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ABSTRACT 
Induced seismicity due to gas extraction in the Groningen region of the Netherlands, has affected a substantial number of 
buildings. 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; as a consequence, they are vulnerable 
to seismically induced damage. To assess the impact of the induced seismicity on the seismic performance of these 
vulnerable buildings in Groningen, Soil-Structure-Interaction (SSI) models are developed using the finite element program 
LS-DYNA. This paper describes the streamlined process being used to analyze a large number of buildings while 
considering the effects of the foundation flexibility, nonlinear site response analysis and SSI on response of the building.  
 
 
1 INTRODUCTION 
The Netherlands has large on-land gas reservoirs 
(Groningen region), which are being exploited since 1960. 
Small-magnitude (ML < 3.5), shallow (depth < 4 km) events 
induced by this gas exploitation cause light damage and 
much concern to the regional population. On the other 
hand, the Dutch gas reserves on land are of considerable 
national economic importance. As one of the 
consequences, the Dutch law requires since 2003 seismic 
hazard and risk estimates for each mining concession 
(KNMI 2006). This effort has led to Dutch Code of Practice 
for the design and evaluation of building for earthquake 
resistance and the renovation of existing buildings due to 
induced seismicity (NPR9998 2015).   

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; therefore, they are vulnerable to 
seismically induced damage.  

Walls of the URM buildings are brittle when subjected 
to in-plane lateral forces with very limited lateral 
deformation capacity, and are not proportioned for out-of-
plane stability in earthquakes. The floors, roofs and their 
connections to the walls were not detailed to provide 
seismic robustness and ‘diaphragm’ action. The 
foundations were not intended to resist substantial 
horizontal or rocking forces, and due to the softness of the 
soils in many locations, seismically induced foundation 
deformations may be significant, inducing further damage 
mechanisms in the masonry. 

For these reasons, the prediction of performance of 
existing buildings under seismic action presents numerous 
challenges, as does the verification that selected retrofit 
proposals will provide the desired enhanced level of 
performance.  

To assess the impact of the induced seismicity on the 
seismic performance of these vulnerable buildings in 
Groningen, several Soil-Structure-Interaction (SSI) models 
are developed using the finite element program LS-DYNA 

(LSTC). This paper describes the streamlined process 
being used to analyze a large number of buildings while 
considering the effects of the foundation flexibility, 
nonlinear site response analysis and SSI on the response 
of the building.   

 
2 APPROACHES TO MODELING AND ANALYSIS 
Modern quantitative engineering assessment of the 
vulnerability of existing buildings to seismic actions is 
based upon analysis of mathematical models of the 
buildings. Various methods are adopted in current practice. 
The seismic engineering community has traditionally 
focused on the development of semi-empirical analysis 
methods using simple types of structural models. The 
analytical concepts were originally developed for ‘hand-
calculation’, and later supplemented by simple, readily 
accessible computer analysis. Because of the complexity 
of the ‘real’ processes in seismic response, these methods, 
by their very nature, have to make major simplifying 
assumptions and ignore potential interactions. 

At the other end of the spectrum, ‘advanced numerical 
dynamic simulation’, is an alternative approach now 
emerging in the industry. In this approach, an attempt is 
made to predict as accurately as possible the dynamic 
response of a building accounting for all effects, and their 
interactions, simultaneously. This has the potential to 
deliver the most reliable holistic assessment of a building, 
and of the effectiveness of any proposed retrofit. 

In holistic analysis the building is represented as a 
detailed 3D model capable of replicating as accurately as 
possible the nonlinear (cyclic and degrading) behavior of 
the construction materials and their connections. The 
model is subjected to representative (tri-directional) ground 
motion time histories. The foundation elements and the 
soils in which they are constructed are represented in 3D 
as a continuum. 

The objective is to replicate in detail the way in which 
the whole building would respond to the specified ground 
motion histories as a function of time. Simulations are 



 

carried out for a suite of different representative ground 
motions to investigate the sensitivity of the building 
performance to the characteristics of individual ground 
motion sets. 

