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ABSTRACT 
The effects of soil-structure interaction in seismic areas are proven to have significant influence on the response of the 
superstructure during an earthquake. The need of taking into account these effects is of specific importance for existing 
structures that require detailed insight in order to predict failure mechanisms, assess seismic capacity and identify quick 
win measures. In this study the behavior of gas treatment and storage facilities founded on prefabricated piles at specific 
soil conditions in the north of the Netherlands is investigated. Numerical non-linear 3D soil-structure interaction analyses 
are performed with multiple earthquake signals. Multiple different types of structures were investigated. The present 
paper focuses on one of them, a horizontal storage vessel. The structural forces in the substructure and connections of 
substructure to superstructure in time are extracted from the numerical analyses and combined towards capacity 
assessments. By evaluating the structure response in time, more insight is generated into overall response, internal 
forces, capacity exceedance and potential for global collapse of the structure. 
 
 
 
1 INTRODUCTION 
 
Due to induced seismicity caused by the gas extraction in 
the north region of the Netherlands industrial facilities 
have attracted the interest as potentially critical structures 
that require further attention to fully understand the 
behavior under seismic loads and the associated risk. In 
the present study a number of industrial facilities were 
analyzed, including operating buildings, pressure 
equipment and storage vessels. This paper focuses on 
the analysis performed for a longitudinal storage vessel, 
supported by piled concrete piers. The layout of the 
structure is shown in Figure 1.  
 
 

Figure 1. Layout of the horizontal storage vessels 
 
 

The vessels are horizontal with diameter and length of 
approximately 5.0 m and 18.0 m respectively. The vessel 
is supported by 2 piers per tank, one of which forms a 
fixed support in two orthogonal directions and the other 
has a slider support in longitudinal direction and fixed 
support in transverse direction. 

The structure is analyzed by means of a nonlinear 
time history analysis of soil-structure interaction, 
combined with a modal analysis of the structure to identify 
the dynamic characteristics of the structure and a 
nonlinear 1D ground response analysis to evaluate the 
amplification behavior of the upper soil strata. The finite 
element software, PLAXIS 3D, was selected because the 
focus of the present structure was on soil-substructure 
interaction. The integrity of the superstructure units 
themselves was assessed at an earlier stage in a 
separate study. The overall approach is illustrated by the 
flow chart shown in Figure 2. 
 
 
2 SOIL CONDITIONS AND GROUND RESPONSE 

ANALYSIS 
 
The gas treatment and storage facilities investigated in 
this study are located in the northern region of the 
Netherlands. The local soil conditions in this region are 
characterized as alluvial soft clays, organic soils and 
sands deposits overlying dense sand and highly over 
consolidated stiff clay. The phreatic level is defined based 
on available geotechnical survey at the site location as 
approximately 1.5 m below ground surface. 
Soil parameters are derived from CPT's, preferably in 
combination with SCPT-Vs measurements and Atterberg 
limits (PI) on cohesive samples. Various methods to 
correlate dynamic soil parameters to CPT measurements 
are used in the present study, NPR 9998 (2015), RKB 1.1 
(2013), Robertson & Cabal (2015) among others. 
Available sets of combined CPT and SCPT-Vs survey 
data from the region are used to calibrate the empirical 
correlations of soil small strain stiffness to CPT data. This 
is illustrated in Figure 3 for one of the sites. 

The constitutive model in the numerical model used 
for all layers is the Hardening soil small strain (HSS) 
model. This model requires multiple stiffness parameters, 
with the G0

ref
 and γ0.7 as the most important parameters 

(Brinkgreve et al., 2007). 



 

Figure 2. Overall approach flow chart 
 
 

 

 
Figure 3. Available CPT data and interpreted soil 
parameters 

 
 
 

These parameters have been fit to the degradation 
curve available in literature. In NPR 9998 (2015) 
guidelines are provided for ground response analyses, G0 
determination, degradation curves (Gs/G0) and damping 
curves (D). The degradation curves in the numerical 
model are matched to Darendeli, 2001 and the recent 
publications from Vardanega & Bolton (2013) and 
Oztoprak & Bolton (2013). The theoretical formulation of 
the HSS model, Brinkgreve et al. (2016), fits very well with 
these degradation curves. 

