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Centrifuge modelling of the effect of base slab stiffness
on long-term heave and swell pressure

D. Y. K. CHAN∗†, S. P. G. MADABHUSHI∗, G. M. B. VIGGIANI∗, M. G. WILLIAMSON‡, Y. S. HSU§

Long-term heave of basement slabs is a significant problem in cities with over-consolidated clay, such as
London. There is a dearth of data to calibrate the methods commonly used by designers to predict heave
displacement and swell pressure. This paper presents results from two centrifuge tests aimed at reproducing
the phenomenon of long-term basement heave. Reduced scale models of rectangular basements with different
slab thicknesses underlain by over-consolidated clay were tested, to investigate the effect of base slab stiffness on
heave behaviour. The centrifuge tests provided measurements of the profiles of vertical displacement, bending
moments in the slab, and contact pressure at the slab-soil interface. This is the first geotechnical centrifuge study
to provide simultaneous measurements of vertical displacement and swell pressures during long-term basement
heave. Whereas the flexible basement underwent significant differential heave and almost complete relaxation
of swell pressures, the stiff basement generated large swell pressures and consequently large bending stresses.
These results confirm that the prediction of high heave pressures is a self-fulfilling prophecy: a basement slab
with high stiffness will beget large swell pressures. The experimental measurements of swell pressure and heave
were compared to predictions by a simplified non-linear method of heave calculation. The simplified non-linear
method produced acceptable predictions of total heave.
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INTRODUCTION
The desire for cities to grow in population yet remain compact
has led to significant demand for underground communal
spaces such as shopping centre basements and railway station
concourses. These underground spaces are often constructed as
deep basements, typically dozens of metres long and more than
10 m deep (Sterling et al., 2012).

The excavation of underground spaces inevitably relieves
the total earth pressures. While the use of appropriate lateral
support may minimise lateral stress relief, it is impossible to
avoid significant relief of vertical stress during construction
(Burland et al., 1979). In the long term, vertical stress relief will
be dictated by the stiffness of the structural system, including
base slab, basement structure, retaining walls and piles, if
present; and the total load applied by the superstructure at
foundation level.

Where basements are founded upon over-consolidated clay
strata, such as London Clay, the high swelling capacity and low
permeability of the clay means that a significant proportion of
heave, or swell pressure if the slab is restrained, would occur
after the end of construction. In geotechnical practice, safe
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and economical designs require accurate predictions of these
long-term changes, to ensure that displacements and pressure
changes do not threaten the serviceability of the finished
structure.

Routine designs of basement structures generally do not
justify the resource commitment of appropriate laboratory
testing programme to calibrate the parameters of complex
constitutive laws of advanced finite element simulations that
can adequately capture the non-linear behaviour of over-
consolidated clays on swelling. Many engineers therefore adopt
simplified non-linear methods, similar to those developed to
compute settlement, to account for the non-linearity of clay
behaviour (Padfield & Sharrock, 1983; O’Brien & Sharp,
2001).

These methods take as their input the change in vertical stress
at foundation level, and calculate vertical displacement at any
point of interest in the soil. The distribution of vertical stress
change (∆σ′v) in the clay due to the changes in vertical stress
at foundation level is calculated. Using linear-elastic theory
(such as Steinbrenner’s method; see Bowles, 1997), the clay
stratum is discretised into layers, working downwards from
foundation level to a depth where ∆σ′v/σ

′
v drops below 10%,

or a rigid boundary, whichever comes first. A non-linear stress-
strain relationship, such as that obtained from an oedometer
test, is then used to calculate the change in thickness of each soil
element. The thickness changes of each element in a column
are then summed vertically to obtain the magnitude of vertical
displacement at formation level corresponding to that location.
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Fig. 1. Illustration of relaxation ratio method

For the designs of basement structures, the simplified non-
linear model is sometimes used as part of the “relaxation
ratio method” of soil-structure interaction analysis, by making
the simplifying assumption that the slab-soil contact pressure
is uniform. By varying this uniform pressure applied at
formation level, two graphs can be produced, representing the
displacements of the soil stratum and the structure respectively.
The intersection between the two curves provides an estimate
of heave pressure and displacement (Figure 1; Chan &
Madabhushi, 2017; Simpson, 2018).

These methods are affected by several sources of uncertainty
connected to the estimation of slab-wall joint stiffness and
the actual distribution of the slab-soil contact pressure.
Simpson (2018) analysed the common case where a basement
slab is cast after excavation and then fully restrained, and
concluded that the relaxation ratio method is “fundamentally
flawed”. However, for basements in over-consolidated clay,
Simpson also noted that this method will generally compute
effective heave pressures that are on the high side, leading to
conservative structural design of the base slab. Simpson opined
that more field measurements of long-term heave pressure
should be obtained, to aid the refinement of the methods used
for design.

