in civil engineering design projects undertaken by Arup over a period of 20 years, and have
been made generally available in LSTC’s recent releases. The authors gratefully acknowledge the assistance
and access to the source code granted by LSTC.
A particular advantage of LS-DYNA is its speed of computation (using the explicit integration technique) for
very large and complex models, which might contain elements numbered in the millions. Typically, LSDYNA is run on multiple processor clusters, using the distributed memory method coupled with a Message
Passing Interface communications protocol (MPI). This allows efficient use of large numbers of processors
working in parallel.
2. Rationale for non-linear SSI
Numerical soil-structure interaction analysis in the Nuclear Industry has traditionally relied upon linearization
so that frequency domain solutions (which can incorporate theoretically exact transmitting boundaries) can be
used. Stiffness parameters are often determined iteratively for strain levels of about 65% of the maximum
predicted values. However, linearization has significant limitations. The method is not suitable when any of
the following behaviors are expected to be important:






Structural non-linearity (including progressive degradation)
Uplift (e.g. in rocking) or sliding of a foundation
Permanent soil deformation as a result of the earthquake (e.g. retaining walls, permanent foundation
displacement)
Local soil failure (e.g. at a pile-soil interface)
Where gross failure or liquefaction of a soil region is expected

Time domain analysis has the advantage that non-linearity of the structure and soil can be represented
explicitly. However, modeling of soil-structure interaction is affected by issues associated with the soil being
an infinite medium with no physical edges. Any conventional edge or boundary introduced into an analysis
model will lead to spurious reflections of stress waves traveling though the soil medium, resulting in
inaccurate simulation. Soil structure interaction models therefore have to account for, as best they can, the
transmission of waves through the boundaries of the soil model. Various forms of perfect transmitting
boundaries have been devised for linear analysis in the frequency domain; no exact boundaries exist for nonlinear time domain analysis.

3. Soil models in LS-DYNA
The granular nature of soil materials, containing voids (usually filled with water) and allowing material
particles to move relative to one another provides the basis for the observation that soils behave as a two
phase material (soil skeleton and water) and exhibit nonlinear volumetric response, pressure-sensitive and
rate-sensitive shear behavior. A variety of material models for clay, slit, sand, and rock are available in the
material library in LS-DYNA to simulate the nonlinear behavior with a varying degree of complexity.
LS-DYNA uses Terzaghi’s concept of Effective Stress to simulate materials with pore pressure. The pore
fluid and soil skeleton are assumed to occupy the same volume and to carry loads in parallel. Thus, the total
stress in an element is the sum of the “effective stress” in the soil skeleton, plus the hydrostatic stress in the
pore fluid. The “effective stress” is determined by the LS-DYNA material model in the normal way. The pore
pressure is calculated at nodes, and interpolated onto the elements.
The hysteretic soil model
The “effective stress” material model highlighted in this section is the non-linear hysteretic soil model
(MAT_HYSTERETIC_SOIL) that Arup originally developed about 20 years ago. A number of enhancements
have been made in the intervening period. This model provides great flexibility for users to specify, in a
tabular or parametric manner, the stress-strain curves, pressure-sensitivity of strength and modulus, ratesensitivity of strength and shear-induced compaction or dilatancy.

Figure 1 - Schematic of hysteretic loops by the “superimposed layers” analogy

The primary feature of the hysteretic soil model is the user-defined shear stress versus shear strain
relationship. The principle of this model is that several elastic-perfectly-plastic “layers” superpose to update
the macroscopic stress. As each “layer” yields, the stiffness of the layer vanishes. Hence, the associated
macroscopic shear stiffness degrades. By this method, hysteretic stress-strain curves are generated in response

