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This paper presents the results from centrifuge tests on raft foundations and piled rafts in overconsolidated kaolin
clay carried out in a beam centrifuge at the University of Pretoria. The foundations were subjected to unloading and
reloading phases as well as to multiple consecutive groundwater drawdowns, simulating typical loading scenarios of
structures in an urban environment. In order to investigate the time-dependent load-deformation behaviour of foun-
dations, the settlement of the foundations, the pore water pressures at different depths and the axial strains in the
piles, from which pile resistances were then derived, were measured continuously. In the tests, repeated groundwater
drawdowns resulted in a settlement accumulation, with the increase in settlements decreasing with each repetition.
The pile position within the pile group was found to have a major impact on the mobilised pile resistance. The posi-
tion, however, became less significant as the load level increased. Furthermore, insights were gained concerning the
load distribution within piled rafts during consolidation.
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existing foundation. In cities such as Frankfurt am Main and
London, where the subsoil conditions are characterised by fine-
grained soils, the time-dependent material behaviour must be
considered as well. The prediction of the time-dependent load-
settlement behaviour of foundations in clayey soils is particularly
important when existing and new foundation elements are to be
integrated, which is becoming increasingly important, especially
in inner-city areas (Butcher ez al., 2000).

In addition to the time-dependent deformation behaviour of the
soil due to the construction itself caused by consolidation proc-
esses and the time-dependent material behaviour (creep), the long-
term deformation behaviour of foundations is also influenced by
changing building loads resulting from demolition and reconstruc-
tion phases as well as by construction activities in the surrounding
area. In particular, the influence of neighbouring groundwater
drawdown has to be considered in this context, resulting in
changes in uplift and the effective stresses in the subsoil.

Furthermore, settlements continue to occur long after the buildings
have been completed (Ganal and Reul, 2023; Hooper, 1973; Reul,
2000; Tang et al., 2014; Yamashita, 2012) due to the slow dissipa-
tion of the excess pore water pressure (PWP) generated during the
construction period or/and due to creep. The dissipation of excess
PWP changes the effective stresses in the ground, causes deforma-
tion, and changes the load sharing between the raft and the piles in
the case of a piled raft (e.g. Cooke et al., 1981; Franke and Lutz,
1994; Reul, 2002). Therefore, when designing foundations in
clayey soils, the behaviour of the foundation needs to be predicted
throughout its entire service life, including construction and (par-
tial) demolition, as well as consolidation and creep phases.

In a recent research project (Ganal, 2024), extensive investigations
were carried out on the long-term deformation behaviour of foun-
dations in overconsolidated (oc) clay. In this context, measure-
ments on high-rise foundations in Frankfurt am Main extending
over several decades were evaluated and an extensive laboratory
test programme, centrifuge tests and numerical studies were
conducted.

This paper summarises the results of the centrifuge test on raft
foundations and piled rafts in oc clay carried out in the scope of
this research project. The bearing behaviour of piled rafts is char-
acterised by the interaction between the piles and the raft.
Individual pile resistances depend on the positioning within the

Table 1. Test programme

pile group (e.g. Reul, 2004). Under practical loading conditions,
the piles in a piled raft typically do not attain their ultimate bear-
ing capacity (Reul, 2004). As a result, deformation criteria, specif-
ically the serviceability limit state, rather than the ultimate limit
state bearing capacity, govern the design of piled rafts (Reul and
Randolph, 2004). These aspects were considered in defining the
boundary conditions for the experiments, also considering param-
eters such as pile spacing and the load levels investigated.

2. Test programme
The centrifuge tests described in this paper were carried out in the
beam centrifuge at the University of Pretoria with a platform ra-
dius of 3m capable of accelerating 1500 kg to an acceleration of
100g (Jacobsz et al., 2014).

The test programme comprised six centrifuge tests on vertically
loaded piled rafts (PR) and raft foundations (R) under varying
groundwater levels (Loading scheme A) and alternating vertical
loads (Loading scheme B), respectively (Table 1). The aim was to
simulate typical loading scenarios of structures in an urban envi-
ronment. Centrifuge test PR-B and R-B were repeated to investi-
gate the reproducibility of the results. The results of test PR-B-I
were already published in Ganal et al. (2022). The present publi-
cation focuses mainly on the experiments PR-A and PR-B on
piled rafts.

All tests were executed at a nominal centrifugal acceleration of
80g. All results presented throughout the work are at model scale
and can be converted to prototype scale applying the scaling fac-
tors after Taylor (1995).

