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During the design phase and the realization of building pits in the saturated soft soils of the Netherlands, often questions
show up with respect to the effects of unloading the subsoil. Due to the reduced pressure, the soil will expand which we call
“bottom heave” or “swell”. Especially for cohesive soils with a low permeability, it is hard to predict how fast the swell will
develop and whether it may result into additional loads on underwater concrete floors and piles.
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An MSc thesis project at Delft University
of Technology has been performed, in
cooperation with the engineering consultant.
Movares, to increase the knowledge on this topic.
While both the effects on underwater concrete
floors and piles were investigated, this article only
deals with swell in building pits with an underwater
concrete floor without tension piles.
Background
Like elastic materials, soil layers will compress
or expand in case of changing pressures. With
respect to swell it is important to realize that soft
soils generally react differently to loading and
unloading. As Figure 1 shows, one may expect that
soil layers will not return to the original thickness
when loaded for the first time and unloaded
afterwards. So the stiffness of the soil is higher for
unloading and reloading compared to the primary
loading stiffness.
Besides the magnitude of volume change, the
time is important. Part of the deformation will take
place directly while a more important part will be
time dependent in case of cohesive soils. After
unloading, groundwater has to flow to the pores as
the soil wants to expand. Pouring an underwater
concrete floor after excavating a building pit may
hinder the expansion of the subsoil (Figure 2).
This would cause an upward effective pressure on
the floor with a theoretical maximum equal to the
effective weight of the excavated soil.
Recommendation 77, drawn up by CUR [1], gives
a useful and commonly used method to deal with
the load on underwater concrete floors without
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piles as a result of obstructing swell. Unfortunately,
the method presumes a one-dimensional situation
and a floor which is fixed in place. A simulation
of the problem using 3DFoundation gives more
insight.
Working method
During the realization of the starting shaft of
the Sophia railway tunnel, upon the instructions
of COB committee F210 [2], one has measured
the reaction of the subsoil and the construction.
Special attention was paid to the thick clay layer of
Kedichem. The measurements were used during
the MSc thesis project for an inverse analysis
to investigate the behaviour of the soil and the
construction. Next, a more general model was
made to be able to draw conclusions for building
pits without the specific constructing method of
the Sophia railway tunnel. Although the problem
could have been modelled with PLAXIS 2D as
well, 3DFoundation was chosen to deal with piles
as well during the project later on. As mentioned
before, that part will not be discussed here.
Case: Starting shaft Sophia railway tunnel
description of the building pit
The building pit at the Sophia railway tunnel was
approximately 26 m wide and 64 m long. While
several measurements were carried out, the
measurements at the clay layer of Kedichem are the
most interesting with respect to swell. They were
executed in a specific part of the building pit.
Figure 3 gives the corresponding intersection
and shows the excavation depth of more than 20
m. The clay layer of Kedichem with a thickness of
approximately 8 m starts at a depth of -29 m. The
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Figure 1: Stress-strain relationships

Figure 2: Hindering swell

walls are a combination of steel tubes and sheet
piles. In horizontal direction the building pit is
stabilized with steel and concrete struts during
different stages. After realizing the walls and
starting the excavation, the walls were stiffened
by filling the tubes with concrete. To reduce the
upward pressure on the underwater concrete floor,
the water level beneath the floor was lowered
during the de-watering process. As a result, a
difference in water pressure occurred over the clay
layer. This makes the interpretation of the reaction
on the unloading more complex
Description of the model
One may assume that the building pit behaves
nearly equal in the longitudinal direction, so a
semi-2D approach has been chosen. The model

in 3DFoundation has a width of 1 m and the
boundaries are fixed perpendicular to their planes.
Besides, the vertical model boundaries with their
normal in z-direction are closed (impermeable) so
no excess pore pressures dissipate through these
planes. The model is made 140 m wide and 65 m
deep so the spreading of loading and unloading
will take place without significant influences of the
boundaries.
Figures 4 and 5 show the geometry of the model
and the different soil layers. The underwater
concrete floor is modelled as a floor with linear
elastic properties. The hardening process of the
floor is neglected so it has an instant isotropic
stiffness of 28,500 N/mm2. The bending stiffness
of the walls is determined by the steel tubes filled