to any strain cycle of amplitude greater than the lowest yield strain of any layer, effectively implementing the
Masing’s hysteretic rule (Masing, 19262). Figure 1 shows the response to small and large shear strain cycles
superposed on the user-input monotonic curve. The shear initial stiffness is recovered when a stress reversal
occurs.
Three yield coefficients are available to define the pressure-sensitive yield criterion in the meridional plane.
With different combination of these coefficients, yield criteria for cohesive and cohesionless, linear, elliptical,
parabolic and hyperbolic forms may be reproduced. The pressure sensitivity of elastic and plastic hardening
modulus is controlled by a user-defined power law.
It has been observed that the strength and stiffness of many soil materials increase as the rate of the loading
increases. The hysteretic soil material model accounts the strain rate effect by scaling the yield stress of each
layer as a user-specified function of plastic strain rate with a visco-plasticity formulation, providing excellent
stability.
The hysteretic soil material model allows the user to select either a Drucker-Prager or a Mohr-Coulomb yield
surface. For some soil types, a Mohr-Coulomb approach may be more realistic, in which the relationship
between minimum and maximum principal stresses is given via a friction angle and the intermediate principal
stress plays no part in the calculation.
This hysteretic soil model serves as a generic soil model with a spectrum of user-defined capabilities for wide
range of engineering applications, particularly for seismic response.
The liquefiable soil models
To simulate saturated cohesionless sandy soils under cyclic loading, such as occurs during earthquakes,
several material models have been developed in LS-DYNA. These material models capture phenomena such
as pore pressure generation and loss of effective confining pressure, liquefaction, cyclic mobility, large but
finite shear strains occurring with each loading cycle, etc. (Elgamal et al., 20033; Yang et al., 20034)
Dobry et al. (1995)5 conducted a series of centrifuge model tests to simulate one-dimensional dynamic
response of level and mildly sloping sand sites. The prototype soil layer is 10 meters depth, has infinite lateral
extent and is sloping at 2 degrees. Figure 2 shows the comparison of numerical and experimental excess pore
water pressure histories against the simulation. The presentence of static driving shear stress due to gravity led
to strong dilative response of the sand. Excellent agreement was observed for both pore pressure built-up and
dissipation after shaking stops.
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Other soil models
Some other soil material models have been developed by Arup for special purposes. For example, the “Brick”
model (MAT_SOIL_BRICK, Simpson, 1992 a6, b7) is used to simulate the behavior of over-consolidated clay
based upon its previous geological loading history. The jointed rock model (MAT_JOINTED_ROCK) simulates
sedimentary rock that contains a high density of parallel joint surfaces that are assumed to behave as if
ubiquitous. The joints have opening capability when the stress normal to any joint attempts to become tensile.
Up to three sets of joint planes may be defined, where each set of joints is at a different orientation.

Figure 2 – Numerical and experimental excess pore water histories for mildly sloping sand site centifugure experiment.
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4. Structural and other simulation capabilities
LS-DYNA has numerous material models and features that permit non-linear dynamic analysis of structures
and other components. These will not be described in detail, but they include:







Beam, shell and brick elements
Mass and highly versatile spring elements
Sophisticated non-linear reinforced concrete materials
Seismic isolators and damping components
Contact surfaces permitting sliding, uplift
Fluids

The characteristics of cyclic response of reinforced concrete structures are strongly influenced by the loading
histories. Studies by Takemura and Kawashima (1997)8 tested nominally identical reinforced concrete bridge
piers using six different loading protocols, yielding significantly different hysteretic behaviors. Lateral force
versus drift hysteresis plots for two of the loading protocols are shown in Figure 3. These different
characteristics of strength and stiffness degradation can be simulated in LS-DYNA using its sophisticated
material models for concrete and reinforcing steel for seismic engineering analyses (e.g. MAT_CONCRETE_EC2
and MAT_HYSTERETIC_REINFORCEMENT),.

