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ABSTRACT 
The “rupture to rafters” approach combines advanced nonlinear soil and building models in a single analysis, 
representing the state-of-the-art for predicting the seismic performance of structures.  This approach was utilized recently 
by Arup on several high profile projects around the world in order to better characterize soil-structure interaction effects, 
provide higher confidence in anticipated building behavior, and in some cases to provide an answer where a simplified 
approach is not appropriate. The ultimate purpose is to measure the global performance of the building and the force 
(and deformation) demands in individual structural components, which can be utilized for design or verification against 
acceptance criteria within a typical performance-based framework. This paper describes a “rupture to rafters” 
methodology, as well as the associated challenges and benefits observed from three case studies: 1) an evaluation of 
the interaction of the Transbay Transit Center and surrounding high-rises in downtown San Francisco, 2) a back-analysis 
of the performance of a friction pile-box foundation for an urban bridge in Mexico City,  and 3) the evaluation of a large 
number of existing structures in the Netherlands that have been impacted by induced seismicity due to gas extraction. 
 
 
1 INTRODUCTION 
 
Although the state of practice in seismic soil-structure 
interaction (SSI) modeling is rapidly evolving, it is still 
commonplace to use simplified representations of soil and 
ground motions in structural models for 
performance-based design. Figure 1 (reproduced from 
NIST 2012) presents several such modeling approaches 
commonly used by consultants, which incorporate ground 
motion time histories for buildings with embedded 
basements. In general, the soil compliances and 
foundation input motions used in these analyses are 
based on a limited number of elastic solutions for 
idealized geometries and soil domains that are usually 
dissimilar to those encountered during real projects. While 
some of the approaches in Figure 1 are explicitly able to 
capture inertial effects (e.g. #4 and #5) and embedment 
effects (e.g. #5) in a rudimentary manner, they all have 
deficiencies when compared with a robust “rupture to 
rafters” continuum approach. 

  The “rupture to rafters” approach combines 
advanced 3D nonlinear soil and building models in a 
single finite element analysis in which the ground motion 
propagates from bedrock through the soil domain and into 
the structure. Unlike the simplified models in Figure 1, this 
approach is implicitly able to: 1) capture kinematic effects 
on ground motions at the basement level without using 
Fourier transforms to modify freefield motions, 2) capture 
inertial effects using more realistic soil compliances that 
are nonlinear, frequency-dependent and fully-coupled, 
and 3) capture hysteretic damping in individual soil 
elements and radiation damping for the true geometry of 
the building and soil domain. 

The “rupture to rafters” approach is likely to become 
ever more commonplace as there is now significant 
computational power available for large finite element 
analyses in industry. In some ways, this approach is 

simpler than the “simplified” methods because the soil-
structure interaction effects will fall out automatically from 
an analysis so long as the soil, structure and soil-structure 
contacts are modeled appropriately. With this approach, 
the designer may instead focus more of their attention on 
proper modeling of the soil including, where appropriate, 
the effects of cyclic degradation, liquefaction, strain rate 
effects, hysteresis, etc, and the structure. 
 
 
 

 
Figure 1. Modeling approaches for embedded foundations 
(from NIST 2012) 
 
 

The following section describes a “rupture to rafters” 
methodology used recently on several high profile 
projects around the world in order to better characterize 
soil-structure interaction effects, provide higher 
confidence in anticipated building behavior, and in some 
cases to provide an answer where a simplified approach 
was not appropriate. Several companion papers describe 
specific portions of the methodology in more detail (see 



 

Lee et al. 2017, Kumar et al. 2017, Masroor et al. 2017 
and Paul et al. 2017). The associated challenges and 
benefits of the approach are then discussed in relation to 
three case studies: 1) an evaluation of the interaction of 
the Transbay Transit Center and surrounding high-rises in 
downtown San Francisco, 2) a back-analysis of the 
performance of a friction pile-box foundation for an urban 
bridge in Mexico City, and 3) the evaluation of a large 
number of existing structures in the Netherlands that have 
been impacted by induced seismicity due to gas 
extraction. 