2.1  Experimental set-up

The test set-ups for the two foundation configurations, that is raft
foundation and piled raft, are basically identical, with the piles
being the only difference. The general test layout for the case of
the piled raft foundation is shown as a cross-section in Figure 1(a)
and as a ground plan in Figure 1(b). The raft, a square,
150 mm x 150 mm aluminium plate (thickness # = 16 mm), is
located in the centre of a strong box with a plan area of
400 mm x 600 mm. Applying the definition by Horikoshi and
Randolph (1997), the raft-soil stiffness ratio can be established as
K, =~ 100, indicating an essentially rigid raft. Beneath the raft, 16
piles were installed in a 4 x4 grid (spacing of dy, = 4 - d,). The
model piles comprised smooth aluminium tubes of diameter
d, = 10mm, length L, = 150 mm and wall thickness #, = 1.25 mm

Test PR-A PR-B R-A R-B PR-B-1 R-B-1
Foundation type Piled raft Piled raft Raft foundation Raft foundation Piled raft Raft foundation
Loading scheme A B A B B B
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Figure 1. Testlayout
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(Figures 1(c) and 1(d)). The pile heads fitted into recesses in the raft,
giving a rigid connection. Model and prototype dimensions are sum-
marised in Table 2. The prototype raft thickness was defined such
that the bending stiffness of a concrete cross-section corresponds to
that of the aluminium cross-section of the model.

To apply the load, five brass plates were lowered separately onto
the raft with the help of a linear actuator (Figures 1(e) and 1(f)). To
monitor the load actually applied to the raft, the weight of the brass
plates carried by the load frame was measured by a load cell, that is
the load P applied on the raft is the difference between the weight
of all brass plates and the force measured by the load cell.

The groundwater level was controlled using a standpipe that was pro-
vided with a constant water flow and two overflows (O1 and O2)
(Figure 1(a)). O1 was always open and therefore specified the ini-
tial water level. In the event of a groundwater lowering, O2 was
opened using a valve. To ensure equalisation of water heads in
the different soil layers, vertical sand drains were installed in the

four corners of the box.

The soil stratigraphy in the centrifuge tests comprised 10 mm of
sand (Sand 1) to ensure a proper contact between raft and soil, fol-
lowed by 50mm oc clay (Clay 1), 20 mm of sand (Sand 1) and
120 mm respectively 140 mm oc clay (Clay 2). A SOmm thick
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Table 2. Model and prototype dimensions of raft and piles

Parameter Model
Material — Aluminium
Young's modulus g 70000
Poisson’s ratio % 0.34
Raft Thickness i 16
Width L, 150
Bending stiffness El 240
Piles Diameter dp 10
Wall thickness ty 1.25
Length Lp 150
Cross-sectional stiffness EA 2.4
Bending stiffness El 0.024

sand layer (Sand 3) at the base of the strong box, separated from
Clay 2 by means of a thin geotextile, served as a drainage layer.

The instrumentation in the tests shown in Figures 1(a)-1(c) included
four piezometers in Clay 1 and Clay 2 to monitor the consolidation
process and three piezometers located in Sand 2 and Sand 3 and in the
standpipe used to control the groundwater level. It should be noted that
the indicated piezometer depths may differ from the final position, as
they were installed into the clay slurry during model preparation. The
exact final positions are documented in Ganal (2024). The piezometers
used are high-capacity tensiometers constructed at the University of
Pretoria (Jacobsz, 2018), already successfully used in different proj-
ects, for example Narainsamy and Jacobsz (2023).

The vertical displacements of the raft were measured with four
LVDTs (linear variable differential transformers) (S1-S4). Two
more displacement transducers were used to measure the surface
displacements (S5 and S6).

Eight piles were equipped with one pair of strain gauges at the
pile head and one pair of strain gauges at the pile base to derive
the axial load transferred to the piles using the mean axial strain ¢,
and the cross-sectional stiffness £4 (Figures 1(c) and 1(d)).

The piles equipped with strain gauges were chosen so that at least
two piles of each position (corner, edge, centre) were instrumented
(Figure 1(b)).

2.2 Model preparation

According to Thaher and Jessberger (1991) and Taylor (1995), the
soil can be prepared outside the centrifuge and then reconsolidated in
the centrifuge without changing its properties. The aim was to obtain
an overconsolidation ratio of OCR = 2.5 at the pile bases during
centrifuge tests, comparable to the OCR encountered at the pile base
of piled rafts in the Frankfurt, Germany (e.g. Ganal, 2024).

