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ABSTRACT: In 2018 the new Dutch guideline for seismic design and assessment of struc-
tures in Groningen is released. This paper describes the foundation aspects of this code and
the background of the choices that have been made considering: (1) the liquefaction assess-
ment method, (2) the assessment method for shallow foundations and (3) the assessment
method for piled foundations. The code is based on Eurocode 8 part 5, but has extensive guid-
ance on the approaches that can be used and the different levels of assessment methods, either
by simple screening procedures, analytical methods or advanced methods. The general safety
philosophy of the code is also described, including the requirements that need to be fulfilled
(such as limiting deformations).

1 INTRODUCTION

The Netherlands is generally not known for its seismicity, although the southern part (close to the
Belgium and German boarders) experiences earthquakes at certain intervals. The Dutch legisla-
tion has to date not implemented Eurocode 8, even though all the other Eurocodes are prescribed
for checking the reliability of new and existing structures. Since 2012, after a rather strong (Mag-
nitude 3.6) induced earthquake in the Northern part of the country related to gas extraction, the
need for a seismic code was imminent. The Dutch standardization Institute NEN started the
development of such a code for Groningen (the name of the area affected by the induced earth-
quakes) by request from the Ministry of Economic Affairs. Since 2015 several versions of a seis-
mic guideline (not an official code yet) have been published. Each of these guidelines included
assessment methods for the foundation and for liquefaction, but with different approaches and
level of detail. This paper concerns the to date most recent version of 2018, based on Eurocode 8
part 5, but with more extensive guidance on the approaches that can be taken. These include dif-
ferent levels of assessment, either by simple screening procedures, analytical methods or advanced
methods. The general safety philosophy of the code is also described, including the requirements
that need to be fulfilled (such as limiting deformations). The NPR9998:2018 (NEN 2018, in this
paper NPR9998 will be used as short for the 2018 version of NPR 9998).
In the Netherlands the foundation of family houses typically consist of shallow strip foun-

dations or piled foundations. Strip foundations are used in areas with sand close to the surface
while piled foundations are used in areas with (thick) top layers of (soft) clay and peat. The
width of the strip foundation is mostly in the range of 0.5 m to 1 m with an embedment depth
in the order of 0.6 m. For older houses the strip foundation may be constructed of bricks. The
last decades the use of a non-reinforced or slightly reinforced concrete beam has become more
popular. Ground water level is mostly within 0.5 m to 1 m below ground surface. Pile
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foundations can be made from timber or concrete and are generally not much deeper than 10
m for the Groningen houses.

2 SAFETY PHILOSOPHY & REQUIREMENTS

The NPR9998 uses a target reliability for the near collapse state of buildings that is derived
from a maximum allowed individual annual fatality probability of 10-5 (Steenbergen, 2016).
This “near collapse” target reliability has been used also to derive the return periods for the
earthquake load. The Peak Ground Acceleration (PGA) value to be applied for foundation
and liquefaction analysis follows from the Probabilistic Seismic Hazard Analysis (PSHA) that
has been executed by the Royal Dutch Meteorological Institute and is yearly updated
(Spetzler and Dost, 2017). This analysis has yielded a PGA probability distribution at a spatial
grid in Groningen. The NPR9998 uses ag;d for a reference return period of 2475 years for the
liquefaction analysis, which is 0.38 g in the center of the seismic zone (V4 2017). Almost all
soil related parameters are taken at the best estimate value, in order to arrive at the maximally
allowed probability of 10-5, see Table 1. The overall model for the calculation of the liquefac-
tion probability is close to a median value when using the NPR approach. There is some slight
conservatism left in determining γL as well as some remaining unknowns.

The maximum deformation difference allowed for the foundation is determined based on a
combination of several limiting values (Bjerrum, 1963; Bozozuk, 1972; Cooling, 1956, Skempton
and MacDonald, 1956). The thus derived 5% representative value of the critical differential
deformation (20 mm/m based on expert judgement) should be larger than the settlement follow-
ing from the 2475 year seismic event. For the assessment of the differential settlements two situ-
ations exist. In case the foundation of the building consists only of shallow strip foundations the

Table 1. Summary and safety assessment of NPR9998

Parameter Taken from How conservative is this parameter?