The damping curve is not a input parameter but is 
related to the degradation curve and can be derived 
analytically. For various soils the damping curve, with 
focus on minimum and maximum damping and the onset 
of damping, is checked with Stewart, 2014. For clays the 
range of Vucetic & Dobry (1991) is checked, while for 
sands the range of Seed et al. (1984) . 

1D ground response analyses were performed for a 
number of different ground profiles (representing different 
locations) using both PLAXIS (nonlinear) and Strata 
(equivalent linear) models. The equivalent linear model 
was used to verify the finite element nonlinear model, 
which is possible since both models are supposed to yield 
similar results at low levels of seismic load. With 
increasing seismic load level the results of nonlinear and 
equivalent linear ground response start deviating. These 
effects were evaluated with reference to Hashash et al. 
(2010) and the results are presented in terms of surface 
acceleration response spectra in Figure 4. 
 
  



 

 
Figure 4. Surface acceleration response spectra for 
different ground profiles 
 
 
3 SEISMIC LOAD 
 
Seismic loads are taken in accordance with NPR 9998 
(2015). The time histories used in the dynamic analyses 
are spectrally matched by the developers of NPR 9998 
(2015) to the hazard spectrum as specified in NPR 9998 
(2015). Moreover NPR 9998 (2015) requires a minimum 
of 7 time histories for time history analysis. The recorded 
signals are scaled to the target outcrop seismic load level 
of 0.47g. The accelerograms used in the finite element 
calculations are filtered with an upper frequency threshold 
of 12 Hz.  

In accordance with NPR 9998 (2015), the structural 
capacity checks are performed for two load combinations 
that combine 100 % of the design seismic load in one of 
the orthogonal directions with 30 % of this load in the 
other orthogonal direction. 
 
 
4 FINITE ELEMENT MODELING 
 
4.1 Superstructure 
 
The vessel diameter, length and volume are 5.0 m, 18.0 
m and 367 m

3
 respectively. The operational volume of 

tank contents is about 30 to 40% of the total volume, 
which was accounted for as such in the finite element 
model. The response of this type of structures is 
dominated by two modes, being the impulsive mode and 
the first sloshing mode. Therefore the dynamic scheme of 
the vessel can be simplified as shown in Figure 5. This 
simplified dynamic scheme was transformed into a 
simplified approach to model the fluid effect on overall 
structure response in the numerical model. The impulsive 
and convective components of the fluid motion were 
defined based on empirical relations from NEN-EN 1998-
4 (en) (2007). Subsequently these components were 
included in the numerical model by means of artificial 
modelling with solids, beams and masses. This approach 
was selected to avoid the need to also explicitly model the 
fluid within the soil-structure interaction model.  

 
Figure 5. Simplified scheme of the horizontal vessel 
 
 

The tank superstructure is consisted by steel and is 
modelled by linear elastic plate elements in the numerical 
model. The vessels are founded on concrete piers that 
are monolithically connected to the foundation slab. The 
piers have 0.5 m thickness and a height above the 
foundation slab of approximately 2.0 m. The pier width is 
approximately 4.2 m. The foundation slab has a general 
thickness of 0.25 m, locally increased to 0.9 m at the 
connection to the pier. The structure is supported by a 
piled foundation, which consists of 8 prefabricated 
concrete piles (290x290mm) per substructure support. 
The piers, slabs and piles are modelled by combinations 
of plates, beams and solids.  