PAST EXPERIMENTAL STUDIES
Due to the prominence of basement excavations in major cities,
there have been many past field studies of ground movement
induced by excavations (e.g. Ng, 1998; Goh et al., 2003; Ma
et al., 2010). The motivation behind most of these studies
was to protect existing buildings from ground movements
caused by excavation, so they focused on the movement of
the retaining wall and the soil settlement profile outside the
basement footprint. Monitoring would generally cease shortly
after structural completion.

There have also been several field studies where the
gradual movement of a basement structure in London Clay
was monitored for more than five years beyond structural
completion, including Shell Centre, Waterloo (Pumphrey,

2001); the British Library, St Pancras (Simpson & Vardanega,
2014); and Horseferry Road Basement, Westminster (May,
1975; Chan et al., 2018). However, these cases of extensive
monitoring are the exceptions rather than the rule, because
construction projects rarely have the resources to continue
monitoring the structure after the completion of the works.
There remains a dearth of field monitoring data on long-term
heave, especially measurements of swell pressure under the
slab.

Laboratory experimental investigations can help to fill
this gap. Geotechnical centrifuge modelling is a desirable
experimental method to investigate the phenomenon of
basement heave, because increased gravity allows the
dimensions and time-scale of the prototype construction
problem to be scaled down (Madabhushi, 2014). In particular, a
geotechnical centrifuge model running at an increased gravity
of Ng (N times the Earth’s gravitational acceleration g), can
simulate a prototype time, tp, in a centrifuge operation time
tm = tp/N

2. If N = 100, one hour of centrifuge operation is
enough to simulate more than one year at prototype scale:

tp = N2 · tm = 1002 · 1 h = 10000 h = 417 d ≈ 1.1 year (1)

Zornberg et al. (2008) performed clay swell tests at a range
of centrifuge accelerations and confirmed that dimensional
similitude works as expected for clay swell problems.

Laboratory testing also allows the use of extensive miniature
instrumentation in the soil and on the model structure.
Many researchers have investigated the effects of basement
excavation on adjacent structures such as foundations or
existing tunnels by centrifuge modelling (e.g. Leung et al.,
2003; Ong et al., 2009; Zheng et al., 2010; Ng et al., 2013).
In particular, some researchers used centrifuge modelling
to investigate techniques to control the basal heave of
deep excavations in clay. These techniques included soil
improvement (Ohishi et al., 2000), tension piles (McNamara &
Taylor, 2004; McNamara et al., 2009), compensation grouting
(Halai & McNamara, 2014), and controlled flooding of the
formation level (Panchal et al., 2017). However, there has been
little research on how the stiffness of the basement slab itself
influences the swell pressures and heave movements.

This paper aims to complement previous research by treating
the stiffness of the base slab as the main variable in a centrifuge
study of long-term basement heave in over-consolidated clay.
The long-term heave displacements and slab-soil contact
pressures were measured, providing data for comparison with
the simplified non-linear method.

EXPERIMENTAL SET-UP
The centrifuge models were built inside a cylindrical strong
box of inner diameter 850 mm. A 160 mm-thick layer of over-
consolidated Speswhite kaolin was overlain by a 150 mm-thick
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layer of dry, dense Hostun sand (Figure 2a). The model was
tested at 100g and the equivalent prototype dimensions are
shown in brackets in metres.

To prepare the centrifuge models, Speswhite kaolin powder
was first mixed with water under vacuum to produce a slurry
of water content w = 125% (1.6 times liquid limit). The slurry
was poured into the strong box and compressed to a vertical
effective stress of 800 kPa using a hydraulic piston. The internal
wall of the strong box was greased to minimise friction between
the consolidating clay and the container. The piston load was
then reduced gradually from 800 kPa to 80 kPa, taking care
to avoid cavitation by ensuring that the negative excess pore
pressure never exceeded 100 kPa.

The consolidation and swelling curves of three Speswhite
kaolin models prepared using this method are shown in
Figure 3. Best-fit lines were used to evaluate the compressibility
and swelling indexes given in Table 1. These values compared
favourably with values obtained by previous research (see e.g.
Al-Tabbaa & Wood, 1987; Sivakumar & Wheeler, 2000).

The piston was then removed from the strong box and the
clay was trimmed to the desired thickness of 160 mm. The
basement model was installed and the dry Hostun sand was
poured using an automatic sand pourer (Zhao et al., 2006)
to give a dry density of 1625 kg/m3 (see Table 2). Plots of
estimated vertical stresses and over-consolidation ratios (OCR)
at 100g are provided alongside the cross-section in Figures
2b & 2c. These stress profiles refer to the soil outside the
basement; within the basement footprint, the self-weight of the
basement structure would add to the vertical stresses.

The centrifuge model includes a cone penetration test (CPT)
rig to allow in-flight measurement of the strength of the clay.
The cone penetrometer was placed inside a shaft (Figure 2)
to isolate it from the sand. Figure 4 plots the CPT results and
shows that the undrained shear strength of the clay at depths
well below the clay-sand boundary was approximately 100 kPa,
consistent with predictions by Vardanega et al. (2012).