 
 
2 METHODOLOGY 
 
The “rupture to rafters” approach described herein utilizes 
the finite element program LS-DYNA because of its 
extensive library of structural and soil material models, its 
ability to capture nonlinear geometry and material 
behavior, and its computational efficiency which relies on 
an explicit approach. Several studies have previously 
demonstrated that LS-DYNA can produce similar freefield 
behavior to nonlinear site response analysis (SRA) 
programs such as DEEPSOIL (e.g. Bolisetti et al. 2014) 
and measured data from downhole arrays (e.g. Motamed 
et al. 2016). In addition, some SSI validation studies with 
LS-DYNA are presented by Ellison et al. 2015 and 
Musgrove et al. 2017. 

The approach begins by developing a 1D SRA soil 
column model which is then extruded into three 
dimensions to produce the soil domain. The building and 
its foundations are then incorporated and meshed into the 
soil domain. Bedrock ground motions are applied to the 
base and allowed to propagate vertically. Finally, the 
global performance of the building, including the force and 
deformation demands in individual structural components, 
global demands (like story drifts), soil stresses beneath 
the foundation,  etc. are examined. 

The various steps in this “rupture to rafters” approach 
are described in more detail below. 
 
2.1 Develop bedrock motions 
 
As with any freefield site response analysis, the first step 
is to develop suites of ground motion time histories 
representative of bedrock or a sufficiently stiff layer 
beneath the surface.  This procedure involves selection 
and scaling of seed ground motions to a target bedrock 
spectrum developed through a Probabilistic Seismic 
Hazard Assessment (PSHA) approach. Several examples 
of this exist in the literature. Refer to Lee et. al (2017) 
which illustrates the implementation of the PSHA 
approach for an example case study in Mexico City. Refer 
to NIST GCR 11-917-15 for examples of selection and 
scaling procedures. 
 
2.2 Develop soil parameters and soil column model 
 
The LS-DYNA material model MAT_HYSTERETIC_SOIL 
is used to represent the soil behavior. It is a 
computationally-efficient model with simple inputs that is 
ideally suited for situations with many loading cycles and 

low volume change such as during seismic events. At a 
minimum, it requires: density, bulk modulus, Poisson’s 
ratio and a backbone curve of shear strain versus shear 
stress. Additional optional parameters enable 
pressure-dependence of strength and stiffness, which can 
be used to adjust the soil characteristics automatically 
during construction stages. By default, the model exhibits 
Masing hysteretic damping; however, Arup has modified 
the source code to enable additional features such as 
non-Masing damping, strain rate effects and cyclic 
degradation, if necessary. 

The backbone curves for each soil element in a 1D 
soil column are defined based on the methodology of 
Motamed et al. 2016 which ensures a smooth transition 
between small to intermediate strain behavior (e.g. using 
Darendeli 2001 curves) and ultimate strength estimated 
from in situ or laboratory testing. It is especially important 
to properly assess the ultimate strength of the soil since 
performance-based analysis typically deals with large 
magnitude events that induce large strains in the soil. 
Where data is available, small strain stiffness is obtained 
directly based on shear wave velocity measurements from 
downhole PS suspension logging. 

The model is discretized into layers which represent 
soil with different properties. The thickness of each 
element in the soil column is carefully selected to enable 
shear waves to propagate below a desired frequency 
(usually 40 Hz for very small strains, which will decrease 
with increasing strain due to nonlinearity).  
 
2.3 Perform site response analysis 
 
Site response analysis is performed on the soil column 
developed in Section 2.2 by applying bi-directional ground 
motions (a feature not generally available in SRA 
software) to the base of the soil columns using Lysmer 
dampers which provide energy absorption for an elastic 
half-space with a specified bedrock shear stiffness. An 
advantage of using bi-directional motions over uni-
directional motions is often a reduction of the response 
spectrum due to greater hysteretic damping in the soil 
(Motamed et. al 2016). 

Where possible, it is best to perform at least one 
validation SRA using similar material parameters for 
nearby downhole arrays with historical ground motion 
recordings. Otherwise, nearby surface ground motion 
recordings can be used to confirm that the site period 
obtained from the SRA for the project site is reasonable. It 
should be noted that since the historical recordings are 
likely from moderate magnitude events (rather than the 
large magnitudes from very rare events) they may not 
produce significant nonlinearity in the soil; thus it should 
be recognized that these studies would validate the 
elastic response and not necessarily the nonlinear 
response. 
 
