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D .P L A C Z E K ,  D r - In g . ,  O f f ic e  o f  P r o f .  N e n d z a  a n d  P a r tn e r ,  I n s t i t u te  o f  S o i l M e c h a n ic s  a n d  F o u n d a t io n  E n g in e e r in g ,  E s s e n ,  F R G

SYNOPSIS: In this contribution, first of all the possible causes for the land subsidences occurring 
in case of ground-water lowerings are studied phenomenologically. In this, it is differed between 
the stress-dependent and stress-independent portions of deformation. On basis of theoretical 
principles, calculation models are developed being applicable for cohesive, non-cohesive and orga­
nic soils. Using such calculation models, it is possible to estimate the possible land subsidence 
and consequently also the possible settlements of structures.

1 INTRODUCTION

The question regarding the causes for land sub­
sidences occurring in case of ground-water lo­
werings is studied scientifically almost since 
the beginning of this century and has been 
dealt with in trade literature. Therefore, the 
answer to this question is of technical as 
well as economic significance, the more as the 
alteration of the ground-water conditions does 
not only entail ground deformations, but also 
affects the recovery of ground-water, damages 
the vegetation and in particular also struc­
tures .

Table 1 elucidates the extent of land subsi­
dences by giving some measuring results from 
literature, according to which the most impor­
tant lowerings of the ground have been obser­
ved in California with an absolute value of 
approx. 3 m and in Mexico-City featuring an ab­
solute value of approx. 6 m. Also the other 
territories which partly feature a very dense 
built-up area, by values up to approx. 1.5 m 
indicate the danger and risks to which the bul- 
dings are subject by such enormous deforma­
tions of the ground.

Table 1. Measurings published with regard to land subsidence on account 
of ground-water lowering

source location period ground-

water
lowering

[»]

type of 
soil

[»■]

and subsiden 

ground-water 
lowering 

[»■/»]

•

[»»/year]

BERGADO et «1. (1987) Bangkok 1986 6 - 9 clay, sand, gravel 70 10 50

BRAND/PAVEENCHANA (1971) Bangkok 1957-1967 15 clay, sand, gravel 900 60 90

CROCE (1975) Mailand 1950-1971 23 sand, clay 100 4 5

CROCE (1975) Kesola
(Po-Delta)

1950-1960 40 sand, silt, clay 1500 38 150

LOFGREN/KLAUSING (1969) San Joaquin
Valley.
Kalifornien

1921-1960 34 silty sand, clay 3100 91 80

RICCERI/BUTTERFIELD 
(1974)

Venedig 1935-1972 10 sand, silt, 

silty clay
200 20 6

RUDOLF (1967) Sichsisches

Braunkohlen­
revier

1950-1962 31 sandy gravel, 
lignite

715 23 60

VARNHAGEN (1967) Rheinisches

Braunkohlen­
revier

1955-1965 300 sand, gravel, clay, 

lignite
400 1 - 2 40

VILSON/GRACE (1942) London 1848-1931 40 clay, sand 190 5 2

ZEEVAERT (1953) Mexiko City 1877-1952 silty clay, sand 6100 80

ZEEVAERT (1953) Mexiko City 1949-1952 4 silty clay, sand 93 23 30
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decomposition

regime of the 
vegetation.

The movements at the ground surface are defi­
ned by the local and temporal progress of the 
lowering of the ground-water level and by the 
alterations of the stress level, of the water 
regime and of other soil-physical and chemical 
marginal conditions caused hereby. In case of 
a lowering of the ground-water level soil de­
formations may generally caused by:

1. alterations of stress in the soil
2. shrinkage of cohesive soils
3. chemical and/or biological 

of organic soils and by
4. alterations in the water 

soil on account of
Whilst the first cause is defined exclusively 
by the external state of stress of the soil, 
the other causes are nearly independent of the 
external stresses.

To begin with, these causes are studied phe- 
nomenologically hereinafter. In order to deter­
mine possible land subsidence calculation 
models are developed on basis of theoretical 
principles which hereinafter are summarized.