Figure 3 Simulation of reinforced concrete tested under different cyclic loading protocols
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5. Seismic soil structure interaction analysis
There are two generic approaches to practical seismic soil structure interaction analysis:
1. The direct approach, in which a volume of soil is modeled explicitly with the structure and a ‘total’
solution is obtained in a single analysis
2. The indirect approach in which the analysis is performed in two stages
 The effective input motions seen by the structure are derived by consideration of the
incoming seismic waves and the geometry of the foundation (kinematic interaction)
 The dynamic response of the structure is calculated by applying the effective motions to the
structural model via a simplified representation of the foundation (inertial interaction)
Both approaches may be adopted using LS-DYNA, but the paper focuses on the direct approach because this
is more versatile and is where LS-DYNA’s capabilities are most advantageous.
The soil is discretized using solid (brick) elements, the structure and the structural foundation system, which
may be flexible and non-linear, are modeled explicitly. The ground motions are applied at the boundaries at
the base and sides of the model, and the kinematic interaction is done directly. The location of the bottom
artificial boundary should be sufficiently deep, placed at bedrock level or at a relatively stiff soil. The medium
beneath the lower boundary is modeled as grounded linear viscous dampers. Treating the horizontal
excitation as vertically propagating shear waves and vertical excitation (if considered) as vertically
propagating compression waves the horizontal dampers have ch=AρVs and vertical dampers cv=AρVp where
A is the plan area tributary to each damper and ρ,Vs and Vp are the mass density, shear and compression wave
velocities of the bedrock medium. The horizontal excitation is applied as a force time history Fh= ch vh (t) and
Fv=cvvv (t) where vh (t) and vv (t) are the horizontal and vertical velocity time histories of the bedrock outcrop
motion. The soil element mesh should be fine enough to transmit adequately the highest frequency stress
waves of interest.
In a nonlinear analysis, it is necessary to apply constraints to the vertical cut boundaries of the soil to prevent
the soil edge failing under gravity. The applied constraint should be the free field velocity history at each
node, which can be determined by a nonlinear pre-analysis of a single free field soil column. The horizontal
dimension of the soil block should be sufficiently large such that the motion at the nodes of the lateral
boundaries can be considered as that of the free field. At this point, particularly if the soil is soft relative to the
bedrock and if there is substantial non-linearity (hysteretic energy dissipation) in the soil response, the
absence of a transmitting boundary will have little impact on the simulation. In some cases, boundaries can be
closer, but is it advisable to test the sensitivity of the output to the modeled extent. It is possible to represent
the ‘traveling wave’ effect by specifying the appropriate time delay between the motion histories applied at
successive node sets.
With the many advanced modeling features available in LS-DYNA it is possible to incorporate:



non-linear behaviour of concrete, both in foundation elements and the structure, whether modelled
with beam, shell or solid (brick) elements
non-linear behavior of soil –pile interfaces, including local non-linear p-y and t-z interactions




partial separation of foundation and soil (uplift/rocking), and sliding at soil-structure interfaces
explicit incorporation of seismic isolation systems such as high damping rubber, lead-rubber friction
pendulum and triple pendulum systems

6. Example 1 - Liquefied Natural Gas tank foundations
Liquefied natural gas (LNG) is a highly flammable substance stored in large double containment cryogenic
tanks at offloading terminals onshore prior to re-gasification and distribution by pipeline. The terminals are
necessarily at coastal sites, often on poor (including liquefiable) soils. In view of the hazardous nature of the
product, the storage facilities are designed with similar philosophy to nuclear power plant using the concepts
of Operating Basis and Safe Shutdown Earthquake scenarios with no leakage permitted at SSE.
A conventional approach to the design of foundations for such tanks on estuarine soils is to undertake ground
improvement or replacement in order to provide a stiff and strong base to support the tanks (typically 100,000
tonnes). In regions of high seismicity, seismic isolators may be incorporated to improve the overall economy
and safety of the design.
The first author was involved in the design of foundations in the 1990s for two such tanks on a site in Trinidad
with a liquefiable near-surface layer. A cross section of the system is shown in Figure 4. Figure 5 is a
photograph of the concrete outer tanks under construction. On-site trials had shown that ground improvement
was not viable (due to soil particle grading) and a number of alternative design options were examined. The
most economical design was to support the gravity load of the tanks on a large number of driven steel pipe
piles, and to use non-linear dynamic soil structure interaction analysis to confirm satisfactory performance in
the design earthquakes.
Simulation of the non-linear aspect of foundation behavior (using
MAT_HYSTERETIC_SOIL) was essential to the success of this assessment, since the soft soil provided a degree
of ‘free’ seismic isolation to the massive tank system, reducing the lateral forces that the piles had to
withstand. This analysis was performed with a simple model in 1-D, permitted by the shallowness of the
‘disk’ of soft soil beneath the tank. It should be noted that the ‘free field’ site response of the piled site is very
different to that of the virgin free field, since the piles substantially stiffen and strengthen the site locally. The
piles are modeled as vertical beam elements connected to the soil elements via local non-linear p-y springs.
A similar approach has been taken with other tank foundations; where necessary the analysis is performed in
3-D to reflect deeper soft soil deposits. Figure 6 shows a typical 3-D model. In this case it was possible to
demonstrate satisfactory seismic performance without site improvement and without the seismic isolators that
would have been required had site improvement been implemented. In current projects, the interaction
between the fluid and the steel inner tank wall is also modeled explicitly. This enables the local uplift of the
tank wall that occurs in unanchored tanks to be quantified.