2.4 Develop 3D Soil Domain 
 
The soil domain for 3D analysis is obtained by extruding 
one or more soil columns previously used for the site 
response analysis. All boundary nodes at the same layer 
and with the same soil profile are constrained to move 



 

together in the same manner as for the freefield site 
response analysis. Typically, the distance between the 
edge of the embedded structures and each vertical edge 
of the soil domain is located at least three times the 
distance from the surface to the rock layer. This is to 
mitigate boundary effects at the edges (transmitting 
boundaries are not required with this approach). 

In the vicinity of the below grade structures, the mesh 
must be refined enough to enable failure mechanisms to 
develop. Further away from the structure, the mesh 
should still be refined enough to transmit waves with 
enough detail to capture radiation damping at relevant 
frequencies, (e.g. ~10 elements per wavelength). 
 
2.5 Develop 3D model of below grade elements 
 
Modeling the below-grade elements along with the soil 
domain enables kinematic effects and radiation damping 
to be captured implicitly. However, care must be taken to 
ensure adequate modeling of the soil-structure contacts. 
Handling of these contacts is situation-dependent, but 
some examples are discussed below. 

The coarseness of a finite element mesh typically 
does not allow for enough refinement around individual 
deep foundation elements, such as piles, to capture the 
effects of large strains at the soil-structure interfaces. In 
lieu of interface elements, additional flexibility at the soil-
pile contacts is obtained using the 
CONSTRAINED_SOIL_PILE option in LS-DYNA, which 
rigidly connects the nodes of a 1D beam element to a ring 
of nodes situated at the true diameter of the pile. These 
nodes are attached to the soil mesh via nonlinear springs 
that must be calibrated through separate SSI analyses to 
obtain the desired lateral (p-y), skin friction (t-z) and end 
bearing (Q-z) behavior. 

Contacts between the soil and slabs or basement 
walls are typically addressed in one of two ways: 1) 
reducing the strength/stiffness in a thin layer of adjacent 
soil elements to represent disturbed soil, or 2) explicitly 
defining contact surfaces. The latter approach enables 
separation between the soil and slabs during the ground 
motion and does not require congruous meshes between 
the soil and structures. 
 
2.6 Add above-grade structures to the 3D model 
 
By explicitly including the above-grade structural 
elements, the “rupture to rafters” model will implicitly 
capture inertial effects. Moreover, the performance of the 
building and individual structural components may be 
examined for design or verification against acceptance 
criteria in an explicit manner. With this approach there is 
no need to conduct a separate sub-structure analysis (i.e. 
use motions measured on the foundation from an SSI 
model as input to an independent structure-only model). 
There is also no need to make assumptions regarding the 
boundary conditions of an embedded structure as the 
load path through structure, foundation, and soil are 
calculated implicitly, reducing the number of analyses 
required.  
 
 

3 BENEFITS AND CHALLENGES 
 
The above “rupture to rafters” framework has been 
utilized on several recent projects. Some of the benefits 
and challenges encountered are highlighted by the 
following case studies: 
 
3.1 Case Study 1: Transbay Transit Center and 

surrounding high-rises 
 

The Transbay Transit Center (TTC) includes an 
approximately 1400-foot-long by 180-foot-wide by 
60-foot-deep trainbox excavated in a dense, urban part of 
San Francisco. A “rupture to rafters” model was used to 
evaluate the potential impact of the 1000-foot-high 
Salesforce Tower and 800-foot-high 181 Fremont Tower 
on the TTC for the tower developers. In each case, the 
“rupture to rafters” analysis was utilized to provide a high 
level of confidence in the anticipated behavior of the 
interacting structures to the seismic review panel. This 
allowed the design and approvals process to move 
forward smoothly.  

Both high-rises include basements approximately the 
same depth as the TTC, share a shoring wall with the 
TTC on one side, and were constructed simultaneously 
with the TTC. Thus, there is a direct structure-to-structure 
load path between the adjacent buildings in the 
permanent condition. 

The relative positions of the three structures are 
indicated in the model shown in Figure 2(a). The 
structural elements are presented in Figure 2(b). The final 
iteration of the model includes 47 construction stages for 
the installation of foundations, shoring walls, dewatering, 
excavation, bracing and build-out of all three structures. 
For comparison, simulations were run with and without 
the new towers present. 
 