2 LAND SUBSIDENCE ON ACCOUNT OF EXTERNAL 
STRESS ALTERATIONS

2.1 Calculation models for the stationary 
condition

For the calculations regarding the stationary 
condition it is assumed that the lowering of 
the ground-water level is followed immediately 
by land subsidence. The lowering of the 
ground-water level causes an alteration of 
stress in the soil leading to a compression of 
the individual soil layers and consequently to 
settlements at the ground surface.

( T )  b e f o r e  g r o u n d - w a t e r  

l o w e r i n g

• g round - w ater level_______

©
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Figure 1. Alteration of stress upon lowering 
of the ground-water level

The individual definitions may be taken from 
Figure 1.

The vertical compression resulting from this 
additional stress is generally defined by 
means of the linear-elastic stress-deformation 
relation. For simplification the soil is assu­
med to be a homogeneous, isotropic and fully 
elastic medium. On such basis, the settlement 
at the ground surface results as

Aa ' dz (2)

The modulus of elasticity (or: Young's modu­
lus) in this corresponds to the stiffness modu­
lus E> (or: oedometric modulus) of the soil, 
itself being stress-dependent, and which inc­
reases under increasing pressure so that the 
equation (2) represents a pseudo-elastic 
approach.

In view of the difficulties in differentia- 
adequate laws of substances (Gudehus 

the above approach appears to be accept- 
if essential influencing factors like 

e.g. capillarity, type of subsidence etc. are 
taken into consideration. The stress-dependen- 
ce of the oedometric modulus E> can be inte­
grated in equation (2) via the pressure - void 
ratio - diagram (Figure 2) as follows

ting
1981)
able

(1 + e log (1 + ^ r )  
o

dz (3)

with Cc as compression index corresponding to 
the inclination of the pressure-void ratio 
graph, and with the parameters before lowering 
of the ground-water level ei and oi '.

The alteration of stress is a reduction of 
the pore water pressure u by the amount of the 
lowering so that the effective normal stress 
o' is increased (Figure 1). This increase of 
the effective normal stress by the amount A o ' 
corresponds to an increase of weight of the 
drained soil.

Ao' = [1 - n (1 - Sr ) ] • Y» • z (1)

The temporal progress of settlement is estima­
ted as a rule according to the one-dimensional 
theory of consolidation.

2.2 Calculation model for the non-stationary 
condition

Contrary to the assumption that the lowering 
of the ground-water level be uniform and sta­
tionary, it has been found out by measurings
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(e.g. Heydenreich 1969, Lofgren/Klausing 1969 
and others) that neither the lowering of the 
ground-water level nor the possibly following 
land subsidence are stationary processes. That 
is why the approaches presented so far have to 
be considered as rough approximations only.

It is, therefore, absolutely necessary for 
an appropriate description of the processes to 
recognize first of all the lowering of the 
ground-water level in relation to time and 
space. If the progress of ground-water level 
lowering and land subsidence are affine to 
each other (Figure 3), which can be evidenced 
by measurings, then an alteration of stress 
A o ' can be allocated to each alteration in 
ground-water level. If A o ' is known it will be 
possible via the usual stress-deformation-rela- 
tions of the soil to define the value of the 
land subsidence as well as its temporal pro­
gress using the consolidation theory.

-j [1 - n (1 - Sr >] • Yw • w (x, t) dz

(6)

to which the same restrictions apply as mentio­
ned unter item 2.1.

2.3 Influence by capillarity

On account of the lowering of the ground-water 
level, the pore water withdraws into the inter­
ior of the soil. At the interface between 
solid matter, air and water the surface ten­
sion of the pore water is produced hereby 
which means an additional stress on the granu­
lar skeleton via the socalled capillary pressu­
re P k . The capillary pressure p* can be defi­
ned as a function of the capillary elevation 
hk .

Pk - hk Y»

To differently saturated soil areas 
lowered ground-water level applies

Pk, l = n h k  , T«

(7)

above the

(8)

According to Figure 4, the capillary pressure 
may thus be defined if the distribution of the 
saturation of water Sr.i is known. In particu­
lar in case of flat lowerings near the surfa­
ce, the influence of capillarity must not be 
neglected.