Basement models
Each centrifuge test incorporated a basement structure 150 mm
× 300 mm in plan, buried 150 mm into the sand. The stiffnesses
of the walls and the slab were varied between tests.

The stiff basement model was made of stainless steel. It
aimed to represent a typical reinforced concrete basement
structure in London Clay by matching the bending stiffness per
unit breadth (EI/b, where E is the Young’s modulus, I is the
second moment of area, and b is the breadth of the basement
along its long dimension) of the metal plates with the prototype
concrete slab and walls.

The bending stiffness of a typical 1 m-thick reinforced
concrete raft with 32 mm-diameter steel reinforcement bars
at 200 mm centres, obtained by a cracked stiffness analysis
(Kong & Evans, 1987), is 533 MNm2/m (see Table 3). This
corresponds to that of a 3.2 mm-thick stainless steel plate tested

at a centrifugal acceleration of 100g, which was taken as the
specification of the stiff basement model.

In contrast, the flexible basement model aimed to represent a
very flexible basement which would beget large deformations
to aid the identification of deformation mechanisms. In this
case, the base slab was made from a 1.2 mm-thick brass
plate, which would be equivalent to the cracked stiffness of
a 300 mm-thick prototype concrete component with 20 mm-
diameter reinforcement bars at 200 mm centres (Table 3).
Within each basement model, the walls and the slab were of
the same material and thickness.

A 5 mm-thick layer of sand separated the base slab of the
basement from the clay. This ensured adequate drainage at the
formation level, simulating the increasingly common practice
of under-slab drainage, whereby a drainage layer is installed
between the raft and the clay, and water is actively pumped
out of the drainage layer to eliminate buoyancy loads on the
basement.

Experimental procedure
Before the start of each centrifuge test, the basement model was
filled with a heavy fluid (sodium polytungstate solution) of the
same density as the dry sand. The centrifuge would then be
spun up to 100g and the clay allowed to consolidate for five
hours. Figure 5 shows the plots of vertical displacement of the
clay outside the basement footprint versus the square root of
time elapsed since spin-up. According to the square root of time
fitting method described in BS 1377-5:1990, in both centrifuge
tests t90 had been reached before excavation was triggered. The
CPT was performed once the clay reached equilibrium.

The heavy fluid imposed a vertical stress of 240 kPa onto the
slab, same as the vertical stress of the soil outside the basement
at formation level. To simulate excavation, pneumatic valves
were opened to drain the heavy fluid to a catch-tank under
centrifugal acceleration. Excavation occurred in two steps, each
taking about 1 minute, corresponding to about 1 week at
prototype scale, with a 5-minute pause (5 weeks at prototype
scale) between the two steps. This rate of excavation is on
the fast side compared to most real-life basement excavation
projects. After 15 minutes, corresponding to about 15 weeks
at prototype scale, a one-dimensional electrical actuator was
operated to apply a vertical load onto the basement walls to
simulate the construction of a superstructure. The actuator was
displacement-controlled while its load was monitored by a load
cell.

Towards the end of each test, the actuator was operated again
to simulate the short-term effects of the belated construction
of a heavy superstructure, after which the centrifuge would
be spun down. Table 4 lists the operating sequence of each
centrifuge test.
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Fig. 2. Annotated cross-section of centrifuge package. (a): Cross-section; (b): Profiles of vertical stresses; (c): Profile of over-consolidation
ratio

Table 1. Soil parameters of clay in centrifuge models

Soil parameter Value

Liquid limit 75%
Plastic limit 33%

Critical state friction angle (φ′crit) 23◦

Saturated density of clay (γsat) 1775 kg/m3

Initial swelling index of clay (Cs) 0.047
Swelling index of clay (Cs, unload 800 to 400 kPa) 0.072

Estimated initial voids ratio of clay in centrifuge (e0) 1.02
Over-consolidation ratio in centrifuge (OCR) 3.3 (top) – 2.2 (bottom)

0.95

1.00

1.05

1.10

1.15

1.20

10 100 1,000

e

σv' (kPa)

Sample 3

Sample 4

Sample 7

Best-fit line

Fig. 3. Consolidation and swelling curves of Speswhite kaolin
samples used in this research project

Instrumentation
The centrifuge package incorporated five types of instruments
to monitor the behaviour of the clay and the basement structure
(Figures 2a & 6):

Table 2. Soil parameters of sand in centrifuge models

Soil parameter Value

Median particle diameter by mass (d50) 480 µm
Coefficient of uniformity (UC ) 1.67