with concrete. The stiffness of the sheet piles is
much less and therefore neglected. The struts are
modelled by springs what implies neglecting the
weight of the struts. To prevent unrealistic large
point loads on the wall, stiff beams are modelled
between the springs and the walls.
To deal with swell, a more accurate stress-strain
relationship is required than Hooke’s law of linear,
isotropic elasticity. As noted above, the stiffness
of cohesive soil is non-linear and depends on
previous stress states. Here, the Hardening Soil
model is used which is capable of dealing with
these features. Based on CPT’s, soil samples
and laboratory tests, a parameter set was made.
Underneath the concrete floor there are several
sandy layers and the clay layer of Kedichem. This
important layer with respect to swell contains

Figure 4: Model of building pit

Figure 6: Displacements, excavation
depth and water level inside building pit

Figure 5: Soil layers in model

Figure 7: Displacements: measurements vs. calculations

Figure 3: Cross section starting shaft with extensometers
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a small layer of peat as well and is, due to ice
loads in the past, overconsolidated. Table 1
shows the soil parameters. As one can see,
there is a factor up to 7 between Eoed,ref, and Eur.
. Due to arrangement of clay particles in time,
ref
it was also considered to be realistic to increase
the horizontal permeability up to 4 times the
vertical permeability. In table 2 the phases of
the construction and the numerical model are
showed. The steps with respect to changing the
construction, the water levels or the excavation
depth are undrained plastic calculations. The time
between steps are taken into account by means of
consolidation analyses.
Output and measurements
With a model of the complete realization of the
building pit in time as a simplification of the real
pit, the behaviour of the soil and the construction
can be studied. Two extensometers were
placed in the clay layer of Kedichem to measure
displacements at depths of N.A.P 31.44 m and
N.A.P 33.45 m. The measurements started after
excavation to a depth of N.A.P 7.3 m. Figure 6
shows the displacements, the excavation depth
and the artificial groundwater level in time.
The first evaluation of the measured and
calculated displacements showed that the
results where comparable, especially when time
increases. The stiffness parameters may therefore
be considered as sufficient. Nevertheless the
reaction of the soils seemed to be too slow.
Several practical reasons may be given but the
most important factor is the permeability. After
increasing the permeabilities of the clay layer of
Kedichem the results are satisfying. Figure 7 shows
the results. Besides the displacements and without
going in detail, also the behaviour of the modelled
construction appears realistic.
A closer look at the measurements and the
calculations gives more insight in the behaviour
of the soils and the construction. Stress changes
and displacements are caused by excavating the
building pit and changing the water levels inside
the pit, above the clay layer of Kedichem. In case
of the starting shaft of the Sophia railway tunnel,
heave of the subsoil was clearly visible: during the
last phases vertical displacements were measured
up to 30 mm. While the clay layer of Kedichem
causes the mayor part, also the deep sand layers
cause a significant part. Furthermore the clay
layer of Kedichem appears to be able to follow
the man-made changes in the building pit. A time
dependent behaviour is not clearly noticeable
which is an important conclusion. This means
no upward effective pressures acting on the
underwater concrete floor have developed in the
starting shaft of the Sophia railway tunnel.
General analyses of swell and upward effective
pressures on underwater concrete floors
Based on the soil profile at the location of starting
shaft of the Sophia railway tunnel, a more general
study has been executed without the specific
characteristics of the starting shaft. For example,
the drainage inside the building pit during
de-watering and the phases of excavation had a
mayor influence on the potential upward effective
pressure on the concrete floor due to preventing
the swelling process. Several aspects have been
analyzed like time, the speed of constructing, wall
friction, spreading of loads, and the behaviour of
the construction itself.
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Name

level
[m + N.A.P]

thickness
[m]