During the preparation of the model, layer Sand 3 was placed at
the base of the box covered by a thin geotextile. Layer Clay 2 was
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Prototype

Concrete Aluminium —
[MPa] 30 000 70 000 [MPa]
— 0.2 0.34 —
[mm] 1.7 1.28 [m]
[mm] 12 12 [m]
[kPa] 146 800 146 800 [MPa]
[mm] 0.8 0.8 [m]
[mm] — 0.1 [m]
[mm] 12 12 [m]
[MPa] 15 080 15394 [MPa]
[kPa] 603 962 [MPa]

consolidated from a kaolin slurry with a water content of 100%,
initially using weights to gradually apply 12 kPa. To produce an
oc sample, a stress of p = 246 kPa was subsequently applied in
several steps to the surface using a hydraulic press. During the
consolidation, both the PWP and the settlement of the sample
were monitored. The load was increased once the excess PWP had
dissipated and the settlements completed. After the consolidation
process was completed, Sand 2 was rained at an estimated dry unit
weight of y;, = 14.6kN /m3 leading to a saturated unit weight of
Vear = 18.6 kN/m3. The procedure was then repeated for layers

Clay 1 and Sand 1. The OCR profile from this temporary preload-
ing is shown in Figure 2 for a model at 80g.

2.3 Soil properties

The strength characterisation of the samples was undertaken im-
mediately after each centrifuge test by means of cone penetrome-
ter tests (CPTs) with dcpr = 8 mm (Figure 3). The CPTs were
carried out at 80g after a short stop of the centrifuge to remove the
load-application actuator. Assuming a correction factor of

o

Sand 1
— - gw level

50 | Clay 1
Sand 2 /

c 100clay 2
£

N
150+
200t

Sand 3

250 '
100 10’
OCR: -

Figure 2. OCR profile at 80g
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Figure 3. CPT profiles of the six tests

Ny, = 15, the undrained shear strength s, can be estimated accord-
ing to Equation 1. The average values for the individual layers,
summarised in Table 3, were s,~31kPa in Clay 1 and
s, ~ 78 kPa in Clay 2.

1. Sy = (é]c - Jv)/th

The properties of the kaolin clay, classified as a medium plasticity
silt (Ganal (2024), and the sand are listed in Tables 4 and 5,
respectively. The particle size distributions for both sand and kao-
lin clay are presented in Figure 4.

2.4  General testing procedure

After the model soil profile had been prepared, either the raft was
placed on the sand and levelled or the piled raft was jacked into the
soil as a group at 1g using a press (Ganal, 2024). After the piled raft
was jacked, it took about 12 h to start the tests (spin-up phase). It is
assumed that the behaviour of ‘pre-jacked’ piles is comparable to
bored piles in the field (Li ez al., 2010). Water was only added to
the model shortly before starting the centrifuge to prevent excessive
swelling of the kaolin. To keep the groundwater level constant
throughout the test, water was added continuously by way of a
standpipe connected to the strong box, with the overflow Ol

Table 4. Properties of the kaolin clay

Parameter
Saturated unit weight Vsar [KN/M?] 18.2
Dry unit weight 7 [KN/m?] 13.0
Plastic limit PL  [%] 36
Liquid limit LL [%] 47
Percentage of particles d < — [%] 31
0.002 mm
Activity index Ia — 0.35
Critical friction angle o, [l 28.6
Compression index C — 0.129
Swelling index G — 0.030%
Viscosity index L, — 0.012
Constrained modulus Es  [MN] 1.46+0.23 -z
Permeability coefficient k  [m/s] 3.10°1°
@After pre-consolidation stress of oy max = 1600 kPa
Note: z = depth below ground surface [m]
Table 5. Properties of the sand
Parameter
Saturated unit weight Vsat [kN/m?] 18.5
Dry unit weight Yy [kN/m?3] 14.6
Mean grain size dio [mm] 0.283
Effective grain size dso [mm] 0.138
Critical friction angle Oc [] 33
Coefficient of uniformity Cy — 2.32

ensuring the desired height (Figures 1(a) and 1(b)). Following this,
the foundation was loaded by means of the brass plates lowered
consecutively onto the raft to p ~ 275kPa. After a consolidation
phase, an unloading and reloading of the foundation or a ground-
water drawdown was performed, followed again by a consolidation
phase (Figures 5 and 11). During the consolidation phase, creep
occurs simultaneously. However, assuming a scaling factor of
N;. = 1 (Taylor, 1995) for creep and considering that the oc kaolin
has a rather low viscosity, creep is assumed to be of minor impor-
tance compared with consolidation.