 
3 ANALYSIS PROCESS 
The streamlined process being used to analyze a large 
number of buildings while considering the effects of the 
foundation flexibility, nonlinear site response analysis and 
SSI on response of the building is presented in the 
following paragraphs. The various components of an SSI 
model are explained, and then the automation tools used 
to apply this method for a large number of buildings are 
described.   
 
3.1 Superstructure  
The analysis method employed in this study is the Non-
Linear Time History Analysis (NLTHA) together with a 
“user-defined material model” written by Arup to simulate 
the behavior of the URM walls. Specific modelling 
assumptions are as follows: 

 
3.1.1 Structural walls 
Unreinforced Masonry (URM) and non-ductile concrete 
structures are the most common structural wall types in this 
region. These walls are modeled using 2D shell elements. 
A new 2D URM shell formulation 
(MAT_SHELL_MASONRY), developed and validated 
against extensive experiments by Arup (Willford et al 2015 
and Soroushian et al 2017), has been used in the finite 
element analysis. The shell element formulation includes: 

 Homogenized representation of the brick-mortar 
conglomerate, with ‘smeared’ cracking. The element size 
and arrangement does not have to match the actual 
arrangement of bricks. The stiffness of the masonry 
represents the smeared stiffness of brick units and mortar. 

 ‘Sandwich’ formulation for out-of-plane behavior, 
with multiple layers though the thickness to permit 
representation of cracking though part of the thickness. 

 Tensile and shear failure of joints, sliding friction 
on joints (in-plane and out-of-plane), and compressive 
yielding (crushing) of masonry. 

 Anisotropic characteristics of the masonry 
material, and potential deformation and failure modes such 
as diagonal tensile failures.  

Concrete slabs and walls are modeled using 
PART_COMPOSITE with a dedicated layer for the steel 
reinforcement within the slab section. For the concrete 
elements, MAT_CONCRETE_EC2 is used which includes 
cracking in tension and crushing in compression. In 
addition, it simulates reinforcement yield, hardening and 
failure. Material data and equations governing the behavior 
of this material are taken from Eurocode 2, Part 1.2.   

In this study, elements with side dimensions in the 
range of 100 to 200 mm, and with a reasonably square 
aspect ratio are used. 

 
3.1.2 Roof and floors 
Timber diaphragm (timber joist and planks) are common 
for low-rise buildings in this region, while precast concrete 
panels and cast in place reinforced concrete slabs are 
more common for midrise residential buildings in the 

Netherlands. A similar approach to concrete walls is 
adapted to model the concrete slabs.  

Elastic elements with associated cross section 
properties are used for timber members and planks. 
Nonlinearity within the timber framing is assumed to be 
governed by the nailed connections.  

Nails are modelled as zero length inelastic elements. 
The nonlinear shear force versus displacement is assigned 
to shear action in nails, accounting for yielding of the nail 
and (local) crushing of the timber material (Masroor et al 
2017).  

 
3.1.3 Connections between floors and walls 
Conventional ‘non-seismic’ construction forms generally do 
not have element-to-element connections engineered to 
transmit significant lateral forces.  In many cases elements 
simply bear upon each other under gravity, with friction 
being the only mechanism to transmit lateral forces.  

Various types of connections are used to connect 
timber framing to the masonry walls depending on each 
connection detail and location. In general, it is assumed 
that the strength of anchored connections is governed by 
the total capacity of the used nails. Anchored connections 
are deleted during the analysis if they reach their failure 
criteria. In addition, any sliding contact conditions within the 
connections were modelled using CONTACT cards 
assuming a friction coefficient based on the material and 
condition of the sliding surfaces.  

 
3.2 Foundation and Soil 

The traditional approach for seismic design assumes 
foundations are completely rigid. Most low-rise buildings in 
the Groningen region are supported on shallow strip 
footings of rubble, masonry or concrete within the soft 
surface soils; a rigid foundation assumption is unrealistic 
for these conditions. The deformations of the foundation 
elements and/or the soil on which they are supported may 
be significant in relation to the structure itself; hence, they 
can induce different forms of damage, in particular due to 
‘local’ rocking and differential settlement or sliding. 
Representing the deformability of the foundations is 
therefore an important consideration in this case. 
3.2.1 Soil block 
Since the surface soil in the Groningen region is soft and 
relatively weak, the response of the foundation soil in 
significant earthquake shaking is non-linear. The soil 
component of the foundation should therefore be 
represented either by means of non-linear springs attached 
to the structural foundation elements, or by a non-linear soil 
‘domain’ into which the structural foundation elements are 
embedded.  