Finite element models are developed to assess the 
structure response in both longitudinal and transverse 
direction. The numerical model layouts are shown in 
Figure 6 and Figure 7. It can be recognized that symmetry 
is obeyed were possible in order to limit the model size. 
Such model simplifications turned out to be a practical 
boundary condition to end up with a feasible numerical 
model with an acceptable total number of elements 
(typically around 45000 soil quadratic elements). 
 
 

 
Figure 6 3D numerical model in transverse direction 
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Figure 7. 3D numerical model in longitudinal direction 
 
 

On one side the vessels are connected to the 
substructure by means of a sliding connection in 
longitudinal direction and the other side is connected with 
a rigid anchorage. These connections were specifically 
modelled as such as presented in Figure 8. 
 
 

 
Figure 8. Configuration of the fixed and sliding connection 
in the numerical model in longitudinal direction 
 
 

 
Figure 9. 3D numerical structural model of the 
superstructure 
 
 

In addition to the combined soil-structure interaction 
numerical model, also a structural numerical model in 
RFEM finite element software was developed, as shown 
in Figure 9. This additional structural model was used to 
calibrate the structural modeling part in the numerical  

 
 

 
model, using static and modal dynamic analysis. The 
RFEM structural model is better capable to include 
important structural detailing, but cannot perform 
nonlinear time history analysis including soil-structure 
interaction. On the contrary PLAXIS is able to capture the 
soil-structure interaction behavior, but has less advanced 
modeling features when it comes to structural detailing. 
By combining both models it was possible to verify the 
numerical model performance with respect to critical 
structural aspects and subsequently run coupled soil - 
structure interaction analysis in the time domain providing 
by this way realistic insight in the seismic behaviour of the 
structure. 
 
4.2 Piles 

 
Piles are modelled with volume elements with an 
integrated beam element. The usage of a beam element 
ensures the accuracy of pile internal forces in shear and 
bending. Combining beams with volume elements 
ensures that the correct cross section of the pile is 
modelled for soil-structure interaction analysis. Dummy 
rigid massless plate elements are used at the top and 
bottom of the volume pile in order the ensure compliance 
of the solid elements and the integrated beam. The 
sensitivity of pile internal forces to the stiffness distribution 
between beam en volume elements is investigated and it 
has been selected to assign 90% of the bending stiffness 
to the beam element and 10% to the volume elements. 
The total mass has been added to the volume elements. 

Concrete elements are modelled as linear elastic 
material. In reality, equivalent concrete bending stiffness 
decreases with the increment in bending moment. In 
order not to overestimate bending moments at pile head 
locations this stiffness decrease is accounted for in the 
numerical model. The effective equivalent concrete 
stiffness is determined based on M-N-κ diagrams of the 
pile and reinforcement geometry to be 8000 MPa. This 
stiffness is significantly lower compared to the uncracked 
concrete stiffness applied to the lower section of the pile. 
The reduced stiffness is applied over 420 mm for the 
290x290 piles.  
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4.3 Soil-Pile interaction 
 
Axial pile - soil interaction should be captured properly by 
the numerical model in order to ensure accurate soil - 
structure interaction. In order to calibrate pile - soil 
interaction, push and pull tests on a single pile are 
performed in the numerical models and the results of 
these tests are calibrated to pile axial load deformation 
curves from NEN-EN 9997-1 (2012). for the load range of 
interest as presented in Figure 10. 
 
 

 
Figure 10. Pile axial load deformation curves comparisons 
 
 

From lateral pushover analysis it was concluded that 
the concrete piers embedded in the ground yield a 
relatively large contribution to lateral resistance compared 
to the piles. This is concluded to be an indirect result of 
the overconsolidation, artificial high cohesion and soil 
stiffness values of the upper (crust) layer that were 
established during ground response analysis. In reality 
the stiffness of the soil around the piers is expected to be 
lower (mainly due to the process of construction) and 
cohesion will hardly be present in these sandy soils. 
Therefore this effect results in an unlikely reduction of pile 
internal forces calculated with the numerical models which 
cannot be relied on. In order to overcome this issue a 
zone around the piers is defined in which soil parameters 
are adjusted. 
 