Type

c_unsat
3
[kN/m ]

c_sat
3
[kN/m ]

k_x
[m/day]

k_y
[m/day]

k_z
[m/day]

E_50ref
2
[kN/m ]

38D (Kedichem)

-29

1.5

Undrained

18

18

8.00E-05

2.00E-05

8.00E-05

5.60E+03

38B (Kedichem)

-30.5

6.50

Undrained

20.5

20.5

8.00E-06

2.00E-06

8.00E-06

8.50E+03

Name

E_oedref
2
[kN/m ]

E_urref
2
[kN/m ]

c_ref
2
[kN/m ]

z
[ ]

}
[ ]

v_ur
[ -]

p_ref
2
[kN/m ]

power (m)
[ -]

OCR
[-]

38D (Kedichem)

5.40E+03

3.20E+04

13

32

2

0.2

100

0.8

1.6

38B (Kedichem)

5.50E+03

3.80E+04

13

29

0

0.2

100

0.8

1.6

c

c

Table 1: Hardening Soil parameters for layer of Kedichem

Water level
inside pit
[m + N.A.P]

Groundwater
table 1st aquifer
[m + N.A.P]

0.0

-2.25

-3.0

0

0.0

-2.25

-3.0

14

0.0

-2.25

-3.0

9

0

0.0

-3.0

-3.0

Excav. to N.A.P. -2.7

10-11

0

-2.7

-3.0

-3.0

5

Inst. steel struts

12

0

-2.7

-3.0

-3.0

6

Consolidation

42

-2.7

-3.0

-3.0

7

Filling steel tubes

0

-2.7

-3.0

-3.0

8

Consolidation

35

-2.7

-3.0

-3.0

9

Change water level

20

0

-2.7

-7.5

-7.5

10

Excav. to N.A.P.-7.3

21-22

0

-7.3

-7.5

-7.5

11

Consolidation

72

-7.3

-7.5

-7.5

12

Inst. concrete struts

28

0

-7.3

-7.5

-7.5

13

Remove steel struts

29

0

-7.3

-7.5

-7.5

14

Change water levels

30

0

-7.3

-5.0

-5.0

15

Excav. to N.A.P.-12.5

31-33

0

-12.5

-5.0

-5.0

16

Consolidation

19

-12.5

-5.0

-5.0

17

Excav. to N.A.P.-16.35

0

-16.35

-5.0

-5.0

18

Consolidation

19

-16.35

-5.0

-5.0

19

Excav. to N.A.P.-20.2

20

Consolidation

21

Pour uwc-floor

22

Consolidation

23

Dewatering pit and
drainage

24

Consolidation until
reloading

25

Consolidation. extra

Phase

Description

0

Initial situation

0

1

Inst. combined wall

2

Reset of displacements

3

Change water level

4

Table 2: Phases in Plaxis model
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Time 1999
[week]

16-17

33-36

36-38

45

46-48

Duration in model Excavation depth
[days]
[m + N.A.P]

0

-20.2

-5.0

-5.0

51

-20.2

-5.0

-5.0

0

-20.2

-5.0

-5.0

14

-20.2

-5.0

-5.0

0

-20.2

-21.0

-21.0

98

-20.2

-21.0

-21.0

∞

-20.2

-21.0

-21.0
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Swell inside a building pit
The simplified model makes is easier to see that
vertical expansion is caused by a direct expansion
of sand layer and a time-dependent expansion
of cohesive soil with a low permeability. After an
unloading by excavating, the induced low water
pressures will disappear by a groundwater flow
towards the expanding layers. A comparison
of this consolidation process is made between
the Plaxis model and the theory of Terzaghi.
As the unload/reload stiffness Eur is stress
dependent, the result of Plaxis correspond with
the consolidation process of Terzaghi in case one
calculates the coefficient of consolidation c v based
on the unloaded stress situation (Figure 8).