 Modeling of the soil domain 
 
A massive ground investigation for the TTC was 
supplemented by the investigations for the Salesforce 
Tower and 181 Fremont Tower as well as historical 
records. In total, there were more than 30 deep boreholes 
to bedrock and 25 cone penetration tests from which to 
develop the stratigraphy and parameters for the soil 
domain. PS suspension logging was performed in several 
of the boreholes to obtain the small strain shear moduli 
and shear wave velocity profiles. 

The soil domain consists of 4 distinct soil profiles 
comprised of fill, interbedded young Bay Mud and marine 
sand, dense Colma Sand, stiff Old Bay Clay and 
inhomogeneous valley deposits extending approximately 
180 to 230 feet below ground surface to the Franciscan 
Complex bedrock. The water table is assumed to be 
hydrostatic from approximately 10 feet below grade. 

Based on the SRA studies, the elongated site periods 
for the Maximum Considered Earthquake (MCE) motions 
are approximately 1.0 to 1.5 seconds with maximum 
shear strains in the Bay Mud on the order of 2%.  
 

 Modeling of the foundations 
 



 

A key feature of both towers is the very deep piled raft 
foundations to bedrock consisting of approximately 
300-foot deep 5- by 10-foot barrettes at the Salesforce 
Tower and 260-foot-deep 5- and 6-foot diameter drilled 
shafts at the 181 Fremont Tower. Micropiles at the TTC 
resist hydrostatic uplift in the permanent condition. The 
performance of the shafts and barrettes play a key role in 
the lateral transfer of load between the adjacent 
structures. For example, if more of the shear load shed 
down from the superstructure is transferred to the deep 
foundation elements, less may be transferred to the TTC 
directly through contact between the walls and the base 
mat.  

The base mats of all three structures were meshed 
directly with the soil. The soil-pile springs connecting the 
deep foundation elements to the soil mesh were defined 
through separate simulations of vertical and lateral push 
tests on individual shafts/barrettes within a portion of the 
soil domain. The goal of these separate simulations was 
to calibrate the behavior of individual foundation elements 
to match p-y behavior computed using the program LPILE 
by Ensoft and t-z/Q-z behavior back-analyzed from 
Osterberg-cell load tests at the tower sites. 
 

 Modeling of the basements 
 
The southern basement wall of the Salesforce Tower was 
cast against the TTC shoring wall. During a seismic event, 
it is plausible for separation to occur at this 
structure-structure contact. Therefore, a contact surface 
was explicitly defined between the Salesforce Tower 
basement and the TTC shoring wall. In addition, the 
material model utilized for the shell elements of the 
Salesforce Tower shoring wall in contact with the TTC 
shoring wall ensured there would be no transfer of tension 
loads. 

A 2-foot-gap between the northern basement wall of 
the 181 Fremont Tower and the southern TTC shoring 
wall was backfilled with concrete simultaneously with the 
pour of the 181 Fremont basement wall. As a result of this 
detail, solid elements (rather than shells) were used to 
represent the 181 Fremont Tower basement walls, 
unreinforced “gap” and TTC shoring wall. Contact 
surfaces were explicitly defined between the TTC shoring 
wall and both the “gap” and the transverse 181 Fremont 
shoring walls. 

Contacts between the shoring walls and soil domain 
were modeled by a thin layer of soil elements with 
reduced strength and stiffness. 

 
 Modeling of the above-grade structures 

 
The superstructure of the TTC was included in order to 
provide the structural engineer for the TTC with story 
drifts, shear and moment demands in the moment frames, 
and plastic rotations at beam and column hinges from the 
simulations with and without the new high-rises. 

A detailed representation of the 181 Fremont 
superstructure was included because its design relies 
upon a number of nonlinear components that affect its 
seismic behavior, such as viscous dampers in the 
external mega-braces. The Salesforce Tower was 

modeled as a one-dimensional elastic stick that captures 
its mass and modal properties and is able to reproduce 
the anticipated base shear and moment demands (which 
are governed by elastic higher modes).  
 

 Results and Outcome 
 
The SSSI models for each tower were run with three 
bedrock ground motions selected from the larger suites 
used in the SRA studies. The final simulation for the 181 
Fremont Tower included over 1.5 million elements and 
took several days of computation time to complete on 
twelve 2.93 GHz CPUs. Paul et al. 2017 recommends 
some processes for automating the post-processing of 
such large amounts of data. 