Figure 4 –Section through LNG tank foundation

Figure 5 –LNG tanks under construction

Figure 6 – 3D SSI model for piled LNG tank foundation

7. Example 2 – Large basement construction analysis
Soil behavior and soil-structure interaction must be considered during excavation for the construction of
tunnels, basements and other sub-terrain structures for a number of reasons. For example, excavation may
result in risk of collapse of unsupported soil (or soil supported by temporary works); displacement of the soil
surface around the excavation may affect surrounding existing buildings and facilities; heave of the
surrounding and underlying soil may possibly lead to unacceptable displacements or loading effects. These
risks have to be managed. Initial design and assessment is generally carried out using traditional methods and
two-dimensional analysis, but in cases where this is inappropriate or over-conservative, three-dimensional
analysis may be carried out to confirm or further refine the design using LS-DYNA.
The example shown in figure 7 models the excavation and construction of a basement and superstructure in
London. The over-consolidated clay layers are modeled with the MAT_SOIL_BRICK material described above,
while the gravel and fill layers are modeled with the Mohr Coulomb material model. The total number of
elements is about 500,000.

Figure 7 – Cross-section through large 3D model for construction analysis

The analysis models over 30 construction stages, including pre-history of clay giving over-consolidation,
under-drainage to current pore pressure profile, application of existing surcharges, installation of sheet pile
walls, excavation to each basement level, installation of slabs, consolidation, installation of superstructure etc.
8. Example 3 - Deep cut and cover tunnel construction with adjacent tall building and earthquake
This example examines the effect of a large excavation on the stability and movement of an adjacent 60-story
building due to the construction itself and for an earthquake occurring in the temporary condition. The
excavation is 185ft wide, 65 ft deep and over 1000 ft long. It is constructed between parallel shoring walls

propped with 36” steel braces inserted sequentially as the excavation is progressed downwards. The 3-D
analysis model is illustrated in figure 8 and includes detailed representation of the sand and clay soil layers
down to bedrock (240ft below surface), the shoring walls, the basement and piled raft foundation of the
existing 60-story building. In order to control construction induced movements a massive ‘buttress’
composed of intersecting 7ft diameter concrete shafts to bedrock is installed in the excavation zone adjacent
to the building prior to commencement of the excavation itself.
The analysis is run in 13 stages to simulate:








Initialization of at-rest ground soil pressures and porewater pressures
The construction of the building (foundation, basement and superstructure) assuming un-drained
behavior in the clays to simulate the short term ground movements and soil pressure changes
Drainage to replicate consolidation settlement under building and associated change in effective
stresses
Installation of shoring walls and concrete buttress elements, including interfaces between the
individual concrete shafts
Un-drained staged excavation including installation of props
Drainage (which reduces strength and stiffness of ‘unloaded’ soils beneath excavation)
Excitation by 100 year return period (M 7.5) earthquake to check stability and permanent movements
induced

Figure 8 - Analysis model for assessment of excavation and earthquake on tall building foundation

The predicted settlement profile history of the building basemat prior to construction of the new tunnel
compares very well with measurements ongoing since the beginning of construction. This comparison gives
confidence that the soil properties and overall approach to the modeling are reasonable. A number of
sophisticated features were required in this large simulation in order to utilize the same soil parameters for
both the quasi-static and seismic analyses. Conventionally, soil properties are modified to account for
enhanced dynamic stiffness and strength using a constant amplification factor. This would require that the
analysis is halted after the excavation analysis and before the seismic analysis so that the soil properties are
modified, causing inconsistent stresses and strains to develop in the soils. Instead, strain rate dependence was
included in the soil stress/strain response so that the higher stiffness and strength of clays under dynamic
(seismic) response could be incorporated explicitly in the construction movement analysis.
9. Conclusions
This paper is intended to outline some of the advanced simulation features currently available for soilstructure interaction problems in LS-DYNA. The authors and others continue to develop new features and
enhancements to existing features; the motivation for this is to provide numerical simulation capabilities of
the highest possible fidelity for application to highly demanding engineering problems. The examples
presented are intended to illustrate the range of capabilities and the large and sophisticated multi-physics
problems that can be simulated in practice.
The adoption of non-linear soil-structure analysis has significant advantages for the nuclear power industry.
Taking account of certain non-linear effects that are not necessarily damaging can significantly reduce
potentially damaging demands. For example, modest uplift due to rocking, a small degree of sliding, the
isolation afforded by the limited strength of softer soil layers will all reduce damaging demands on structures
and components. If a small amount of transient or permanent non-damaging deformation in the soil or soilstructure interface can protect safety-critical features within a plant, it must be a factor worth consideration in
design or re-assessment.