Upward effective pressures on underwater
concrete floor due to obstructing the swelling
process
When the swell is hindered by the presence of an
underwater concrete floor, an upward effective
pressure may develop. The theoretical maximum
equals the effective weight of the excavated soil
(the initial effective stress at the excavation depth).
Of course, this maximum is partly counterbalanced
by the weight of the underwater concrete floor
itself. More interesting is the time spent between
unloading and pouring the concrete floor. The
grade of consolidation determines the potential
upward effective pressure. So for the onedimensional case see Figure 13.

While Terzaghi assumes a one dimensional
situation, Plaxis shows this is not the case for swell
inside building pits. Like loading, the effect of
locally unloading will diminish with an increasing
depth. Therefore deep soil layers will contribute
less to the total vertical heave. Another important
aspect is the interaction between soil and vertical
structural elements. Friction along sheet piles or
diaphragm walls, limits the vertical displacements
close to these boundaries. In Plaxis this friction
is modelled by means of interfaces and the
roughness of the interfaces is determined by the
soil layers and the factor Rinter. Here, the friction
between steel and soil is assumed to be significant
so Rinter = 1.0. Figure 9 gives a plot of the
effective stress and makes the effect of spreading
and wall friction theoretically clear.

Figure 10 shows the development of the swell and
the relation with the potential upward effective
pressure. It makes clear that the potential upward
effective pressure is large in case excavation
takes place fast and the underwater concrete
floor is poured directly when the final depth is
reached. In common practice the excavation
speed is in the order of 1 m/week and some time is
required before the floor can be made. This leads
normally to a negligible potential upward effective
pressure.

Besides friction, the deformation of walls may
also influence the development of swell. When
excavating a building pit, the walls usually will
bend and undergo a horizontal displacement
towards the excavated area. In theory, this might
load the soil, partly undo negative water pressures
and make the soil deform with only little change
of volume. In this case, the time-dependent
behaviour would be less compared to a one
dimensional situation.

Figure 8: Development of swell

With the potential upward effective pressure at a
certain time, the interaction with the construction
may start. Analyses with 3DFoundation shed
light on the effects of the behaviour of the
construction. The stiffness of the underwater
concrete floor turns out to be important, so is the
vertical translation of the construction in total.
First of all, when the floor is made of concrete with
a small stiffness, then the floor will bend because
of upward pressures. Especially when the building
pit is de-watered, the curvature is such that swell
will be less hindered in the centre of the pit. Figure
11 and 12 show the deformations and the effective
stresses.

Figure 10: Development swell and
the potential upward effective pressure

In the other case, when the stiffness of the
underwater concrete floor is large, the upward
effective pressure will be of a higher level. Still,
the hindering of the development of swell will be
restricted in case the total construction will move
upwards. This will also especially be the case
when dewatering the building pit and large water
pressure working on the floor. The starting shaft of
the Sophia railway tunnel made clear building pits
and its structural elements may be translated by a
few centimeters in upward direction.
Some final words
The analyses give insight in the development of
the swell and interaction with a building pit. In the
analyzed Dutch situations, several effects prove
to limit the possible upward effective stresses
on underwater concrete floors. This article only
discusses analyses with 3DFoundation in case of
building pits with no tension piles. For questions
and remarks about this topic and the interaction
with piles, please contact the author.
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Figure 12: Effective stresses underneath concrete floor

v\ pot, upw = v\ max, upw : (1 - U (t pour.)) = v\ in, z : (1 - U (t pour))
in which:
v\ pot, upw = the potential upward effective pressure by hindering swell
v\ max,upw = the theoretical maximum upward effective pressure by hindering swell
v\ in,z

= initial effect vertical stress
U (t pour .) = degree of consolidation when the underwater concrete floor is poured

Figure 9: Effective stresses after excavation

Figure 11: Deformation of soil and construction

Figure 13
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