4.4 Boundaries and element size 
 
The model height is controlled by the depth of interest (30 
m). The minimum required longitudinal distance of model 
boundaries to the structure is investigated and concluded 
to be 25 m. Using a boundary distance of 25 m in the 
direction of earthquake loading is sufficient in order to 
avoid boundary disturbance effects in structure response. 
Minimum required transverse distance of model 
boundaries to piles is defined to be 10 times the pile 
diameter. With this distance pile - soil interaction is not 
affected by model boundaries. Obviously this distance is 
not applied to symmetry boundaries. 

Along the lateral model boundaries, free field 
boundaries are applied. At the bottom boundary, a 
compliant base is applied and only the up-going wave 
component is applied to this boundary. In addition to the 
compliant base, a linear elastic cluster is applied at the 
bottom of the model to represent the seismic base layer 
with a shear wave velocity equal to 350 m/s. 

Calibration in terms of discretization of mesh size and 
time stepping was based on the average shear wave 
velocity for each specified soil layer and the available time 
steps of the applied earthquake signals. 
 
4.5 Model damping 
 
The main damping included in the dynamic analyses is 
hysteretic damping. Hysteretic material damping is 
included in the model by means of the modulus reduction 
of the HSS constitutive model. In addition, Rayleigh 
damping and Newmark damping are included in the 
calculations. 

Rayleigh damping is added to the material sets to 
account for damping in the very small strain range. The 
Rayleigh damping parameters are set at 1 % damping at 
1 and 3 Hz, which ensures an appropriate damping rate 
over the frequency range of interest. This frequency range 
of interest is defined based on the soil deposit 
fundamental frequency and the input signal dominant 
frequency content. 

Newmark damping is added to the model in order to 
ensure numerical stability of the finite element models. 
The Newmark damping parameters are set to α = 0.3025 
and β = 0.60. 
 
 
5 CAPACITY ASSESSMENT 
 
5.1 General approach 
 
The capacities of the different components of the 
structure are determined based on the design rules 
conform Eurocode. For concrete elements the formulas 
given in NEN-EN 1992-1-1 (2005) are used. In the 
analysis not only the design values are determined but 
also the representative values. For the calculation of the 
design values the national annex of Eurocode gives a 
factor of 1.5 and 1.15 for concrete and reinforcement 
steel, respectively. When degradation effects due to the 
cyclic loading of the earthquake are not taken into 
account, and more specific data are not available, the 
ratio between the residual strength after degradation and 
the initial strength may be taken as the ratio between the 
partial factors for accidental and fundamental load 
combination. This results in a partial factor of 1.5/1.2=1.25 
for concrete and 1.15/1.0=1.15 for reinforcement steel. In 
art 4.4.2.2 of NPR 9998 (2015) it is given that the partial 
factor for the material properties may be reduced to 1.00 
when all the degradation effects are explicitly accounted 
for in the calculation. However the partial factor for 
concrete is partly based on the difference between test 
specimens and the actual structure, as shown in the 
background document of NEN-EN 1992-1-1 (2005), 
European Concrete Platform ASBL (2008). When 
degradation effects are accounted for explicitly, the partial 
factors for concrete should have a value of 1.15 and for 
reinforcement steel a factor 1.0. The partial factor for steel 
capacity checks has a value of 1.2 for brittle failure 
mechanisms. For yielding and representative values a 
partial factor of 1.0 is taken into account. These values 
are used for the capacity curves. 



 

The internal forces in the structural elements that are 
due to the earthquake loading are extracted from the 
dynamic analyses. These varying results in the time 
domain are checked with the capacities. 
 
5.2 Pile heads 
 
One of the structural elements that is analyzed is the 
connection of the pile heads with the base slab. In  Table 
1. an overview is given of the piles that are used in the 
analysis. 
 
