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Cumulative effects on settlement damage to structures 
Les effets cumulatifs sur les dégâts des constructions 

H.J. Luger & J.L. Bijnagte 
Deltares, Delft, The Netherlands 

ABSTRACT 
In the Northern parts of the Netherlands the Slochteren gas reservoir is causing subsidence effects over a large area. As a consequence 
of this subsidence the water levels in canals and polders have to be adjusted over time, and new compartments are created to be able
to assign different water levels to specific zones. A major design challenge lies in the optimisation of the size of these partitions: if the
subsidence has to be followed very closely by the water level, the compartments, with associated dams, weirs, sluices and pumping
stations have to be very small. The aim is to make the compartments in the water management system as large as feasible without
causing inadmissible damage to buildings. The paper focuses on the way in which the contribution of past and future factors causing
settlement can be determined. In particular a method is described by which different effects like foundation inhomogeneity, uneven
loading, groundwater level changes, shallow subsidence due to peat oxidation and deep subsidence due to reservoir depletion can be
combined. When placed in the context of established damage criteria like those of Burland & Wroth or Boscardin & Cording, which
relate relative rotation within the structure to probability and severity of structural damage, a framework is created which enables to
assign a contribution to the probability of damage of each of the recognised mechanisms. The method is demonstrated in the context
of the water management questions in the Northern part of the Netherlands. 

RÉSUMÉ
Dans le nord des Pays-Bas le réservoir de gaz de Slochteren est la cause de la subsidence régionale d’une grande surface. En 
conséquence de cette subsidence, les niveaux d'eau des canaux et des polders doivent être ajustés au fil du temps, et des nouveaux
compartiments sont crées pour être en mesure d'attribuer différents niveaux d'eau à des zones spécifiques. 

L’optimisation de la taille des compartiments est un défi majeur, l'objectif est de faire des compartiments dans le système de
gestion de l’eau aussi grandes que possible sans causer des dégâts inadmissibles aux bâtiments. Ce document met l'accent sur la
manière dont la contribution aux dégâts des facteurs arbitraires peut être déterminés. Exemples des facteurs qui peuvent être
considérés sont la hétérogénéité du fondement, l’inégalité des chargements, les changements de niveau d’eaux souterraines, la
subsidence causée par l'oxydation de la tourbe et des subsidences profondes provoquée par l'épuisement du réservoir. Dans le contexte
des critères des dégâts, publiés par exemple par Burland & Wroth ou Boscardin & Cording, qui relient la rotation relative de la
structure à la probabilité et la gravité des dégâts constructives, un cadre est créé qui permet d'attribuer une contribution à la probabilité
des dégâts de chacun des mécanismes reconnus. 
      La méthode est démontrée dans le cadre des questions de la gestion de l'eau dans le nord des Pays-Bas. 
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1 INTRODUCTION 

Criteria, relating the severity of damage in buildings to the 
differential settlements, the differential rotations and the 
horizontal strains of its foundation, have been postulated and 
defined by various researchers. Examples are those defined by 
e.g. (Burland & Wroth 1974), (Burland, Broms & De Mello 
1977) and (Boscardin & Cording 1989). These criteria are used 
to predict the occurrence and severity of damage to a building 
as caused by the behaviour of its foundation under various 
loading conditions. Normally a deterministic method is used: 
the settlements and, if applicable, the horizontal strains are 
calculated and the expected damage is determined on basis of 
one of the accepted criteria. When considering a single building 
or a few buildings this is a satisfying approach. However if the 
focus is on all buildings in a larger area and on the effect of a 
regional measure, like an adjustment of the regional 
groundwater table, on the state of the buildings in that area, a 
probabilistic approach is called for. This paper presents a 
probabilistic approach that enables the separation of various 
contributions to the overall probability of damage. 

The need to develop this approach stems from conditions in 
the Northern part of the Netherlands near the Slochteren gas 

reservoir. This reservoir is causing subsidence effects over a 
large area. Because of this, water levels in canals and polders 
have to be adjusted over time, and new compartments are 
created to be able to assign different water levels to specific 
zones as required. This influences the ground water level. The 
probabilistic model presented here is developed to assess the 
effect of the implemented water level changes on the probability 
that cosmetic or even structural damages occur. In our research 
the criteria of (Boscardin & Cording 1989), in absence of 
horizontal strain, are used as shown in Table 1. 