CRR curve/effect of fines

content

Green et al 2018a,b 50% best estimate curve/not exactly

known

Design peak acceleration

ag;d (in CSR)

Hazard model 2475 y value

Shear stress reduction

coefficient rd (in CSR)

Green et al 2018a,b Best estimate

With M=5 which is slightly

conservative Vs12 is best estimate

Ageing factor KDr Literature (a.o. Maurer et al (2014)) Cautious estimate of average, rather

uncertain for Pleistocene (1.3), safe

value (1.0) for Holocene

Overburden correction

factor Kσ

Boulanger and Idriss 2014 Max 1.1 (Green et al 2018 advices

the use of 1.5 as maximum value).

In both cases the safety level is

unknown.

Correction factor static

shear stress ratio Kα

Not applicable -

Magnitude scaling factor

MSF

Green et al 2018a,b Best estimate – median.

With M=5 which is slightly

conservative according to Spetzler

and Dost, 2017

Vs12 is best estimate

Layered soil 1.8 for tidal flats

Kh for single thin layers

Conservative value

Not exactly known

Fines content % Based on grain size

Based on soil behavior type index Ic:

• Ic<2,05 FC = 0%

• Ic>2,05 FC= 20%

Best estimate

Conservative value

Somewhat unconservative for

Groningen
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differential settlement is taken as 67% of the total settlement. This is expected to be a safe esti-
mate. In case part of an uneven foundation or a foundation that consists also of elements that
will hardly settle, 100 % of the estimated settlement is to be used as differential settlement.

3 THE LIQUEFACTION ASSESSMENT METHOD

The occurrence of liquefaction of sand layers may potentially lead to loss of strength of the
soil and settlements of surface and structures. The liquefaction susceptibility of a specific sand
layer is determined by the density of the soil, depositional environment, age of the deposit,
overconsolidation of the sand layers (previous overburden or ageing). Also the presence of
fines (both cohesive and non-cohesive), grain size distribution, and coefficient of uniformity,
cementation and particle shape (sphericity, roundness) play a potential role. Most of the fac-
tors mentioned will influence the cone penetration test (CPT) values, although the exact rela-
tionship is not known for all of them. In the assessment presented, CPT values are used
directly to determine the liquefaction susceptibility.
Grain size is often suggested to be a criterion for liquefaction susceptibility. The fines cor-

rection proposed by Boulanger & Idriss (2014) is often used to account for this effect on the
liquefaction susceptibility. This requires however an estimate of FC, for which the NPR sug-
gests to use grain size distributions from soil samples. It should be noted that the IcFC relation
from Boulanger & Idriss (2014) is somewhat unconservative in Groningen (see Korff et al
2018 in this same conference). In the NPR9998 the simple approach of FC= 0% for Ic <2.05
and FC= 20% for Ic ≥2.05 is used in absence of soil samples. For Ic values > 2.6 no liquefac-
tion assessment needs to be made at all.
Previous NPR9998 guidelines (2015, 2017) prescribed the use of Idriss &Boulanger 2008.

Since 2018, Green (Green 2018, Green at al 2018 a,b) developed a new approach based on
Groningen specific determination of two parameters in the Boulanger&Idriss (2014) method,
the MSF and rd factors. These MSF and rd factors have been derived based on site response
analyses for a pilot area in Groningen. The site response analysis is combined with an energy
based comparison of events of different magnitudes, significant duration (D5-75) and rupture
distance/site-to-source distance (Rrup). The results of the analysis by Green are as follows:

• Groningen specific MSF values depending on vs12, Maximum Magnitude M and PGA:

MSFGron ¼
7:25

neqM M; ag;d ;Vs12

� �

( )0:34

� 2:04 ð1Þ

With:
For ag;d ≤0.3g:

ln neqM M; ag;d ;Vs12

� �� �

¼ α1 þ α2 � ln ag;d

� �

þ α4 �Mþ α5 � Vs12 ð2Þ

For ag;d >0.3g:

ln neqM M; ag;d ;Vs12

� �� �

¼ α1 þ α2 � ln ag;d

� �

þ α3 � ln ag;d=g
� �

þ α4 �Mþ α5 � Vs12 ð3Þ

The values of α1 to α5 are given in Table 2.