Figure 3(a) presents sample contact forces between 
the Salesforce Tower basement and the TTC shoring wall 
at two time instants. Due to rocking, the first time instant 
corresponds to high contact forces near the ground level 
and separation at the base mat level while the second 
time instant corresponds to low contact forces near the 
ground level and high contact forces at the base mat. As 
the figure indicates, the greatest contact forces are co-
located with the diaphragms and transverse basement 
walls. 

Comparisons between runs with and without the 
adjacent towers indicate that the seismic-induced shear 
forces in the TTC diaphragms at and below grade were 
elevated in the vicinity of the transverse basement walls 
of the adjacent towers. An example for the effect of the 
Salesforce Tower is shown in Figure 4. The shear and 
moment demands in the TTC basement walls were also 
elevated at these locations. The impact of the adjacent 
high-rises was much less pronounced on the magnitude 
of drifts and demands of the TTC superstructure. 

Since build-out of the TTC was not yet underway at 
the time of these analyses, the structural engineer for the 
TTC, Thornton Tomasetti, was able to accommodate 
revised forces with minor revisions to the design of the 
trainbox. In general, aside from these changes, this 
sophisticated analysis was able to demonstrate that the 
impact of the towers would not invalidate the performance 
objectives of the TTC. 
 
3.2 Case Study 2: Impulsora Bridge 
 
The pile-soil-slab behavior of an instrumented bridge 
foundation in the Impulsora region of Mexico City was 
recorded during two seismic events in 1997 and 
presented by Mendoza et al. (2000). The larger of these 
recordings was approximately replicated by a finite 
element analysis in order to validate the methodology 
described in Section 2 as part of an ongoing project at 
another site in Mexico City. 

Figure 5 presents an isometric view of the modeled 
structure and soil domain. Note that only one segment of 
the bridge is included in the model. Figure 6 presents a 
layout of the instrumentation at the bridge foundation, 
which includes pile load cells, soil-slab-contact pressure 
cells, piezometers, triaxial accelerometers and vertical 
arrays of magnetic extensometers. However, Mendoza et 



 

 
 (a) (b) 
Figure 2. Model of the TTC and surrounding high-rises: (a) extents with soil domain, (b) structural elements only. 
 
 

 
 (a)  (b) 
Figure 3. Normal stress at the contact between the TTC shoring wall and the Salesforce Tower basement walls. 
 
 

 
Figure 4. Envelope of shear forces in the TTC ground level diaphragm when subjected to a ground motion with and 
without the Salesforce Tower (note: 181 Fremont Tower not included). 
 
 
al. 2000 only presented recordings from a select few of 
these instruments during the ground motions. 

The analysis includes five construction stages for 
initialization of the soil domain, excavation and installation 

of the foundation, and build-out of the structure prior to 
the ground motion. 
 

 Modeling of the soil domain 
 



 

         
 (a) (b) 
Figure 5. Isometric view of the finite element model: (a) extents with soil domain, (b) structural elements only. 
 
 

 
Figure 6. Lateral and plan views of the instrumented 
foundation (after Mendoza et al. 2000) 
 

 
Since there was no bedrock recording at the Impulsora 
site, the bi-directional input motion applied to the base of 
the model was taken from a recording at a depth of 80 m 
from the TLAS downhole array located approximately 11 
km away. To be consistent with this input, 80 m of soil 
was included in the soil domain. Based on the foundation 
recording, the site period is approximately 4 seconds. 

The idealized stratigraphy of the site includes a 
shallow dry crust near the ground surface followed by a 
soft clay layer interbedded with silty-sand lenses to a 
depth of 33 m. Underlying this very soft material lies a 
2-meter-thick partially cemented silty sand stratum that is 
underlain by a second clay formation to a depth of 
approximately 50 m. A hard formation of cemented silty 
sands, gravels and boulders, known locally as the deep 
deposits, extends to the bottom reported by Mendoza and 
Romo (1998). 

The geotechnical properties used to model the soil 
domain were derived based on the shear wave velocity 
and cone bearing resistance profiles presented by 
Mendoza and Romo (1998) as well as a large number of 

publications on the typical behavior of Mexico City Clay. 
However, since the stratigraphy was only reported to a 
depth of ~55 m, the remaining 25 m were modeled 
through a process of extrapolation and calibration to the 
observed site response. 