3. Results

3.1 General remarks

This publication discusses the results of the two tests on
piled rafts labelled PR-A and PR-B. The data from the tests on the

Table 3. Average undrained shear strength and height of the clay layers

Layer Parameter

Clay 1 Undrained shear strength Sy [kPa]
Helght hc/ay [mm]

Clay 2 Undrained shear strength Su [kPa]
Height Netay [mm]

PR-A PR-B R-A R-B PR-B-I R-B-1
26 16 30 32 29 43
46 50 44 46 46 46
74 68 82 83 75 87

112 121 115 119 132 111
53
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Figure 5. Test PR-A: variation of load and groundwater level with time

raft foundations R-A and R-B, as well as the test data of the repeat
tests PR-B-I and R-B-I, are compiled in Ganal (2024). Both repeat
tests showed qualitatively the same results as the corresponding tests
PR-B and R-B. Test PR-B-I was presented by Ganal et al. (2022).

The settlement of the foundation sy is the mean settlement of all
four LVDTs on the foundation, whereas the settlement of the sur-
rounding soil sg is the mean settlement of the two LVDTs located
on the soil surface.
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The total resistance R,, mobilised by the foundation equals the
measured load applied to the foundation (i.e. the dead weight of
the raft is not taken into account):

2. Ry=P

The resistance of a pile type (i.e. corner, edge or centre) is the
average value of the monitored instrumented piles at that
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position (e.g. Figure 14). The average mobilised pile resistance
Rqye then results from the weighted average of the mobilised
resistances of the individual pile positions:

4- Rcomer + 8- Redge + 4. Rcentre
16

3. Ruyg =

The sum of all mobilised pile resistances is then:

4. > Ryite =16 Ruyg

The raft resistance R,,; was calculated as the difference between

the total resistance R,,, and the sum of all pile resistances Z Rpie:

5. Rraft = Riot — ZRpile

The pile load measured with the upper pair of strain gauges is
taken equivalent to the mobilised total resistance of the pile Ry,
whereas the pile load measured with the bottom pair of strain
gauges corresponds to the mobilised base resistance R;. The mobi-
lised shaft resistance R, is then:

6. Ry = Rpile — Ry

The average pile shaft resistances Ry 4, and base resistances Rp, 4, are
determined following the same procedure as for R, (Equation 3).

The piled raft coefficient, a,,, describes the ratio of the sum of all
mobilised pile resistances ZRF”" to the total resistance mobi-
lised by the foundation R;,,:

7. o — Z Rpile Z Rpile

‘pr
Riot P

The normalised pile resistance is defined as:

1
a Rpile.p
8. o=

=~
;g Rpile

where ZRP”W’ = sum of all pile resistances at position p, n, =
number of piles at position p, Z Ryite = sum of all pile resistan-

ces and n = number of piles in the pile group.

The pile shaft coefficient, g, describes the ratio of the sum of all pile
shaft resistances Z R to the sum of all pile resistances Z Ryie:

9. oy = ZRS
Z Rpile

The end of the primary consolidation zzop is defined by the change
of the normalised excess PWP Au/ Apphase during the consolida-
tion being less than 1% in 30 min:

10. Au(tEop) — Au(tEop - 30 mln) <001
Apphase

3.2 Spin-up

After spin-up, before starting the loading sequence, the model soil
profiles were allowed to consolidate under their weight while
monitoring the development of settlements and excess PWP dissi-
pation, which took approximately 2-4h depending on the test
(Ganal, 2024). Once the PWPs had dissipated and the settlements
stabilised, the loading sequence was initialised. As expected, the
raft foundations experience larger settlements (S1-S4) than the
surrounding soil surface (S5 and S6) during spin-up due to their
own weight. In contrast, the piled rafts experience smaller settle-
ments than the soil surface, which may result in a loss of contact
between the raft and the soil. This may have an impact on the
foundation behaviour during the first loading phase, until full con-
tact is established again.

In the remainder of this paper, all results presented refer to the
start of the main loading sequence (#, = 0 min), that is to the end
of the consolidation process resulting from the spin-up.
Consequently, all settlements and resistances are zeroed at the be-

ginning of the main loading sequence.