In this study the soil domain method is used that 
includes a series of non-linear soil elements with sufficient 
extent for ‘boundary effects’ not to be significant. In 
addition, the FE mesh is refined enough to enable soil 
failure modes around structural foundation elements to be 
represented with reasonable accuracy.   

The MAT_HYSTERETIC_SOIL material model 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 changes such as during seismic events. At 



 

minimum, it requires the 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 soil domain is discretized into layers that represent 
soils 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).  

At the base of the soil block, each node is supported by 
a lysmer damper (represented using a discrete damper 
element) to create a non-reflective boundary. An example 
is shown in Figure 1. This boundary allows wave 
propagations that are reflected from the surface to pass 
through the soil base, and prevents the waves from 
bouncing back and forth between the soil surface and soil 
base. 

 
Figure 1 Soil block model with Lysmer dampers 
 
3.2.2 Strip footing 
Concrete strip footings are commonly used in shallow 
foundations in the Groningen region. Strip footings simply 
rest on the soil surface and are modeled as a horizontal 
layer of shell elements with nonlinear material properties to 
capture possible crack and failure in these elements. The 
CONTACT card is used to model the interface between the 
strip footing foundation and soil domain with an assumed 
friction coefficient. An example of an SSI model of a single 
story URM building founded on strip footings is shown in 
Figure 2.  

 
Figure 2 Section view of an SSI model  

 
3.2.3 Piled foundation 
The majority of midrise buildings in Groningen area are 
built on piled foundations. A piled foundation typically 
consists of piles (either reinforced concrete or timber) and 
reinforced concrete grade beams.  
To model the grade beams and piles, the 
MAT_HYSTERETIC_BEAM material is used. This material 
can capture the nonlinearity in axial, bending and shear 
actions as well as the interaction behavior between axial-
bending (PM interaction) and axial-shear (PV interaction).  

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 card, 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 by 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.  

 
3.3 Automation and quality control 
The process described above is applied to a large number 
of buildings in the Groningen area. To increase the 
efficiency and reduce the modeling time, certain repetitive 
tasks during the model generation and post processing of 
the results were automated. In particular, extensive effort 
has been made in scripting with various programming 
languages (JavaScript, Grasshopper, Python).   

An example of this process for meshing the 
superstructure walls is shown in Figure 3. In this process, 
the building geometry in Revit converts to an analytical 
model (centerline surfaces) and then meshing scripts 
written in Grasshopper mesh the walls and create the 
required keyword files to run the numerical model. Similar 
scripts are created to build the soil block from the building 
foundation plan and create a 3D solid soil block using the 
geotechnical parameters for each soil layer.



 

 
Figure 3 Superstructure automation steps using Grasshopper 

 
4 VALIDATION 
The actual processes arising in seismic response of 
structures and their foundations up to the point of near-
collapse are complex, and not easily replicated by 
mathematical models. Therefore, it is essential that any 
modelling procedure proposed is proven to produce 
realistic predictions. Whether the model is simple or highly 
sophisticated, validation against physical test data and/or 
full scale observations is essential if predictions are to be 
relied upon. 

 
4.1 Validation of masonry material 
Various validation studies have been conducted for 
different components in the superstructure FEM model. 
The masonry material model used in this study has been 
extensively validated with available experimental data for 
different action mechanisms in the masonry components. 
Figure 4 shows the numerical model and the full sale shake 
table test conducted in EUCENTRE. This testing was part 
of the program of experimental testing used in the 
construction of buildings in the Groningen field area. 
Several laboratories cooperated to execute this program 
including EUCENTRE in Pavia, Delft University of 
Technology, Eindhoven University of Technology and 
ARUP (Graziotti et al 2015).     

 

 
Figure 4 Full scale shake table test and numerical model 
(Graziotti et al 2015) 
 



 

4.2 Validation of soil and foundation 
Several studies have previously demonstrated that LS-
DYNA can produce similar free-field behavior to nonlinear 
site response analysis (SRA) programs such as 
DEEPSOIL and measured data from downhole arrays 
(Motamed et al 2016).  