 Mexico City Clay is famed for its high water content 
and very low damping characteristics. In this unit, the 
special features of non-Masing damping, cyclic 
degradation and strain rate effects were all incorporated 
into the soil model. The backbone stiffness and damping 
curves were selected based on the recommendations of 
Gonzalez and Romo (2011). In addition, cyclic shear 
strength was assumed to reduce when cyclic stress 
exceeds 80% of the static strength based on laboratory 
testing from a nearby site. Lastly, shear strength was 
assumed to increase 15% per log cycle between rates of 
1E-3%/s and 10%/s. More detail on the selection of soil 
parameters in Mexico City Clay is presented in a 
companion paper by Kumar et al. 2017. 

The pore pressures in the ground were selected to 
match the monitoring data at the Impulsora site prior to   
the 1997 earthquakes. The analysis assumed a staged 
approach where the cohesive layers remain undrained 
during construction of the bridge, and throughout the 
subsequent earthquake. However, full drainage of excess 
pore pressures occurs after excavation and construction 
completion. 
 

 Modeling of the foundations and superstructure 
 

The superstructure in the finite element model is 
comprised of a series of shell elements representing the 
main span and girders supported by eight columns. It has 
a fundamental period of about 0.65 s. The piled raft 
foundation consists of a box foundation stiffened by 77 
500 mm square reinforced concrete piles extending 
approximately 30 m below grade, i.e. 3 m above the first 
hard layer. 

The top slab of the raft foundation was simulated 
using shell elements, while underneath the top slab there 
are a number of interconnecting foundation beams with 
widths varying between 0.5 and 0.8m. The configuration 
of the raft foundation forms a rigid cellular structure that 
provides a roughly uniform pressure on the soil 
underneath. 



 

The piles were modeled using linear elastic beam 
elements with soil-pile springs calibrated to match lateral 
p-y behavior computed using the program LPILE by 
Ensoft and vertical t-z and Q-z behavior computed using 
the program PILE by Oasys. The non-linear soil-pile 
interaction curves were determined based on API (1993) 
for the vertical direction and Matlock (1970) for the 
horizontal direction. 
 

 Results and outcome 
 
Figure 7 compares the response spectrum at the 
foundation slab from the model and the recording in the 
longitudinal (X) and transverse (Y) directions. The spectra 
are comparable around the site period of ~4 seconds, but 
the higher modes observed in the LS-DYNA model are 
not evident in the recording. Some disparities are not 
surprising as the input motion was approximated based 
on a recording 11 miles away and the properties of the 
bottom 25 m of the soil domain were estimated without 
site-specific data. Both the LS-DYNA analysis and the 
recording indicated that kinematic and inertial effects were 
not significant and that the response at the foundation 
was similar to the freefield. 

Both the model and the recording also indicated that 
the cycles of axial load in the piles follow the oscillation of 
the structure at a period consistent with the natural period 
of the project site, rather than the natural period of the 
structure. In addition, both the model and the recording 
revealed a tendency for higher seismic loads to 
concentrate in the corner piles and for load to shed from 
the piles during the earthquake. Recordings from 
pressure cells, as well as examination of the forces in the 
soil elements under the slab in the LS-DYNA model, 
reveal that the load is transferred to the slab. This 
phenomenon is augmented after each load cycle and 
resembles a “ratcheting” behavior which is triggered by 
local slipping of the soil-pile interface. 

Another outcome of this validation exercise is that it 
highlighted the sensitivity of seismic pile forces to the 

 
 

 

Figure 7: Pseudo-acceleration response spectra at free 
field and top of slab 
 
 
soil-pile springs. In particular, we observed that the 
increase in soil strength/stiffness due to strain rate effects 

and consolidation during construction cannot easily be 
extended to the soil-pile springs in the current version of 
LS-DYNA. Not accounting for this increase would result in 
less of the seismic load being attracted to the piles as 
opposed to the raft. Furthermore, it would result in an 
overestimation of hysteretic damping in the piles. 
Development is currently underway to simplify the 
modeling of this particular issue in LS-DYNA. 