3.3 Piled raft: test PR-A

3.31 Load sequence

Figure 5(a) shows the development of the load on the piled raft
due to the brass plates being successively lowered onto the raft.
After the weight of the fourth brass plate was applied, they were
kept on the foundation until the end of the test. During the test, the
groundwater level was lowered three times for Az =41 min by
Adgy = 50mm due to the opening of the overflow O2 on the
standpipe (Figures 1(a) and 1(b)). Figure 5(b) shows the variation
of the water level in the standpipe, which, for simplicity, is
assumed to be identical to the groundwater level, with time.
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3.3.2  Settlements

The variation of settlements with time is plotted in Figure 6 for all
six displacement transducers. While the sensors S5 and S6 located
on the soil surface show more or less identical settlements, the
other sensors placed on the raft indicate relatively large differen-
tial settlements. In contrast to spin-up, the two sensors S5 and S6
show only minor settlements during load application, which
means that the influence of the strong box can be considered
small. Although the load increments amount to Ap,jqe = 68 kPa
in each loading phase, the increase in settlement became signifi-
cantly larger as the load increased. After the fourth loading phase,
and following consolidation at ¢t = 414 min, the average settle-
ments of the piled raft amount to sz = 7.6 mm. Considering the
development of the PWP u (Section 3.3.3), the consolidation is
completed at #zop =210min (Equation 10). The following
increase of settlement of Asz ~ 0.2 mm up to the first lowering of
the groundwater may thus be assigned to creep, although it is
acknowledged that when considering a scaling factor of N;. = 1
(Taylor, 1995) the time to develop such creep settlements is rather

0 —
— 1
2 — 82
— 83
— S4
c ar --- 85
E -—-- S6
2] 6+
— — Beginning of load application
— — Start groundwater drawdown
8 --- End groundwater drawdown
resp. start groundwater rise
10 1

short. During the three groundwater drawdown events, consider-
able settlements occur, which become clearly less with repeated
drawdown despite the same drawdown magnitude of
Adgy = 50 mm. The settlements increase more or less uniformly
for the entire piled raft and amount to Asg = {0.60, 0.25, 0.15}
mm, respectively, for the three groundwater drawdown events,
whereas the subsequent groundwater rising causes barely any

heave.

3.33 Pore water pressures

Figure 7 shows the variation in PWPs with time for all piezome-
ters except T2 (Sand 2) and T9 (Clay 2), which proved not
functional.

The piezometers T5 (Sand 2) and T7 (standpipe) basically indicate
the hydrostatic water pressure at their respective depths. Both
show no reaction to the application of the load, whereas they react
immediately to the lowering or rising of the groundwater level due

Figure 6. Test PR-A: variation of settlements with time
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Figure 7. Test PR-A: variation of pore water pressures with time
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to their location in the standpipe and the high permeable sand,
respectively.

In contrast, the load application is clearly visible in all piezome-
ters embedded in the two clay layers. During each loading phase,
the PWP continues to build up to a maximum Au ~ Appjee (T1,
T6). When comparing piezometers installed at the same depth
(T1/T8 and T3/T4), the excess PWP is significantly higher for
piezometers located closer to the loaded raft, as would be
expected. Similarly, piezometer T1, which is located above T6,
shows slightly higher excess PWPs than the latter.

3.3.4  Pile resistances

The variation of the average pile resistance with time for the different
pile positions in the group is shown in Figure 8(a). Figure 8(b) then
shows the variation of the normalised pile resistances for the different
pile position with time. The pile resistance was observed to increase
from centre piles to edge piles to comer piles. However, as the load level
increases, the position of the pile within the group becomes less signifi-
cant. The share of the edge pile remains almost constant over the entire
period. During the change in groundwater level, no modification of the
load transfer seems to occur within the pile positions of the group.

Figure 9(a) shows variation of the average pile shaft resistance

Ry g, the average pile base resistance Ry 4, and the average pile
resistance R,,g with time. During a groundwater drawdown, there

Variation of the mobilised pile resistance with time

is an increase in pile resistance. With the following groundwater
rise, the pile resistances return to their initial level.

In Figure 9(b), the share of pile shaft resistance a, is plotted.
As can be expected for piles in a relatively homogenous soil,
the shaft resistance is responsible for the major share of the
pile resistance. Furthermore, a decrease of ¢, with increasing
load level can be observed. It becomes apparent that the
increase in pile resistance during groundwater lowering is
almost entirely due to the increase in pile base resistance;
thus, the share of pile shaft resistance o, decreases. With the
following groundwater rise, o, increases compared with the
value before the lowering, approaching its initial value again
as time passes.