Figure 3. Affine progress of land subsidence s 
and lowering of ground-water level w

For the local (x) and temporal (t) alteration 
of the ground-water level in case of a 
radial-symmetric well flow, Theis (1935) has 
established basic equations for the perched 
ground-water table for which Maeckelburg 
(1965) has given a mathematically strict deri­
vative of the space-time equation as follows

vy//y//y//y/
Pkjs-UjlzolS.o

Pk,u=-u,(zu)

1 2 3 i 1,0 Sr - U j Pk

lowered d ist r ib u t io n  t en si le st ress cap illary st ress

g round -water level of sat u rat io n  at  the

m en iscus lens

W (x, t) =
4 IT

In
2,25

(4)

Figure 4. Determination of the capillary pres­
sure as a function of the distribu­
tion of water saturation Sr , i

with the definitions k being the coefficient 
of water permeability [m/s], H as constant 
thickness of the aquifer [m], Q as volume of 
water discharged resp. delivered [m3/s] and n' 
as drainable porosity. Corresponding appro­
aches exist for the free ground-water table.

Under consideration of equation (1) the al­
teration of stress causing deformation results 
as follows

Ao' = [1 - n (1 Tv W  ( X ,  t ) (5)

in which any optional degrees of saturation Sr 
of the soil are above the lowered ground-water 
level can be taken into consideration.

Basing on equation (2) the land subsidence 
may then be defined from the relation

3 LAND SUBSIDENCE ON ACCOUNT OF SHRINKAGE 

3.1 Theoretical principles

A lowering of the ground-water level may cause 
a drying of cohesive soils leading to a reduc­
tion of volume on account of the decrease of 
water content. This is caused by the capillary 
forces.

The decrease of water content presupposes an 
evaporation of the pore water at the stratum 
end of the cohesive soil. An evaporation of 
the pore water will be possible only on the 
condition that there is no steam saturation of 
the adjacent pore air resp. environmental air.

1 81 5
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3.2 Calculation model under consideration of 

the natural marginal conditions

As shown by studies (Placzek 1982), this essen­

tial prerequisite is fulfilled only if

a. the cohesive, shrinkable stratum is cover­

ed by another cohesive stratum, or

b. if a non-cohesive covering stratum 

features a water content of less than 

5 %, or

c. if the cohesive, shrinkable stratum 

occurs directly at the ground surface.

In these cases and knowing the water regime of 

the soil the deformation by shrinkage can be 

determined as per Figure 5.

tation of the organic substance by micr oor ga­

nisms. Depending on whether oxygen is required 

for such transmutation it is differentiated  

between aerobic and anaerobic decomposition.

4.2 Calculation model

The chemical and/or biological decomposition  

exclusively means transmutation of the organic 

substance. The mineral portion is not affected 

h e r e b y .

initial condition 

before decomposition )

final condition 

( after decomposition )

m o(0)

m (M)

)
organic.

substance

organic

substance

cell
substance

gas

acids

water

■©mineral S m^(M) minerali::;

Figure 5. Determination of the deformations by 

shrinkage by observing and re cogni­

zing the water content prevailing in 

the system of strata

Equation (9) represents an approximation for 

the uniaxial deformation

Az
Aw (9)

Figure 6 . Initial and final state of the decom­

position process

Consequently, a possible loss of mass is a 

loss of mass of the organic substance only. 

Figure 6 shows how to determine the max imum of 

a possible land subsidence. Before decomp os i­

tion, the mass of the organic substance is 

mo (0 ), which on account of the transmutation 

after decomposition has decreased by the p o r ­

tion of gases, acids and water released to 

achieve a mass value of m0 (1). The respective 

rate of decomposition is

with pd and Sr as mean density of dry soil 

resp. as mean degree of saturation, ?v as d e n ­
sity of the water and AWres as resulting di ffe­

rence of water content.

mo (0) - mQ (1) 

mo (0)

and the possible land subsidence is

(10)