Maximum void ratio (emax) 1.01
Minimum void ratio (emin) 0.555

Critical state friction angle (φ′crit) 35◦

Dry density (γdry) 1625 kg/m3

Relative density (ID) 83%

• Linear variable differential transformers (LVDTs) mea-
sured the vertical displacements at various points on the
base slab, the travel of the actuator, and the settlement of
the clay outside the basement;
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Table 3. Specifications of centrifuge tests

Test identifier
DYC-04

(flexible basement)
DYC-05

(stiff basement)

Basement footprint
150 mm × 300 mm (model);

15 m × 30 m (prototype)
150 mm × 300 mm (model);

15 m × 30 m (prototype)

Basement slab and
wall specification

1.22 mm-thick brass plate 3.25 mm-thick stainless steel plate

Self-weight of
basement model

3.38 kg (model scale) 5.78 kg (model scale)

Basement slab and
wall stiffness (EI/b)

14 Nm2/m (model);
14 MNm2/m (prototype)

(Represents 300 mm-thick reinforced concrete)

533 Nm2/m (model);
533 MNm2/m (prototype)

(Represents 1000 mm-thick reinforced concrete)

Light superstructure
weight

2.2 kN (model)
22 MN (prototype)

(Represents 3-storey basement structure)

2.2 kN (model)
22 MN (prototype)

(Represents 3-storey basement structure)

Heavy superstructure
weight

10 kN (model)
100 MN (prototype)

(Represents 10-storey building above ground)

10 kN (model)
100 MN (prototype)

(Represents 10-storey building above ground)
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Fig. 4. CPT results of in-flight undrained shear strength of clay
layer

• Miniature strain gauges measured the change in bending
curvature at various points along the centre-line of the
basement slab and wall;

• Two load cells measured the prop force in two
6 mm-diameter aluminium alloy props, which provided
excavation lateral support near ground level;

• Miniature pore pressure transducers monitored the
response of the clay due to consolidation, excavation and
construction;

• A Tekscan tactile sensing mat monitored the distribution
of slab-soil contact pressure at formation level.

Fig. 5. Graph of in-flight reconsolidation progress

Fig. 6. Plan view of basement box and its instrumentation, all
dimensions in mm
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Table 4. Experimental sequence

No. Procedure

1 Spin-up to 100g (149 rpm)
2 Allow the clay layer to re-consolidate to equilibrium

for 5 hours
3 Perform cone penetrometer test (CPT)
4 Excavation stage: open valves to drain half of the

heavy fluid from the basement; then close valves and
wait for 5 minutes (to simulate a 5 week pause in the
excavation period); then drain the remaining heavy
fluid.

5 Construction stage: 15 minutes after the end of
excavation (15 weeks in prototype scale), engage the
electrical actuator to simulate the construction of the
light superstructure

6 Allow the clay to reconsolidate for 4 hours (4 years
prototype) and monitor changes in the clay and the
basement

7 Operate the actuator again to simulate the construc-
tion of the heavy superstructure

8 Spin down the centrifuge

The research described in this paper is the first published
geotechnical centrifuge study of basement heave which
measured the profiles of both vertical displacement and slab-
soil contact pressure. Chan (2020) provides further details on
experimental procedure and instrument calibration.

EXPERIMENTAL RESULTS AND DISCUSSION
One of the main concerns for deep basements founded on
over-consolidated clay is that long-term heave may lead to
differential vertical movements that affect the serviceability
of the structure. The centrifuge tests addressed this issue by
providing measurements of how the vertical movement of the
base slab varied in space and time.

Intuitively, one should expect a flexible slab to show
much larger vertical movements than a stiff slab. Previous
research based on field data also showed that the evolution
of heave displacement with time follows the same trend as
a one-dimensional consolidation problem, despite the three-
dimensional nature of real basements.

Temporal variation of heave at mid-span
Figure 7 shows the vertical movement of the centre of the base
slab and the far-field clay surface (see Figure 2a for location).
In both centrifuge tests, spin-up (1) and ensuing consolidation
(2) caused the far-field clay surface to settle about 5 mm (or
0.5 m at prototype scale), and the basement settled a further 1
mm (0.1 m prototype) due to its additional weight. The far-field
clay surface’s settlement was measured by an LVDT footing
175 mm (17.5 m prototype) from the basement wall (Figure
2a). The clay in the flexible basement test settled more during
in-flight consolidation than the stiff basement test because the

former had swollen more during model prepration before spin-
up, thus requiring more settlement to reach equilibrium. The
additional settlement caused by self-weight of the basement
model (see Table 3) was a necessary compromise to allow the
magnitude of the overburden removal during excavation to be
modelled correctly.

When the clay had reached target consolidation, the CPT
was performed (3). This did not lead to any observable vertical
movement on the slab or the far-field clay. During excavation
(4), the flexible basement heaved by about 2 mm (200 mm
prototype) whereas the stiff basement heaved by about 0.5 mm
(50 mm prototype). Superstructure construction (5) caused
both basements to settle. As the clay reconsolidated after
construction (6), the centre of the flexible slab continued to
heave by about 1 mm, while the stiff slab did not move
significantly.