Table 1. Structural damage related to relative rotations 
Damage level  Relative rotation 
Very slight 1/1000  <     <1/600 
Slight 1/600    <     <1/300 
Moderate to severe 1/300    <     <1/150 
Very severe 1/150    <  

2 MODEL 

In Figure 1 a schematic representation of a footing with 3 point 
loads is given. The figure shows three loads F that can be 
characterised by their average F and standard deviation F.
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Figure 1: A two-section building with differential settlements. 

Similarly the support stiffnesses k are characterised by their 
average k and standard deviation k. For the settlement 
( i = Fi/ki) the average value i is: 
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With the 1st order 2nd moment (FOSM) approach one finds 
for the standard deviation of the settlement :
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From the three settlements  in Figure 1 the rotations 1 and 
2 can be determined as 1=( 2- 1)/L1 and 2=( 3- 2)/L2. While 

the average, or expected, rotation  will be zero clearly the 
standard deviation  is unequal to zero. In this paper, as is 
generally done, see also (Boscardin & Cording 1989), damage 
is related to the relative rotation  (= 1 - 2). If we take the 
length of the two sections of the building (L1 and L2) equal to L, 
the relative rotation  follows as: 

1 2 3
( 2 ) / Lδθ = −∆ + ∆ − ∆  (3) 

The average value of  is equal to zero since the same 
settlement is to be expected everywhere. The standard deviation 
however is not zero, again with the FOSM method: 
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This is a general formula as it allows for different values of 
the standard deviation  at the three locations. For a 
statistically homogeneous foundation one value   is sufficient 
(  = 1 = 2 = 3). One finds: 
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Combination of Equations 2 and 5 and using variance V = /
gives: 
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A damage criterion for  is a given number of standard 
deviations above and below the average ( ). The chance of 
damage (f2L) in a building that consists of two sections with a 
length L, is then defined by the probability that the actual 
differential rotation between the two sections  falls below the 
low (negative) value or exceeds the high (positive) value of the 
relative rotation ( ) criterion. 

3 BUILDING LENGTH EFFECT 

Equation 6 is suitable to assess the probability of damage to a 
building consisting of two sections with length L. If the building 
consists of more than two sections a relative rotation and thus 
damage may develop at each transition between two sections: 

Figure 2:  A four-section building with differential settlements. 

The number of sections in which a building should be 
divided is not arbitrary. When the building is founded on a row 
of five discrete, single footings, a four-section building as 
shown in Figure 2 is logical. With a more continuous 
foundation one might split up the building in many small 
sections. However, the current statistical model assumes that the 
individual supports all can be characterised by the same average 
and standard deviation, without correlation between adjoining 
supports. A smaller value of L and a larger number of possible 
damage locations appears to lead to a much larger probability of 
damage at one of the connections between sections. However, 
the correlation between stiffness k at two positions close to each 
other and the possibility of load transfer from one foundation 
part to the other when the connecting sections are stronger and 
stiffer counteract this effect. It is therefore accepted practice to 
relate the minimum section length L to the height of the 
building H. In this case the height of the building, with a 
minimum value of 5 m, is used as the characteristic section 
length L. 

The result is that for a building with a total length LT there 
are (LT/H – 1) locations with a relative rotation to consider. If 
each of those locations has a probability of damage of f2L this 
results in a probability of damage for the whole building of: 
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Example: 
Take a building schematised as four sections, each with a 

length L = 6 m. Each support takes a load F with F = 400 kN 
and VF = 0.1 and has a stiffness k with k = 20000 kN/m and 
Vk = 0.1. The average  is  = F / k = 400/20000 = 0.02 m. 
The standard deviation of  is found using Equation 6: 

00115.01.01.0
6

02.0
66 2222 =+=+= ∆

kF VV
L

µ
σδθ  (8) 

A (positive or negative) relative rotation that exceeds ±1/300
(or ±0.00333) is 0.00333/0.00115 = 2.89 standard deviations 
away from the mean (which is zero). If absolute relative rotation 
values larger than 1/300 are associated with serious damage the 
standard normal distribution learns that the probability of such 
(of even more serious) damage at any individual  transition 
between two sections (f2L) is less than 0.39 %. 

The four section building that is considered here contains 
three transitions, and therefore the chance that somewhere in the 
building the differential rotation exceeds 1/300 is found by 
using Equation 7: 
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4 LIMITATIONS OF THE MODEL 

Clearly the model presented here is a simplification of reality. 
Some of the most important simplifications are: 

• Building loads and soil springs are modelled as discrete 
items while in reality the foundation will often act as a 
continuous beam. 

• The capacity of the building to redistribute loads is ignored 
and thus any bypassing of more flexible footings and 
coping with locally higher loads is not accounted for. 