Table 2. Regression values for the neqM model

α1 α2 α3 α4 α5

-0.2487 -0.3131 -0.4085 0.1766 0.0038
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• Groningen specific rd values depending on vs12, PGA and Maximum Magnitude M:

rd;Gron ¼ 1�
Ard

1þ exp � ln zð Þ� β2þβ6�Mð Þ
β3þβ7�Mð Þ

h i ð4Þ

With:
For ag;d ≤0.3g:

Ard ¼ β1 þ β4 �min M; 6; 5½ � þ β5 � ln ag;d

� �

þ β9 � Vs12 ð5Þ

For ag;d >0.3g:

Ard ¼ β1 þ β4 �min M; 6; 5½ � þ β5 � ln ag;d

� �

þ β8 � ln ag;d=0:3g
� �

þ β9 � Vs12 ð6Þ

Where

Ard is a factor;
rd;Gron is the factor for the relative shear stress amplitude with depth
z is the depth from the surface, in m;
M is the moment magnitude; for which NPR9998 recommends the use of M=5.
ag;d is the design value of the peak ground acceleration in g;
vs12 is the average shear wave velocity over the top 12 m, in m/s;
βi is the regression factor i, from Table 3.

The Groningen-specific relationships have been determined for a pilot study area. Green
(Green 2018) recommends using for the rest of Groningen the results of zone 801 for rd and
zone 1032 for MSF. In the formulas the value for Maximum Magnitude is taken as M=5.
This value follows from the disaggregation of the Groningen hazard based on Spetzler and
Dost (2017). Vs;12 values are based on the geological model by (Kruiver, 2017).

The beneficial effect of ageing on the liquefaction resistance of Pleistocene sands may be
taken into account by multiplying the Cyclic Resistance Ratio (CRR) following from the
selected liquefaction assessment method with a factor KDR as follows:

CRRk ¼ CRR � KDR ð7Þ

In the NPR9998 the value used for KDR is 1.3 for Pleistocene sand and 1.0 for Holocene sand.
In NPR9998, the LPIish parameter is used as a screening tool for the consequences of lique-

faction. Details on LPIish can be found in (Maurer et al 2015).

4 THE ASSESSMENT METHOD FOR SHALLOW FOUNDATIONS

NPR9998:2018 has been significantly changed compared to the 2017 version for shallow foun-
dations. Advanced calculations have been made for a large number of cases (Fugro, 2018a,b).
The NPR committee closely followed these calculations and made independent shadow calcu-
lations to establish the necessary confidence in the results.
For situations that are within the required conditions, a simplified approach can be used to

test existing foundations in a quick way. See Figure 1 for a stepwise approach. The user will
enter the scheme for CC1 and CC2 buildings, with a foundation built on sand (or with sand
underneath in the influence depth). For areas where ag;d is smaller than 0,125 g, no effect of
liquefaction or significant earthquake loading is to be expected (LPIish is <5 for all CPTs
known). This means no further action is necessary. It is assumed that if the foundation can

Table 3. Regression factors for rd;Gron

β1 β2 β3 β4 β5 β6 β7 β8 β9

2.5725 1.1450 0.4983 -0.2296 0.0734 0.1634 0.0437 0.7463 -0.0041
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take the static load (the check based on NEN9997 or NEN8707 for existing foundations) that
there is enough margin in the capacity to prevent near collapse.
For the majority of the existing houses with a shallow foundation on liquefiable sand, the

following formula can be used to assess the expected settlement of the structure (Fugro 2018a):