 
Table 1. Properties pile head 
 

Dimensions Reinforceme
nt pile head 

Concrete 
cover on the 
reinforceme
nt 

initial 
prestressing 
stress 

Concrete 
strength 
class 

290x290mm 4ø20 70mm 5 MPa C40/50 

 
 

The different failure mechanisms for the considered 
structural elements are taken into account in the analysis. 
Based on this the capacity curves of the structural 
elements are composed. For the pile heads the shear 
capacity and the moment capacity is of relevance.  
 
5.3 Shear force capacity 
 
The shear capacity of the piles is determined based on 
NEN-EN 1992-1-1 (2005) art. 6.2.2. Only practical non 
defined stirrups are used in the pile heads and therefore 
no stirrups are taken into account in the shear capacity. 
The shear capacity is dependent on the concrete strength 
and the reinforcement. Based on the formulas given in 
NEN-EN 1992-1-1 (2005) the capacity curve for shear is 
plotted at the same graph with the results as presented in 
section 6. 
 
5.4 Bending moment capacity 
 
The reinforcement bars with a diameter ø 20 mm have an 
anchorage length of 500 mm. In NEN-EN 1998-1 (en) 
(2005) art. 5.6.2 is stated that under a seismic design 
situation the anchorage lengths specified in NEN-EN 
1992-1-1 (2005) should be increased with 50% if the axial 
force in the member is tensile. In order to take this effect 
into account the maximum allowable steel stress is 
determined. This results in a capacity curve for the 
reduced moment capacity based on the allowable steel 
stress and the normal force in the pile as presented in 
section 6. 
 
5.5 Connections 
 
The steel superstructure of the horizontal storage vessel 
is connected with anchors to the concrete pier. The 
capacity of this connection is based on the possible failure 
mechanisms. Different mechanisms can occur due to 
seismic loading, e.g. failure of the bolts, pull out failure, 
concrete cone failure, shearing of the bolt and concrete 
edge failure.  

The capacity curve can be plotted based on the 
moment capacity and shear capacity of the total 
connection of superstructure to the concrete. In Figure 11 
an example of this capacity curve is given. 
 
 

 
Figure 11. Capacity curves of the anchored connections 
of the horizontal vessel with the piers 
 
 
6 CALCULATION RESULTS 
 
From the dynamic 3D analyses, the internal forces at the 
pile heads and at the connections of the vessel with the 
piers are extracted separately for each earthquake. In 
Figure 12 an example of the time histories of the internal 
forces of the two connections for one of the earthquake 
signals is presented. The cut-off of the slider can be 
observed in the shear force graph.  
In Figures 13 and 14 the internal forces at the pile heads 
are plotted for each time step for all 7 earthquake signals 
together with the corresponding capacity curves. 
 
 

Figure 12 Time histories of internal forces at the fixed and 
sliding connection of the longitudinal model extracted from 
the dynamic analyses for one of the earthquake signals 
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 Figure 13 Pile head shear forces combined with axial 
forces in time and corresponding capacity curves for 
transverse 30% + longitudinal 100% combination  
 
 

 
Figure 14 Pile head bending moments combined with 
axial forces in time and corresponding capacity curves for 
transverse 100% + longitudinal 30% combination 
 
 
7 CONCLUSIONS 
 
The approach using various models at different stages of 
the study allowed to analyze the complex soil-structure 
interaction problem for the structures under consideration. 
Verification and calibration at different stages helps to 
ensure the accuracy of modeling and overcomes the 
limitations that are still inherent to different finite element 
software programs. The approach is presented in this 
paper for a horizontal storage vessel, but a similar 
approach was followed for various different structure 
types. 

It is concluded that the performed nonlinear time 
history analysis and the way in which the calculation 
results are presented contribute to a better understanding 
of the actual behaviour of the structures under seismic 
load and the associated risks for failure. In addition, the 
need for reinforcement measures is defined for some 
structural elements based on the calculation results and 
some recommendations are put forward on possible 
concepts for these reinforcement measures. 
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