• Soil stiffnesses at neighbouring locations are considered to 
be uncorrelated while at least some correlation seems 
probable since the footings “share” the deeper soil layers. 

Therefore the model is just a first step towards a systematic 
probabilistic approach of settlement damage assessment and not 
the ultimate analysis tool. The authors believe that the model is 
sufficiently simple to allow for easy adaptations in specific 
cases where additional loads, footing displacements or 
horizontal strains may influence a building. 

5 SETTLEMENT CONTRIBUTING FACTORS  

The approach is set up to answer questions about the influence 
of different mechanisms on the damage to buildings in 
subsidence areas in the Northern Netherlands. While the 
emphasis lies on the effect of ground water level changes, other 
factors influencing building settlements are recognised, from 
nearby to far field, e.g.: 

• Distribution between initial and delayed settlement 
• Non-uniform loading and/or foundation quality 
• Settlements due to neighbouring structures or surcharges 
• Oxidation of peat layers 
• Changes of the groundwater level 
• Deep compaction of the gas reservoir 

For each of these factors, the contribution to the overall and 
differential settlements can be determined using the FOSM 
approach. For some factors, like internal load distribution, 
nearby construction and uneven manifestations of the far field 
factors the mean of the added relative rotation  is non zero. 

As long as no correlation exists between different settlement 
causes at a single point of the building one can simply add the 
mean of the different components to find the expected total 
settlement and add the squares of the standard deviations to find 
the square of the standard deviation of the summed settlements: 
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An interesting aspect concerns the part of the settlement that 
develops during the construction phase of the building since 
early deformations may be absorbed during construction not 
causing any damage. A settlement ratio was introduced to 
define the part of the settlement that develops during 
construction and does not contribute to the structural damage of 
the building. 

Since surface effects of compaction of the (very deep) gas 
reservoirs in the Netherlands tend to be quite smooth one finds 
that they cause a negligible increase in structural damages. The 
oxidation of peat layers may have a more significant effect on 
building damage, since the local variation of peat properties can 
be large. In the study at hand however, typically the influence of 
the (autonomous) surface settlements due to peat oxidation 
limits itself to the unsaturated top layers of the soil, mostly well 
above the foundation level and was therefore not a factor. 

6 EFFECT OF CHANGE IN WATERLEVEL 

In order to determine the contribution of a change in water level 
to the overall probability of damage the formulas presented 
above have to be adapted. A ground water level change causes a 
change in the vertical effective stresses in the soil (P), which 
depends on the stiffness (K) of that soil. The settlement caused 
by changing the ground water level ( P = P/K) is added to the 
settlement caused by the weight of the building ( F = F/k). The 
stiffness K represents the response of the soil under the change 
of vertical stresses that result from the ground water level 
change. While this stiffness differs from the earlier defined 
stiffness k of the foundation elements since the loading pattern 
differs (uniform instead of local loading) they are still 
correlated. Stiffer areas in the soil will result in higher values 
for k and K. To derive the expression for the total settlement the 
FOSM approach is used again, but now the correlation between 
k and K at the same location is taken into account as explained 
in e.g. (Ang & Tang 1975). The expected total settlement and its 
standard deviation follow as: 
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The last part in Equation 13 represents the effect of the 
correlation between stiffness of the foundation under building 
weight loading and stiffness of the soil for changes in water 
level. The correlation coefficient may vary between 1 for the 
fully correlated case and 0 (totally uncorrelated). The standard 
deviation of the differential rotation  follows by substitution 
of Equation 13 in Equation 5: 
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7 IN-SITU VALIDATION 

A first step towards validation of the approach described in this 
paper was taken by applying the theory to an area in the North 
of The Netherlands near a canal where a water level change is 
considered (Deltares 2007). This area consists of soft soil 
overlying sandy deposits. Three houses, selected on basis of 
different damage patterns and soil properties, which were 
considered to be representative for the area, were extensively 
investigated. The foundations of the houses were checked by 
means of two inspection pits per house. Soil properties and 
ground water level data were obtained by CPT-testing and 
standpipes respectively. This enabled the construction of soil 
and groundwater profiles as well as, on basis of the weight of 
the houses, the calculation of an average deterministic 
foundation settlement. The variability of the CPT-values was 
used to assess the coefficient of variation of the foundation 
spring stiffness k. Using these realistic parameter values the 
above theory was applied to each house. 

It was found that the damage percentages as given by the 
theory are in the right order of magnitude when compared to the 
actual damage and although further validation is advisable 
before the approach can be considered fit for general use it 
suggests that the method is applicable to houses in this area of 
the Netherlands. 