The observation that the stiff slab reached equilibrium more
quickly than the flexible slab (5–6) can be explained by the
conventional formulation of the coefficient of consolidation
(cv):

cv =
kE

γw
(2)

From the definition of the one-dimensional swelling index
(Cs):

Cs =
−∆v

∆log10(σ′v)
=
−2.3 ∆v

∆ln(σ′v)
≈ −2.3 ∆v

(∆σ′v/σ′v)
(3)

Substitute into the definition of the constrained modulus
(Eoed):

Eoed =
∆σ

ε
=

∆σ′v
(∆v/v)

≈ −2.3 v σ′v
Cs

(4)

When a clay stratum is free to heave in response to
excavation, there are typically large reductions of effective
stress (σ′v) but only small changes of specific volume (v) and
swelling index. It follows that the constrained modulus of
the clay and therefore its coefficient of consolidation scales
with the effective stress on the clay. The stiff slab constrained
swelling, thus retaining a larger effective stress in the clay
than the flexible slab. Therefore, the average coefficient of
consolidation was higher, and equilibrium was reached more
quickly.

Towards the end of the centrifuge test, the actuator load was
operated again to simulate the short-term effect of building
a heavy superstructure (7), after which the centrifuge was
turned off (8). Chan et al. (2019b) discussed the influence
of the superstructure load on heave displacements and under-
slab pressures; this paper will focus on the experimental stages
before the application of the heavy superstructure load.

Spatial variation of slab heave
Figure 8 shows the vertical displacement of the base slabs,
relative to their positions before excavation. During excavation,
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Fig. 7. Time series of vertical movement relative to start of spin-up.
Legend: (1) Spin-up; (2) Consolidation; (3) CPT; (4) Excavation;
(5) Construction (light superstructure); (6) Re-consolidation; (7)
Construction (heavy superstructure); (8) Spin-down

the flexible basement slab experienced more total heave and
more differential heave compared to the stiff basement slab. In
both plots, the left-most measurement point was approximately
1 m away from the toe of the wall.

The profiles of vertical displacements suggest that, for the
flexible basement, the toes of the walls settled in response to
excavation. Between excavation and construction of the light
superstructure, the toes of the wall did not move whereas the
centre of the slab heaved significantly. Construction of the
light superstructure had the effect of flattening the profile of
displacements, after which the centre of the slab continued to
heave.

For the stiff basement, the entire slab heaved in response
to excavation, however, the magnitude of both total and
differential heave was much less than for the flexible basement.
Construction of the light superstructure caused the whole slab
to settle. No significant further movements of the slab were
recorded in the long-term, because most of the excess pore
pressure generated from excavation had already dissipated

during the hiatus between excavation and superstructure
loading.

Because of this difference in behaviour, the remainder of this
paper will look at the gradual change from excavation to long-
term equilibrium for the flexible basement, but focus on the
period between excavation and superstructure construction for
the stiff basement.

Profile of bending moment in slab
The profile of bending moment in the base slab is a measure of
the load in the structural members, which governs the strength
requirements of the slab. In the centrifuge tests, measurements
of bending moment were provided by strain gauges that
measured the curvature of the base slab along its centre-line.
The bending moments were calculated by scaling the readings
of curvature with the bending stiffness of the slab per unit
breadth (EI/b), excluding the component of transverse bending
moment due to longitudinal strain.

As shown in Figure 9, for both model base slabs and
throughout the experiment, the bending moments near the
edges of the slabs were positive, i.e. in hogging with the top
surface of the slab in tension. This is because the heavy fluid
inside the box imposed K0 = 1, larger than the K0 of the sand
layer (estimated as 0.46), pushing the walls outwards. This
outward movement of the walls would be small due to the large
stiffness of the dense sand. However, it would impose a hogging
moment at the slab-wall joint.

Before excavation, the vertical pressure imposed by the fluid
onto the slab was large enough to force the centre of the flexible
slab back into sagging. In contrast, the stiff slab was stiff
enough that the bending moment in the centre of the slab was
closer to zero but still positive, indicating that the entire slab
was in hogging. These initial values of bending moment are
an experimental artefact due to the fact that excavation was
simulated by draining a heavy fluid that could not reproduce
the horizontal stress before excavation. Due to imperfections
in the alignment of the model and unavoidable slacknesses in
the connections of the load cells and the props, these values
of bending moments after reconsolidation were not perfectly
symmetrical about the excavation centre-line, particularly in the
case of the stiff slab.

Upon excavation, the entire slab went into hogging as the
weight of the heavy fluid was relieved from the top of the
slab. This is an effect of the base slab being wished-in-
place. Construction of the superstructure increased this hogging
moment, as the load of the superstructure pushed the toes of the
walls downward but swell pressures from the clay pushed the
mid-span of the slabs upward.