3.3.5  System resistances
The variation of total resistance R, raft resistance R,,; and sum of

all pile resistances Z Ryie with time is documented in Figure 10(a),

whereas the piled raft coefficient . is plotted in Figure 10(b).

The measurements confirm previous findings (e.g. Reul, 2004)
that the load share between piles and raft is not constant for a cer-
tain piled raft configuration, but generally decreases with increas-
ing load level. During the centrifuge test, the piled raft coefficient
decreased from a,, = 1.00 (phase 1) to oy, = 0.84 (phase 2) to
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Figure 8. Test PR-A: variation of the mobilised and normalised pile resistance with time
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Variation of mobilised pile base and pile shaft resistance with time
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Figure 9. Test PR-A: contribution of pile base resistance and pile shaft resistance
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Figure 10. Test PR-A: variation of total resistance, raft resistance, sum of all pile resistances and piled raft coefficient with time

a,- = 0.70 (phase 4). However, the piled raft coefficient of
a,- = 1.00 in phase 1 indicates that probably no full contact was
present between the raft and the soil during the initial loading
phase and, thus, all loads are carried by the piles.

During a loading phase, that is after the load had been applied and
held constant for a period of time, the piled raft coefficient increased.
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It becomes more pronounced as the a,. becomes smaller, that is
more load is transferred by way of the raft and resulting in higher
excess PWPs beneath the raft. In phase 4, the piled raft coefficient
increased from oy, = 0.65 immediately after the load had been
applied within approximately 20 min to @, = 0.70. The increase in
pile resistance during groundwater lowering, with the overall resist-
ance remaining the same, results in a higher piled raft coefficient
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during those periods. However, after the groundwater level returned
to its initial value, the piled raft coefficient was slightly lower than
before the drawdown. Over all three cycles, the piled raft coefficient
decreases from o, = 0.70 before the first groundwater drawdown to
a, = 0.68 after the last groundwater rising.

3.4 Pile raft: test PR-B

3.41 Load sequence

Figure 11 shows the variation of the loading on the piled raft with
time for the test PR-B with the groundwater level kept constant.
Due to the announcement of an unscheduled power interruption
after the test had already been running for 3 h, the consolidation
phases were shortened compared with test PR-A.

34.2  Settlements

The variation of settlements with time is plotted in Figure 12. As in
test PR-A, the sensors S5 and S6 located on the soil surface close to
the strong box walls show almost no displacements. The sensors
S1-S4 placed on the raft indicate relatively large differential settle-
ments, increasing from loading phase 2 onwards. Although the

loading increments remain the same, the increase in settlement became
generally larger as the load increased, with loading phase 2 being an
outlier, showing the most significant increase of settlements. At
t = 345 min, after the fourth loading phase and the following consoli-
dation phase, the average settlements of the piled raft amount to
sg = 9.0 mm. The consolidation is completed after 7zop ~ 210 min
(Equation 10) so that the following small increase of settlements of
Asg ~ 0.15 mm may be assigned to creep settlements. The unloading
caused only limited heave, which was completely reversed during the
following reloading. The fifth loading phase again resulted in a larger
increase in settlement, with an average sy = 10.7 mm at the end of the
test. However, due to the unscheduled stop of the experiment, it can be
assumed that the settlements had not reached their final values yet.

343 Pore water pressures

Figure 13 shows the variation of PWPs with time for all piezome-
ters except T3 (Clay 1), which proved not functional. Piezometer
T1 stopped working after the fourth loading phase.

The piezometers T2, TS and T7 show the hydrostatic water pres-
sure at their respective depths. However, T5 and T7 show no
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Figure 11. Test PR-B: variation of load with time
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Figure 12. Test PR-B: variation of settlements with time
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Figure 13. Test PR-B: variation of pore water pressures with time

reaction to the load application and T2 shows limited response,
possibly because it was partially embedded in Clay 1.

For the piezometers embedded in the two clay layers, a response
to the load application can be seen, with similar effects as
described for test PR-A. The excess PWPs during reloading have
approximately the same magnitude as the negative excess PWPs
during unloading, whereas the subsequent fifth loading phase
again leads to a strong increase of excess PWPs.

344
The variation of the average pile resistance is shown in Figure 14(a)
together with the pile resistances, which increase from centre piles

Pile resistances

to edge piles to corner piles. However, as observed for test PR-A,
the position of the pile within the group becomes less significant
with the load level increasing (Figure 14(b)).