ln sð Þ ¼ α0 þ α1 ln Qð Þ þ α2Bþ α3Hcrust þ α4 ln tanh Hliq

� �� �

þ α5Dr

þα6 ln D5�75ð Þ þ α7 ln SaT¼0:7sð Þ þ ε
ð8Þ

With: s is the total (co-seismic plus post-seismic) liquefaction-induced settlement of the foot-
ing [cm], α0 to α7 are the regression coefficients (α0 = 2.096, α1 = 0.308, α2 = 0.749, α3 =
-0.353, α4 = 1.991, α5 = -0.031, α6 = 0.581, and α7 = 1.899), Q is the footing contact pressure
(load) [kPa], B is the width of the footing [m], Hcrust is the thickness of the non-liquefiable soil
below the footing [m], Hliq is the thickness of the liquefiable soil layer [m], Dr is the relative
density of the liquefiable soil [%], D5-75 is the duration of the earthquake (In NPR9998 taken
as 3sec based on the disaggregation) and SaT=0.7s is the spectral acceleration for a period of
Te=0.7s and 2475 return period. Finally, ε is the error term in log units, being 0.46.
This formula is valid if the above conditions are met, as well as:

• The building is CC1 or CC2 and has 1 or 2 storeys (+ attic, if present);
• The static load on foundation level Q < 120 [kPa];
• The width of the foundation B > 0,25 [m];
• The relative density Dr > 30 %;
• No open water or slope within 10 m of the building.

The limit state NC for the building is considered to be exceeded if: s/L > 20 mm/m. If the
building meets this requirement the foundation check is finished. If not, an advanced calcula-
tion of the superstructure is necessary to prove it can withstand the differential settlements.
For foundations on clay soil the settlement is usually much smaller, especially if the same con-

ditions are met as for the settlement for foundation on sand, with additionally a minimum
depth of 0.45 m and a clay strength cu > 10 kPa instead of the Dr value for sand. If this is the
case the foundation is always ok (settlement < 40 mm) given the maximum hazard of NPR9998.
If the foundation does not qualify to use the simplified approaches for the settlement in sand

or clay, the approach following Eurocode 8 part 5 should be used, or alternatively, advanced
calculation methods may be used. If Appendix F of NEN-EN 1998-5 is used it is allowed to
check two separate stages: during the earthquake (with full seismic load and 50% of the final

Figure 1. Flow chart shallow foundation
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excess pore pressure) and the post seismic condition (with no seismic load and 100% excess pore
pressure). In case of a highly dominant earthquake load, the partial material factors are all set
to 1.0. The reduction of the strength due to liquefaction can be assessed based on the following
situations:

• In case of negligible liquefaction sensitivity (γL42; 0) use can be made of EN1998-5: 2004
Annex F.3, in which a ‘cohesionless’ calculation is used without reduction of strength but
with the effect of the vertical acceleration av:

• In case of a higher liquefaction sensitivity (γL52; 0) or for clay layers, use can be made of
EN1998-5: 2004 Annex F.2, in which a ‘cohesive’ calculation is used. The following cyclic
undrained shear strength τcy;u for sand can be estimated as:

τcy;u ¼ 1� ruð Þ tan’ � 0:5G=Bþ 0:7 B ρ g þ σ0v;z;d

� �

with G � N max; drð Þ=1:5
ð9Þ

Where ru is the relative excess spore pressure and φ’ is the angle of internal friction. The last
term between parentheses is the estimated average effective stress at the failure plane. For the
failure plane the failure plane referred to in Annex F of EN1998-5 can still be used. The term
0:5 G=B is the contribution from the foundation load. For the actual foundation load the
design load divided by a 1.5 can be used. The term 0:7 B ρ g is the contribution from the
effective soil weight of the sliding mass (using an influence depth of 0.7B). The last term
(σ0v;z;d kN=m2

� �

) is the contribution of the embedment.
A minimum value of τcy;u follows from a residual strength approach according to Idriss &

Boulanger (2008). NPR9998 alternatively allows for a drained or effective stress analysis with
a direct reduction of ’0 to include the loss of shear strength due to excess water pressures. This
makes it possible to combine different soil layers (which is not the case for direct reduction of
the Brinch-Hansen bearing capacity factors). The proposed method has been validated with
finite element calculations and a good agreement was found.
NPR9998 requires a check for squeezing of potentially liquefied layers until the depth

where the load from the foundation leads to an effective increase of 20% in relation to the free
field condition, assuming a load distribution of 2:H (2 vertical to 1 horizontal). It is assumed
that liquefaction below this level does not lead to a reduction of the bearing capacity and thus
not to the collapse of the foundation. On the contrary, significant liquefaction above this level
in a soil layer just below the influence depth ze could do this.