Quantitatively, Figure 9 shows that the bending moment
at the centre of the flexible slab doubled between the short-
term and the long-term conditions after excavation. In contrast,
the moment at the centre of the stiff slab did not change
significantly due to construction. The bending moments in the
stiff model basement were an order of magnitude larger than
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Fig. 8. Profiles of vertical displacement along base slab, relative to position prior to excavation

that in the flexible model basement. Structural loads caused by
the phenomenon of long-term basement heave depend strongly
on the stiffness of the structure and cannot be predicted without
knowledge thereof.

Profile of slab-soil contact pressure
Figure 10 shows the profiles of slab-soil contact pressure
obtained from the tactile sensing mat. Before excavation, the
readings in both tests were slightly below the average dead
weight of the basement slab and the heavy fluid, which were
240 kPa (flexible basement test) and 270 kPa (stiff basement
test) respectively, due to the soil-structure interaction generated
during spin-up. The loads were not uniform due to the finite
stiffness of the basement model and equipment noise.

Upon excavation, the middle part of the flexible basement
lost almost all its load, whereas the stiff basement retained 50
– 100 kPa of mid-span contact pressure. Immediately before
construction of the light superstructure, the contact pressure on
the main span of the stiff slab had increased almost uniformly
by about 50 kPa. For the flexible slab, the pressure continued to
concentrate near the toes of the walls and the contact pressure
at the centre was essentially zero even in the long-term.

ANALYSIS OF MECHANISMS
The experimental results above show that the flexible basement
model and the stiff basement model behaved very differently.
This section will introduce two idealised mechanisms of
deformation to explain the differences in behaviour. Figure
11 shows idealised cross-section schematic sketches of the
mechanisms of deformation for a very flexible basement and
a very stiff basement. Figure 11a shows the exaggerated

deformed shapes; Figure 11b shows idealised structural loads
on the slab, including slab-soil contact pressures; and Figure
11c shows bending moment diagrams of the slab.

The edges of the base slabs are constrained by their
connections to the retaining walls, which are in turn restrained
from moving vertically due to wall-soil friction. When the
flexible slab was subject to heave deformations, the centre of
the slab could heave significantly. This permitted the clay to
swell as excess pore pressures dissipated, thereby leading to
almost complete relaxation of heave pressures in the centre of
the slab.

At the same time, vertical equilibrium dictates that most of
the weight of the basement should be carried through the region
near the edges of the slab. This pressure distribution can be
approximated as a narrow strip of upward pressure near the
slab-wall connection, and zero external loads on the rest of the
slab. Adding on the downward forces and the bending moments
imposed by the slab-wall connection, an elastic beam analysis
results in a bending moment diagram which has a constant
hogging moment over the conceptual free-span in the middle
of the slab. This in turn implies that the deformed shape of the
slab should be a quadratic curve.

The experimental data for the flexible basement slab agree
with this idealised mechanism of deformation: the deformed
shape of the slab was approximately parabolic (Figure 8); the
slab-soil contact pressure was concentrated near the toes of the
walls (Figure 10); and the long-term bending moments were
approximately constant over the span of the slab (Figure 9).

Now consider the stiff model base slab. Upon excavation, the
slab could undergo some total heave, but the high stiffness of
the structure restrained differential heave and allowed the slab
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Fig. 9. Profiles of bending moment along base slab
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Fig. 10. Profiles of estimated slab-soil contact force along base slab

to retain a significant proportion of the pre-existing overburden
throughout the slab (Figure 10). Equilibrium was maintained by
mobilising friction between the walls and the sand behind them.
The heave load on the slab would be approximately uniform
along the middle part of the slab, as shown in the free-body
diagram. Approximating this as a two-dimensional problem, an
elastic beam analysis returns a bending moment diagram with
an approximately quadratic distribution, consistent with Figure
9.

Figure 12 compares the swell pressure measurements from
the stiff basement experiment with a linear-elastic analysis
based on Roark & Young (1989). The prediction line is obtained
by assuming a uniform distributed load on a rectangular plate
of the same stiffness as the prototype basement slab, with
clamped supports on all four sides. This gives a proportional
relationship between the bending moment at the centre of the
plate and the distributed load on the plate. Figure 12 plots the
measured bending moments at mid-span against the average
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Fig. 12. Linear-elastic analysis of heave pressure and mid-
span bending moment of the stiff basement slab. Legend: (4)
Excavation; (5) Construction (light superstructure); (6) Re-
consolidation

swell pressures from the stiff basement experiment, for three
different construction stages (after excavation, shortly after
light superstructure construction, and long-term equilibrium
with light superstructure). The results show good agreement
between the linear-elastic prediction and the experimental data.
This shows that the strain gauge data are consistent with
the tactile sensing mat data, and that the “stiff” mechanism
proposed on Figure 11 is reasonably representative of the
experimental results.