Figure 15(a) shows the variation of the average pile shaft resist-
ance Ry 4., the average pile base resistance Ry, and the average
pile resistance R,,; with time. The decrease in the pile resistance
due to the unloading is caused by a loss of resistance of both shaft
and base resistance. With increasing load level, a decrease of the
pile shaft coefficient a; was found, resulting in a, = 0.72 at the
end of the experiment (Figure 15(b)).

344 System resistances

Figure 16(a) documents the variation of total resistance Ry, raft
resistance R,,; and sum of all pile resistances » R,y with time,
whereas the piled raft coefficient a,, is shown in Figure 16(b).

The load share of the piles a,, is found to increase from the first

(ap = 0.78) to the second loading phase (o, = 0.85) and then
decreases with further loading to a,. = 0.73 at the end of the

60

centrifuge test. The unloading results in a strong increase in oy,

even though both R,,; and Z R,ite decrease.

Except for loading phase 2, the piled raft coefficient increased af-
ter the load had been applied and held constant for a period of
time as in test PR-A, indicating a load transfer from the raft to the
piles. The increase ranges from Aa,. = 0.03 in loading phase 1 to
Aoy = 0.05 in loading phases 3 and 4 after approximately
20 min. In loading phase 4, the load share of the piles increases
even further, resulting in an increase during the entire consolida-
tion and creep phase from o, = 0.69 to @, = 0.76.

3.5 Comparative evaluation of the tests

351  Settlements

The load application phases 1-4 and the subsequent consolidation
phase followed the same procedure in all six tests. Despite this, the set-
tlements varied for the same foundation type, which is attributed to the
varying stiffness of the soil, especially the upper clay layer (Clay 1), as
indicated by the CPT profiles (Figure 3) and the average undrained
shear strength (Table 3). In addition, some variation in clay layer thick-
ness contributed to the scatter in results. In order to compare the differ-
ent tests, the normalised settlement s,,,,,, is defined as follows:

SR
Snorm = ————
Wl
with
1 1
11. 31; _ Su,clayl + Su,clay2 / ( + )
draﬁ,c/ayl draft,clayZ draftﬁlayl draﬁ,clayZ

B = ( hclayl + hc[ayZ >/ 1 + 1
dm_/i,clayl dm_/i‘,clayZ dm_/i,clayl dra/t,cluyz
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Variation of the mobilised pile resistance with time
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Figure 15. Test PR-B: contribution of pile base resistance and pile shaft resistance

where s, 1,y = undrained shear strength for the respective clay layer
(Table 3); hcq = height of the respective clay layer (Table 3);
dyafi clay = distance from the top edge of the respective clay layer to
the bottom edge of the raft.

Figure 17 shows the development of the normalised settlements up to
130 min after the fourth load application. The results of the three tests
on piled rafts fall within a relatively narrow band, with the normalised
settlements being significantly smaller than for the raft foundations.
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Variation of the resistances with time
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Figure 16. Test PR-B: variation of total resistance, raft resistance, sum of all pile resistances and the resulting piled raft coefficient with time
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Figure 17. Normalised settlements

Test R-B in particular deviates significantly from the two other
tests on raft foundations, which results mainly from the first load-
ing phase. The further development of normalised settlement is
then similar to R-A and R-B-I. The small bandwidth of the settle-
ments between the piled rafts indicates a homogenisation of the
subsoil by the piles. Excluding test R-B, the raft foundations
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experience approximately twice (phase 1) to 1.4 times (phase 5)
the settlement of the piled rafts.

In the tests PR-A, PR-B, R-A and R-B, the end of consolidation
could be determined, which allows settlements of the fourth load-
ing phase to be separated approximately into pure creep and
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consolidation settlements, neglecting creep settlements occurring
already during Creep
Screep = 0.12mm and 50, = 0.20 mm were observed, resulting in

consolidation. settlements  between
a contribution to the settlements in phase 4 of approximately 3%

for test R-B and 5%—7% for the piled rafts.

As in Rodriguez Rincén et al. (2018, 2020) and Tran et al. (2012),
the present study observed a significant increase in settlements
due to a groundwater lowering for both raft foundations and piled
rafts. Repeated groundwater drawdowns resulted in a settlement
accumulation, with the increase in settlements decreasing with
each repetition. Whereas settlements of Asz = 0.5 mm occurred
for the raft foundation (test R-A) during the three consecutive
drawdowns, slightly higher settlements of Asz = 0.9 mm were
observed for the piled raft (test PR-A), corresponding to an
increase of 4% and 12%, respectively, related to the end of the
consolidation phase 5. This is partly in contrast to Tran et al.
(2012), where larger settlements for raft foundations than for piled
rafts due to a groundwater drawdown were observed. However, in
agreement with Tran et al. (2012), in the current study the soil
experiences less settlement than the piled raft during groundwater
drawdown so that, contrary to the observations by Rodriguez
Rincon et al. (2018) and Rodriguez Rincon et al. (2020), full con-
tact of the raft with the underlying sand is maintained.