The bearing capacity of the soil underneath strip 
footings modeled using the procedure explained before 
was also validated against the relevant recommendations 
by Terzaghi (1943). Specifically, a mesh sensitivity study 
was conducted to understand the maximum allowable 
mesh size below the strip footing to capture the bearing 
capacity correctly.  

Analyses have been carried out using a constant 
undrained shear strength of 30 kPa. The bearing capacity 
of a wide rigid strip footing has been calculated to be equal 
to 154 kPa using the empirical bearing capacity equation 
by Terzaghi (1943). Figure 5 shows the failure mechanism 
in a numerical model with a fine mesh. This figure also 
compares the bearing capacity for different number of solid 
elements below the strip footing, with the value 
recommended by Terzaghi (1943). It shows that to capture 
the bearing capacity, a minimum 10 solid elements is 
required underneath the strip footing. 

 

 
 

 
Figure 5 Strip footing bearing capacity mesh sensitivity 

 

5 INPUT MOTION AND HAZARD 
The target response spectrum as it is defined in the NPR 
9998 (2015) for both the horizontal and vertical direction 
serves as input (Figure 6).  
 

 
Figure 6 Normalized design spectrum for the Groningen 
region (NPR9998 2015) 

 
A suite of 11 tri-axial ground motions were selected and 

spectrally matched to the NPR 9998 horizontal and vertical 
target spectrum.  

The input motions are then scaled to the corresponding 
PGA based on the reference peak ground acceleration 
(Figure 7) with a 10% probability of being exceeded in 50 
years (475 years return period) of NPR 9998 for each 
specific location. According to Appendix F of NPR 9998, 
the reference peak ground acceleration shall be scaled for 
the application of NLRHA.  

The records apply to the reference elastic site 
conditions, and are intended as ‘bedrock outcrop’ motions 
for non-linear site response and finite element analysis. 
These records are applied at the bottom of the soil 
column/block where the top is free such that the waves can 
propagate from bottom to top. The ground motions 
represent the motion at a depth of 30 m or at an equivalent 
depth where the shear wave velocity is greater than 300 
m/s.   



 

 
Figure 7 contour plot of the reference peak ground 

acceleration ag;ref in g for a return period of 475 years. 
(NPR 9998 2015) 
 

The induced earthquakes in the Groningen area are 
different from the common and well-known “tectonic” 
earthquakes, which occur due to ground movements in the 
deep crust. In general, although moderate earthquakes 
(including induced earthquakes) may generate high ground 
accelerations, they are of shorter duration and generate 
much lower displacement demands than large magnitude 
tectonic earthquakes. Specific characteristics of 
earthquake ground shaking expected for Groningen – 
relatively short durations and high frequency content – 
require specific study. The prediction of the ground motions 
is the subject of ongoing research by a team led by KPNI 
(Van Eck et al 2006). Figure 8 compares the acceleration 
and displacement response spectrum in California and 
Groningen. Although the acceleration spectrum in 
Groningen is high, the displacement demand is very small 
(Masroor et al 2016). 

 
6 SUMMARY 
The earthquakes in Groningen province are a 
consequence of the long term extraction of gas in the 
region.  As the gas is extracted from the ground, stresses 
build up underground.  After a while, there may be a 
sudden movement as the stresses readjust causing an 
earthquake.  This phenomenon, known as induced 
seismicity. 

The response spectrum due to induced seismicity in the 
Groningen area is compared with the response spectrum 
due to tectonic seismicity in California. It was shown that 
although induced earthquakes may generate high ground 
accelerations, they are of shorter duration and generate 
much lower displacement demands than large magnitude 
tectonic earthquakes. 

The streamlined process being used to analyze a large 
number of buildings while considering the effects of the 

foundation flexibility, nonlinear site response analysis and 
SSI on the seismic response of these buildings is 
explained. This is an ongoing project and the results of this 
extensive detailed seismic assessment will be discussed in 
future publications. 

 
 

 

 
Figure 8 Acceleration and displacement spectrum for a 
location in Hayward CA and Groningen region. 
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