SIMPLIFIED NON-LINEAR METHOD
These centrifuge tests measured the profiles of both the vertical
movement of the slab and the slab-soil contact pressure, so the
experimental data can be compared to the simplified non-linear
method directly.

Figure 13 plots the magnitudes of mid-span heave and
relaxation ratios β = σ′v/σ

′
v0 of the base slabs in the two

centrifuge tests, alongside predictions from the relaxation ratio
method. The displacements are calculated for the long-term,
fully drained state, relative to the state before excavation.
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Fig. 13. Comparison between experimental results and relaxation
ratio method predictions

Two soil curves are included for the two values of CS in
Table 1: the higher value should be used for the flexible
basement experiment which involved drastic reductions in
effective stress; the lower value should be used for the stiff
basement experiment because of its relatively small reduction
in stress.

The structure curves were generated according to Roark
& Young (1989) assuming either pin joint or fully fixed
joint conditions for the edges of the slabs. The behaviour
of the flexible basement model result aligns well with the
pin-joint assumption, whereas the stiff basement model result
falls between the pin and fixed predictions. In both cases, the
relevant intersection between the soil and structure curves in
the relaxation ratio method lay to the right of the experimental
data point, in agreement with Simpson (2018) who observed
that the method would give conservative predictions of under-
slab pressure.

The discrepancy between the predictions and experimental
results in Figure 13 was in part caused by the assumption
that the slab-soil contact pressure was uniform. This can
be improved using the profiles of slab-soil contact pressure
measured by the tactile sensing mats in the centrifuge
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Fig. 14. Maps of vertical stress changes (∆σv) at formation level

tests. Figure 14 shows the profiles of changes in contact
pressure between the pre-excavation condition and an
equilibrium condition after excavation. The measurements
were downsampled to remove equipment noise and extended
by symmetry to cover the parts of the slab where direct
measurement of contact pressure was not possible due to space
constraints (Chan et al., 2019a). Values for the flexible slab
refer to the long-term equilibrium with light superstructure
load; values for the stiff slab refer to the end of the hiatus after
excavation without superstructure load.

To predict the magnitude of vertical displacement due to
the overall change in slab-soil contact pressure, Steinbrenner’s
method was used to calculate the stress changes in the clay
caused by the pressure change at formation level from the pre-
excavation state to the fully drained long-term state. The initial
effective stress (given in Figure 2b), the final stresses, and the
one-dimensional swelling index (Cs, see Table 1) were then
used to calculate the strains in the clay. Again, the value of Cs

in initial unloading was used for the stiff basement because the
clay under it only experienced a small change in effective stress,
whereas the higher estimate of Cs was used for the flexible
basement. Figure 15 shows the predicted heave displacements
at formation level.

For both centrifuge tests, displacement readings of the four
LVDT locations of the base slab are plotted in Figure 16,
alongside predictions from the simplified non-linear method.
The results show that the simplified non-linear method makes
accurate predictions of the vertical displacement of the centres
of the slabs. The prediction line over-estimates displacement
near the edges of the slab, which may be because the simplified
non-linear method does not account for the end constraints
imposed by the slab-wall joint.

PRACTICAL RELEVANCE OF EXPERIMENTAL
RESULTS
There are a few differences between the centrifuge model and
real-life basement construction projects. As discussed before,

Flexible slab Stiff slab
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Fig. 15. Maps of magnitude of heave at formation level, as
predicted by the simplified non-linear method

the model basement structure was wished in place before spin-
up, and the use of a heavy fluid to simulate excavation imposed
K0 = 1 on the inside of the retaining walls before excavation.
Furthermore, the retaining walls of these model basements did
not extend beyond formation level and the stiffness of the
retaining wall was the same as the base slab for each basement
model, making the stiffness of the flexible basement’s walls
unrealistically low. The actuator that applied the superstructure
loads onto the basement models was displacement-controlled,
which led to variations in slab-soil contact pressures after
construction, which would not occur in real basements whose
loads are maintained by the dead weight of the structure.

The following sections will demonstrate that, despite
the differences between the centrifuge models and real-
life basements, the centrifuge tests were able to produce
reliable estimates of heave displacements and slab-soil contact
pressures.

Comparison with site monitoring data
An 11 m-deep basement on Horseferry Road, London was built
in 1967 and subsequently left vacant for 21 years. During this
period of vacancy, engineers monitored the vertical movement
at various locations in the basement, providing a valuable
dataset on the phenomenon of long-term heave. Data from this
site have informed the designs of many basements in London
since the 1990s, and the full dataset was published by Chan
et al. (2018).