As might be expected, the reality in-situ showed some 
noteworthy discrepancies with the assumed state of the 
buildings and their foundations. Under a part of one of the 
houses a piled foundation was present where the general 
opinion was that no piled foundations were present in the whole 
village. Elsewhere a footing was poorly made and/or severely 
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deteriorated as the stones showed very little bonding by the 
cement and even holes were present. Also about 0.2 m of peat 
was still present directly below the foundation level. Such 
deviations must apparently be expected when one tries to judge 
the behaviour of a large group of buildings. Individual houses 
will often deviate from the idealised “average” building. 

This illustrates that for the prediction of damage to a larger 
set of buildings an extra random effect has to be added that 
describes foundation anomalies present in the investigated area. 

8 ALLOWABLE CHANGES IN A CANAL WATER LEVEL 

The method was further used to assess the admissibility of a 
level change in the regional water system in an area with very 
soft to soft soil conditions (Deltares 2008). Houses were 
considered that are located between a canal dyke and a lower 
lying ditch. A change of the water level in the canal results, 
after some time, in a ground water level change under the 
building. A schematic view of the situation is given in Figure 3. 

Figure 3: The cross section considered in the canal level study. 

In this study variation of the geometric parameters has been 
done in a probabilistic manner by selecting an upper bound, an 
average and a lower bound value for each parameter was used. 
The distance of the building to the canal, soil stiffness, the 
foundation quality and the ratio of ground water flow entrance 
resistance through the canal boundary over the horizontal flow 
resistance towards the ditch were varied. 

The quality of the footing has been taken into account by 
decreasing the coefficient of variation of both the load and the 
stiffness for good foundations and increasing the same 
coefficient for poor foundations. The values used for the 
analyses are presented in Table 2. 

Table 2. Factors describing foundation quality. 
Footing 
quality  

Change in 
F/k 

Change in 
F

Change in 
k

Good 0.75 -0.025 -0.025 
Normal 1.00 +0.0 +0.0 
Poor 1.25 +0.025 +0.025 

These values were chosen to be approximately consistent 
with proposed settlement variability in the Dutch design codes. 
An overview of the geometric values that have been used in the 
analyses is given in Table 3 below. 

Table 3. Geometry, stiffness, permeability and settlement ratio ranges. 
Variable  Distance 

(X3) [m] 
Compression 
constant [-] 

Permeability 
ratio [-] 

Settlement 
ratio [-]  

Low 1 10 10 0.0 
Mean 10 20 1000 - 
High 50 40 100000 0.8 

The compression constant is the parameter that defines soil 
compressibility in the Koppejan method which is commonly 
used in the Netherlands and has been used in this study. 

Calculation results for a typical case presented in Table 4 
show that increase in damage probability is mostly negligible 
for slight damage.  

This should be expected since the increase in soil pressure 
generated by the water level change is in the range of the effect 
of placing normal pavement tiles when constructing a terrace. 

Clearly such a change should not result in a large increase in 
damage for buildings in a normal state of construction. It should 
be noted that the cases where a compression constant of 10 has 
been used result in initial building settlements of about 0.2 m. 
Such settlements will usually not be acceptable and new 
buildings will not be constructed in such soil on a shallow 
foundation.  

Table 4: Increase in probability of slight damage (cracks up to 5 mm) 
for a water level lowering of 50 mm and a settlement ratio of 0.8 

Distance to canal (X3) [m] 1 10 50 
Compression 
constant 

Foundation 
quality 

Increase in damage probability  [%] 

10 Poor 3.20 2.82 1.09 
10 Average 2.42 1.97 0.52 
10 Good 1.08 0.75 0.09 
20 Poor 0.46 0.28 0.01 
20 Average 0.08 0.04 0.00 
20 Good 0.00 0.00 0.00 
40 Poor 0.00 0.00 0.00 
40 Average 0.00 0.00 0.00 
40 Good 0.00 0.00 0.00 

9 CONCLUSIONS 

A methodology is presented which quantifies the probability of 
occurrence of structural damage caused by the combined effect 
of different settlement phenomena. By using the FOSM 
approach a straightforward, quantifiable and expandable 
formulation is derived to predict differential rotation within 
buildings. As far as the authors are aware the application of this 
method for surface water management in subsidence areas is 
new.  

First comparisons of damage levels, predicted by the 
relation between relative rotations and damage levels 
(Boscardin & Cording 1989), with field data are promising and 
it is believed that the use of this type of technique enables a 
proper selection of remedial measures or damage cost sharing.  
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