5 ASSESSMENT METHOD FOR PILE FOUNDATIONS

NPR9998 mainly focusses on existing pile foundations, for which both the GEO and STR
check have to be performed, taking into account the inertial load and the kinematic load (for
situations described in NEN-EN 1998-5, 5.4.2). The assessment method for piled foundations in
NPR9998 is performance based. A seismic and a post-seismic check are performed, each leading
to a settlement, of which the sum needs to comply with the demands from the superstructure.

Figure 2. Principle of taking into account the embedment depth of the foundation in determining the

cyclic undrained shear strength τcy;u
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In the seismic stage any settlement of the pile will lead to the development of positive shaft
friction. If the (quasi-static) seismic load Fdyn is smaller than the negative skin friction Fnk

from the original design, the additional settlement is negligible. If Fdyn is larger, a SLS calcula-
tion can be made with a reduced cone resistance. Only if the SLS settlement is larger than the
initial settlement, this settlement is added to the post-seismic settlement.
In the post-seismic stage, an interaction calculation can be made similar to the one used for

the assessment of negative skin friction in static conditions, but with the seismic settlements as
driving force. The post seismic pile settlement is determined as the soil settlement at the neu-
tral level (see Fellenius), in which the soil settlement at depth is the sum of the initial settle-
ment and the seismic settlement. The pile settlement is reduced with the elastic shortening of
the pile for the part above the neutral line.
NPR9998 prescribes that the cone resistance qc should be reduced in case of excess pore

pressure via the following equation, which is based on effective stress correction.

qc;liq ¼ qc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ru;d

� �

q

ð10Þ

NPR9998 describes not directly how the residual strength of liquefied soil should be mod-
elled in case of pile foundations. This could be done for example via the maximum value
ru;d;max, from the undrained residual strength. Partial factors for the pile calculation are set to
1.0 for the assessment, with the exception of the factor related to the variation in soil condi-
tions, known as ξ in the Dutch Annex of Eurocode 7.
For the STR check, the piles need to be assessed for shear force, moment and buckling.

Also in these cases any liquefied layer should be reduced as far as its characteristics are con-
cerned (for example in the determination of the horizontal spring constants). It is known
(Arup, 2017a,b; Fugro 2018c) that piles that “fail” according to these checks, do not necessar-
ily cause Near Collapse of the superstructure, some residual capacity will be left. Furthermore,
it is possible for the foundation to redistribute load between the piles. Individual pile cross
sections van be checked according to the material Eurocodes.

6 DISCUSSION AND FUTURE WORK

Even though NPR9998 is considered a major step towards a more realistic assessment of
mainly existing foundations in the Groningen region, several points of attention remain. Some
more in depth knowledge is needed for the residual capacity of piles after cracking, on the
effect of slopes close to buildings and on the likelihood of lateral spreading.
Furthermore, (Green, 2018a) gives Groningen specific results for the liquefaction assessment,

based on a pilot area. It is recommended to determine the MSF and rd values for the whole of
the province of Groningen, for use in the Groningen specific liquefaction model of Green.
It is also recommended to verify the effect of vertical accelerations on the foundation settle-

ment. Although vertical accelerations are expected not contribute to the generation of excess
pore pressures, they may contribute to the vertical seismic foundation load and as such to the
total settlement. The possible contribution for the Groningen situation is not verified.
In many topics (further) validation is necessary, such as of the relationship between cone

resistance and excess water pressure; the effect of fines content, the effect of longer duration
earthquakes/higher magnitude, the settlement of shallow and pile foundations and so on.

7 CONCLUSIONS

This paper describes the performance based methods to assess new and existing shallow and
pile foundations according to the 2018 Dutch NPR9998 Guideline for the seismic load
induced from the Groningen gas field. These methods have been derived from advanced calcu-
lations and have been reduced to simplified assessment schemes. Additions and also some
alterations are given compared to procedures described in Eurocode 8 part 5, mainly to cope
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with the reality of a large amount of often weak, existing structures and foundations. The risk
of liquefaction can not be excluded and is as such incorporated in the approaches given, based
on the Groningen specific factors derived by (Green et al 2018).
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