3.5.2
In situ measurements (e.g. Sommer et al., 1985) and numerical
simulations (e.g. Reul, 2004; Ganal, 2024) indicate that the pile
resistance of a pile in a piled raft strongly depends on the position
of this pile in the pile group. Under working load conditions, the
pile resistance can be expected to increase from centre piles to

Pile resistances

edge piles to corner piles, which is confirmed by the results of the
centrifuge tests PR-A, PR-B and PR-B-I (Ganal et al., 2022). As
the load level increases, however, the position of the pile within
the group becomes less significant.

As can be expected for piles in a relatively homogenous soil, the
shaft resistance is responsible for the major share of the pile

0.6F

o
| 0.8F °
- e
3 o
0.7r ) ——

resistance, with the pile shaft coefficient ranging between
ags = 0.72 (PR-B) and a; = 0.82 (PR-A) at the end of loading
phase 4. However, the a, decreased with increasing load level in
all tests.

3.5.3  System resistances

The development of the piled raft coefficient a,, with the applied
load at the end of the respective loading phase is shown in
Figure 18. The measurements confirm previous findings (e.g.
Reul, 2004) that the load share between piles and raft is not con-
stant for a certain piled raft configuration, but generally
decreases with increasing load level after reaching a certain
threshold.

During a loading phase, that is after the load had been applied and
held constant for a period of time, . in most phases increased,
with the increase ranging between 1% (phase 2) and 5% (phase 5).
This phenomenon is a result of the consolidation process and is
also observed in numerical simulations (Ganal, 2024; Reul, 2002).

Similar findings were reported by Hoang and Matsumoto (2020)
using small-scale physical modelling to investigate the fundamen-
tal mechanisms of the long-term behaviour of vertically loaded
piled rafts on saturated clay. The study showed the a,,. decreasing
with increasing load level, but increasing within one load level
during primary consolidation due to an increase in the pile shaft
resistance. In contrast, Hoang and Matsumoto (2020) observed no
change in @, due to the settlement during creep.

During an unloading phase, a,, decreased, indicating a load trans-
fer from the piles to the raft.

Both unloading and groundwater lowering resulted in an increase
in the load share of the piles, that is an increase in .. The
increase amounts to approximately 5% during groundwater lower-
ing and approximately 15% during unloading (Figure 18). After
reloading and groundwater rise, a,, returned to its previous values.

PR-A
PR-B
PR-B-I

p: kPa

Figure 18. Variation of the piled raft coefficient with load
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An increase of the a, during groundwater lowering was also
observed by Rodriguez Rincon et al. (2018) and Rodriguez
Rincén et al. (2020). Tran et al. (2012), on the other hand,
observed a decrease of a,,, by approximately 15% due to a ground-

water lowering.

4. Conclusions

The main conclusions drawn from the six centrifuge tests on raft
foundations and piled rafts are as follows.

m  The narrow bandwidth of the average foundation settlements
observed for the different piled rafts as opposite to the raft
foundations indicates a homogenisation of the subsoil by the
piles.

B Repeated groundwater drawdowns resulted in a settlement
accumulation, with the increase in settlements decreasing
with each repetition.

®  Under working load conditions, the pile resistance can be
expected to increase from centre piles to edge piles to corner
piles. As the load level increases, however, the position of
the pile within the group becomes less significant.

m  The load share between piles and raft is not constant for a
certain piled raft configuration, but generally decreases with
increasing load level after reaching a certain threshold.

m  During a loading phase, that is after the load had been applied
and held constant for a period of time, the piled raft coefficient
generally increases, indicating a load transfer from the raft to
the piles as a result of the consolidation process.

m  Both unloading and groundwater lowering result in an
increase in the piled raft coefficient.

The experimental work presented in this paper forms the basis for
further studies on the time-dependent behaviour of foundations
where 3D coupled PWP-displacement finite element analyses will
be performed with the aim to reproduce the observed effects in
order to be able to take them into account in future projects.
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