The representative dimensions and overall stiffness of the
Horseferry Road Basement, and the prototypes represented by
the two centrifuge models discussed above, are given in Table
5. In this table, the 190 kPa net unload in the experimental
data comprises 240 kPa of unloading to simulate excavation
followed by 50 kPa of reloading from the actuator to simulate
construction of the superstructure. The flexible basement model
matches the overall stiffness (mid-span heave per unit notional
uniform slab-soil contact pressure, per Roark & Young, 1989)
of the Horseferry Road basement much more closely than
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the stiff basement model because of the large plan area of
the Horseferry Road basement. Figure 17 therefore compares
the results of the flexible basement experiment with heave
monitoring data from the Horseferry Road Basement. The time
factor is calculated as:

Tv =
t

tref
=
t cv
D2

(5)

where t is the elapsed time since the end of works. For
the Horseferry Road basement, tref was calculated in Chan
et al. (2018); for the flexible basement model, cv is derived
from the consolidometer data of the clay sample, and D

is the drainage distance of the clay layer in the centrifuge
model. Although the experiments used kaolin clay whereas the
Horseferry Road basement was founded on London Clay, there
is good agreement between the experimental data and the site
data, confirming that the centrifuge package could reproduce
the phenomenon of long-term basement heave.

Representativeness of structural stiffness of base slabs
The two model basements presented in this paper had the
same overall dimensions, the same construction sequence, and
the same soil conditions. The main difference between the
two model slabs was their structural stiffness. As detailed in
Table 5, the slab in the flexible basement model represented a
prototype concrete slab with a thickness of only 0.3 m, which
is thin compared to those adopted in practice in most cases.
However, because the footprint dimensions were also relatively
small, the overall slab stiffness was not dissimilar from that of
the Horseferry Road basement. In fact, this occurred because

the Horseferry Road project was interrupted and the internal
structural members were never loaded. Therefore, despite the
1.2 m-thick base slab, the basement was exceptionally flexible
as the columns did not restrain any heave.

On the other hand, the stiff basement model represents
a concrete base slab of realistic thickness with a footprint
dimension that would be similar to a structural bay between
load-carrying structural members. It can thus be considered
representative of the majority of cases of practical interest.

Therefore, it is not surprising that the two models exhibited
very different swell pressures and heave movements. The stiff
basement suppressed post-construction heave movement, at
the expense of generating high heave pressures and bending
moments. However, the results suggest that the design rule of
thumb used in industry (Petrella & Hocombe, 2013), that about
65% of the pre-existing effective overburden would manifest
itself as under-slab swell pressure, could be conservative and
merits further investigation.

The flexible basement allowed drastic relaxation of heave
pressures and bending moments, at the expense of permitting
large heave movements. These would not be observed in
practice other than in exceptional cases such as Horseferry
Road, or in cases where the construction programme was
designed to release the swell pressure by permitting heave
movements.

It must be pointed out that these observations are based on
the limited number of centrifuge tests and the interpretation of
their data. Further verification of these observations in different
clays and construction sequences may be required to advance
the understanding of long-term heave.

CONCLUSIONS
This paper presented the first investigation using centrifuge
modelling to provide simultaneous measurements of the
distributions of slab-soil contact pressure and heave movements
during long-term heave in over-consolidated clay. The
experimental data for the flexible slab appear to agree with field
observations of long-term heave from the Horseferry Road case
study in terms of the trends of displacement.

The mechanism of heave deformation changes with the
stiffness of the base slab. A flexible slab allows the centre
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Table 5. Comparison between Horseferry Road basement and centrifuge models

DYC-04
(flexible basement model)

DYC-05
(stiff basement model)

Horseferry Road basement

Representative footprint 30 m × 15 m 30 m × 15 m 80 m × 70 m
Net unload per unit area 190 kPa 190 kPa 184 kPa

Representative concrete slab thickness 0.3 m 1.0 m 1.2 m
Overall slab stiffness 0.14 kPa/mm 23 kPa/mm 0.12 kPa/mm

Representative tref 2.5 years N/A 19 years

of the slab to rise and the heave load to relax. In contrast, a
stiff slab does not permit much differential heave, so a large
swell pressure is generated throughout the slab-soil interface.
Despite the differences between the experiments and real-life
basements, this is confirmed by the experimental results.

The experimental results were compared to predictions by
semi-analytical methods. The relaxation ratio method with a
uniform under-slab pressure approximation gave conservative
estimates of heave. This could be improved by using the
measured profiles of slab-soil contact pressure as the input to
Steinbrenner’s method and the oedometric method to compute
heave displacements, which led to a good match between the
predictions and the experimental results.

The practical implication of these findings is that the
prediction of high swell pressures or high heave-induced
bending moments is a self-fulfilling prophecy that should be
avoided in design. The assumption of high swell pressures leads
to the specification of stiff and heavy slabs, which constrain
vertical movements and attract high swell pressures from the
clay. It would be preferable to specify an allowable heave
displacement based on serviceability requirements, and design
a slab that provides the appropriate flexibility to accommodate
the specified displacement and the expected swell pressures.
These conclusions are based on the experimental investigations
detailed in this paper and future studies could include more
realistic soils such as London Clay to confirm these findings.
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