 
3.3 Case Study 3: Groningen Earthquakes 
 

The Groningen region of the Netherlands has large 
on-land gas reservoirs, which have been exploited since 
1960. These Dutch gas reserves are of considerable 
national economic importance; however, the extraction of 
gas has resulted in a number of shallow (depth < 4 km), 
small-magnitude (ML < 3.5) events that have caused light 
structural damage and much concern to the regional 
population. It is estimated that events up to ML~5.5 are 
possible in the future. 

Unreinforced Masonry (URM) and non-ductile 
concrete structures, which are the most common 
construction types in this region, were not designed or 
constructed with seismic considerations and are 
vulnerable to seismically-induced damage. To assess the 
possible impact of the induced seismicity on the 
performance of buildings in Groningen, approximately 60 
SSI models have been developed thus far for 
representative buildings using the “rupture to rafters” 
approach. Figure 8 shows an example SSI model for a 
single story URM building. 

The characteristics of induced seismicity events differ 
from “tectonic” earthquakes, which occur due to ground 
movements in the deep crust. The specific characteristics 
of ground shaking expected in the Groningen region are 
relatively short in duration with significant high frequency 
content. Although the design events are not high 
magnitude, the rupture to rafters approach is usually 
beneficial compared to simpler approaches because the 
soils in the Groningen region are relatively soft (Vs<150 
m/s), weak (su<30 kPa) and deep (~30 m to a “hard” layer 
with Vs>300 m/s). Therefore, the response of the 
foundation soil will be non-linear. 

One deviation from the methodology in Section 2 is 
that the ground motions applied to the base of the models 
include a vertical component. Rather than attempting the 
difficult task of capturing amplifications through the soil 
domain for vertical motions, all layers are assigned a 
uniformly high bulk modulus (for soil+water) such that the 
vertical motion applied at the base is approximately the 
same at the surface. 

The application of the “rupture to rafters” approach for 
low and mid-rise buildings in the Groningen region has 
helped to better understand the performance of these 
non-ductile concrete buildings during induced-seismicity 
events. In particular, these detailed analyses have 
demonstrated that the soft soil effectively reduces the 
motion felt by the structures above grade due to hysteretic 
damping in the soil and concentration of damage within 
the foundations. 



 

Further detail on the SSI analyses performed for the 
Groningen earthquakes is included in a companion paper 
by Masroor et al. 2017. 
 

 
Figure 8: Sample SSI model for a single story URM 
building 
 
 
4 CONCLUSIONS 
 
A “rupture to rafters” methodology was presented in 
Section 2 that was used recently on several high profile 
projects around the world. This methodology utilizes the 
finite element program LS-DYNA to propagate bedrock 
ground motions through the soil domain and into the 
above-grade structures. Unlike more simplified methods, 
this approach implicitly captures several important 
phenomena such as soil nonlinearity, inertial effects, 
kinematic effects, hysteretic damping and radiation 
damping. If desired, it can also explicitly capture 
phenomena such as strain rate effects and cyclic 
degradation. Several companion papers describe specific 
portions of the methodology in more detail (see Lee et al. 
2017, Kumar et al. 2017, Masroor et al. 2017 and Paul et 
al. 2017). 

Three case studies were presented in Section 3 that 
highlight some of the benefits and challenges of the 
approach. The first case study evaluated the seismic 
effect of high-rise structures with deep basements 
adjacent to an embedded trainbox in downtown San 
Francisco. This analysis was subject to rigorous peer 
review and demonstrated that the performance objectives 
of the TTC could still be met with local modifications to the 
diaphragm and wall properties. The second case study 
was a back-analysis of an instrumented bridge with a 
piled raft foundation in Mexico City. This analysis 
demonstrated that the method is able to capture the 
ratcheting effect whereby load is shed from the piles to 
the slab during a ground motion. However, it also 
highlighted the challenge of capturing consolidation and 
rate effects on the springs connecting the piles to the soil 
domain. Finally, the third case study addressed the 
analysis of a large number of URM and non-ductile 
concrete structures in the Netherlands that are vulnerable 
to induced seismicity events due to gas extraction. Many 
of these analyses have demonstrated that the soft soil 
reduces the motion felt by the structures above grade due 
to hysteretic damping in the soil and concentration of 
damage within the foundations. 
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