4 LAND SUBSIDENCE ON ACCOUNT OF CHEMICAL AND

BIOLOGICAL DECOMPOSITION

4.1 Theoretical principles

On account of the lowering of the ground-water 

level, air resp. oxygen will penetrate into 

the soil which in case of organic soils may 

lead to alterations of volume and consequently 
to land subsidences. This is evoked by a bi olo­

gical and/or chemical decomposition of the o r ­

ganic substance and is influenced essentially 

by the temperature.
For an all-chemical reaction temperatures of 

more than 85° C are required whilst the biol o­

gical reaction requires soil temperatures of 
0° C to 80° C (McKinney 1962). With the tempe­

ratures prevailing in the ground, the bio lo gi­
cal decomposition will be the main cause for 

possible additional percentages of ground d e ­
formation. It is due to the biological transmu-

z • mo  (0 )  

p • A
(11)

with A as cross-sectional area taken into con­

sideration and 9 as mean density.

5 LAND SUBSIDENCE ON ACCOUNT OF VEGETATION

5.1 Theoretical principles - Phenomenon

Especially during the vegetation period - i.e. 
the months from May to Semptember in Middle 

Europe - a dehydration occurs in the upper 
strata of the soil via the root system of 

plants and trees. Such dehydration may lead to 
land subsidence if the ground-water level has 

been lowered to such exent that a sufficient 
moisture can no longer be supplied through the 

capillary system.

I w a t e r  c o n t e n t !

v o l u m e  c h a n g e  : A V  - m % -

S, pw Sr
r e d u c t i o n  i n

w a t e r  m a s s  : A m w  «  A w r < l  •

a v e r a g e  o f  

d r y  m a s s  :

[ d i f f e r e n c e  o f  w a t e r  c o n t e n t ]

— 4 — o f  c o h e s i v e  l a y e r

1 81 6



25/7

5.2 Possibilities for an estimation of the de­

formations

Alterations in humidity of soil on account of 

vegetation are limited to the upper soil areas 

and to the restricted sphere of influence of 

plants and trees.
According to recent studies (Biddle 1983), 

depths and extents of influence for species of 

trees featuring the highest dehydration capaci­

ty can be indicated according to Table 2 from 

which results that poplars show the largest 

depth and extent of influence.

Table 2. Mean depths and extents of influence 

of various species of trees (Biddle 

1983)

Species of 

tree

mean influence 

depth

[m]

mean extent 

resp. range 
of influence 

[m]

poplar 3, 50 25

lime 2,00 15

horse

chestnut 1, 50 12

birch 1, 50 10

cypress 1, 50 8

Figure 7. An assessment of the danger and risk 

of possible land subsidence sa on ac­

count of alterations of stress

Basing on these numerical values, land subsi­

dence may be excluded in case of larger distan­

ces between the trees and minor lowerings of 

the ground-water level than indicated above as 

influenced depths. On the otherhand, ground de­

formations by area are limited to the indicate 
sphere of influence. In case of possible land 

subsidence in clay soils achieving several de­

cimeters (Biddle 1983) very small radii of cur­

vature of the subsidence curve and consequent­

ly a higher stress on structures must be ex­

pected .

6 CONCLUSIONS

Causes for the land subsidence occurring in 

case of a lowering of the ground-water level 

may be the following:

1. alteration of stress in the soil

2. shrinkage of cohesive soils
3. chemical and/or biological decomposition 

of organic soils and

4. dehydration of soil by plants and trees. 

Although the determination of the individual 

percentages of land subsidence will be diffi­

cult on account of the multitude of factors 
influencing and affecting each other, as may 

be seen from the calculation models, the risk 

of possible land subsidences may well be esti­

mated appropriately considering the prevailing 

causes and reasons.

The flow diagrams shown in Figure 7, 8, 9 

and 10 allow a reliable assessment of the 

danger potential of a land subsidence caused 

by lowering of the ground-water level.

Figure 8. An assessment of the danger and risk 

of possible land subsidence ss  on ac­

count of a shrinkage of cohesive 

soils
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Figure 9. An assessment of the danger and risk 
of possible land subsidence so on ac­

count of a chemical and/or biologi­

cal decomposition

Figure 10. An assessment of the danger and 

risk of possible land subsidence s« 

on account of vegetation
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