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ABSTRACT

Seismic performance of caisson foundations supporting bridge piers may take advantage of soil inelastic
response when subjected to strong seismic events, thanks to the soil nonlinear and hysteretic behaviour. This
can bring to a substantial optimisation in caisson design and major cost savings. In the framework of Capacity
Design extended to geotechnical systems, temporary attainment of plastic mechanisms may be permitted
provided that the resulting permanent displacements are lower than given threshold values, which in turn
depend on the considered limit state and performance level required to the structure. Clearly, this new design
approach needs to be validated against physically-sound numerical and experimental simulations. A campaign
of dynamic centrifuge tests was therefore recently carried out at the Schofield Centre, University of Cambridge,
where the seismic performance of caisson foundations was assessed. In this paper, a preliminary interpretation
of the experimental results is given, shedding some light on the interplay between seismic intensity and
mechanical soil properties. Specifically, the results obtained in two tests are discussed, where a caisson-pier-
deck system was subjected to earthquakes of increasing intensity. In the two tests, a soft and very soft clay
layer was reproduced, to either avoid or promote the plastic soil behaviour. It is shown that the highly nonlinear
and hysteretic response of the very soft clay limits the inertial forces transmitted to the superstructure, thus
validating the above-mentioned design approach. The beneficial effect of inelastic soil behaviour entailed
permanent displacements increasing with earthquake intensity, which should be checked against limit state
prescriptions.
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INTRODUCTION

In the presence of strong seismic shakings, inelastic soil behaviour is typically mobilised. However, current
code provisions do not allow the soil-foundation system to fall in the elastic-plastic regime, while development
of plastic hinges in the superstructure is allowed. Even if there are good reasons for this choice (e.g., post-
earthquake inspection of the foundation is usually unfeasible), this design approach requires some overstrength
factors to be applied in the foundation design, thus introducing a sort of overdesign (Gazetas, 2015).
Furthermore, this approach may be even dangerous for the superstructure, as this may be subjected to a high
ductility demand (Sakellariadis et a/, 2020). Hence, plastic mechanisms occurring in the foundation soils may
be promoted to limit the inertial forces transmitted to the superstructure, leading to substantial cost savings
when either designing or retrofitting the structures at hand. Although attractive, this design procedure needs
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the consequent displacements and rotations experienced by the structure to be checked, aiming at lying below
given threshold values, which in turn depend on the considered limit state and on the performance level
required to the structure.

Gaudio & Rampello (2019a, b; 2021) recently showed that the above-mentioned concept may be successfully
applied in the design of caisson foundations supporting bridge piers. Their results were obtained by performing
3D Finite Element numerical analyses in the time domain: hence, dynamic centrifuge tests on reduced-scale
models were recently carried out at the Schofield Centre, University of Cambridge, on the purpose of validating
the numerical results, understanding the physical phenomena underlying the seismic performance and
providing an experimental dataset for possible macro-element calibration.

In this paper, a preliminary interpretation of the experimental outcomes is given, stressing out the interplay
between the seismic intensity and mechanical soil characteristics. Figure 1 shows the problem layout, in which
a cylindrical caisson foundation of diameter D = 8 m and slenderness ratio H/D = 1 is embedded in a typical
alluvial deposit, made by a thin sand layer (4, = 3 m) underlain by a soft or very soft clay deposit (H> = 14 m).

soft/very soft clay

direction of shaking

Figure 1. Schematic layout of the problem (prototype scale)

The water table is located at the sand-clay interface and the pore water pressure regime is hydrostatic. The pier
is represented by a Single Degree of Freedom (SDoF) system with a height 4; = 15 m: its mechanical properties
(lumped mass ms and stiffness k) were back-calculated to provide a given average contact pressure,
g = 140 kPa, and a fixed-based period, 75 = 0.50 s, both representative of a typical bridge configuration. The
seismic input is applied in terms of a horizontal acceleration time history at the bedrock depth (z =17 m), here
assumed as infinitely rigid and therefore acting as a fully-reflecting boundary.

The results obtained in two out of three dynamic centrifuge tests are discussed in this paper, namely DG01 and
DGO03, the former characterised by a caisson-pier system resting on a soft clay, the latter on a very soft clay
layer. Although the schematic layout considered in the centrifuge is not exactly the same as in the numerical
analyses, the experimental layout allowed to validate the applicability of the numerical results to different soil-
caisson-pier configurations.

CENTRIFUGE MODELLING

A reduced-scale model was produced to simulate the problem layout on the Turner beam centrifuge of the
Schofield Centre at University of Cambridge, UK. The centrifuge model was prepared and spun at a nominal
centrifugal acceleration of 60g.

The model container used was the most recent Equivalent Shear Beam (ESB) container (Brennan &
Madabhushi, 2002): reliability of this container in dynamic centrifuge testing has been recently shown and
discussed (Gaudio ef al, 2022a). The caisson foundation was simulated through a hollow aluminium cylinder



topped by two circular aluminium plates, while the pier was modelled using an aluminium rod with a squat
brass cylinder at the top to reproduce the mass of the deck. At the model scale, the caisson is characterised by
a diameter of 133 mm, equal to its depth, while the pier height is equal to 250 mm (Fig. 2). The hole into the
caisson foundation was introduced to reproduce the mass of a concrete caisson (Mcaisson =4.74:10° Mg,
corresponding to 1024.8 Mg at prototype scale), while the superstructure is reproduced by the brass mass
Maeck = 0.9-10° Mg (194.4 Mg) and the pier, the latter characterised by a mass nyier = 0.665-10~ Mg (143.6 Mg)
and a bending stiffness £ =2.37-10° GN-m* (30.7 GN-m?). Hostun sand HN31, available at the Schofield
Centre, was glued on the lateral surface of the caisson foundation to reproduce the roughness of the soil-
concrete contact (Fig. 3a).
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Figure 2. Cross-sectional view of the reduced-scale model and miniaturized instrumentation — model
scale in mm (bracketed prototype scale in m)

The soil deposit was produced in two steps. First, the clay slurry was prepared by mixing speswhite kaolin
clay powder and de-aired water in 1:1.3 ratio, and then the slurry was poured into the ESB box. Two different
profiles of undrained shear strength s, were targeted, both slightly increasing with depth, as for soft clays, and
with average values equal to about 40 kPa (test DG0O1) and 10 kPa (DGO03). The desired profiles were obtained
via a combination of 1D loading and hydraulic consolidation by suction-induced seepage (Garala &
Madabhushi, 2019) and are plotted in the following (Fig. 4b). After consolidating, the clay surface was
trimmed to obtain the desired depth of 233 mm (Fig. 2) and the instrumentation was inserted in the model. The
structure was then installed and the clay was covered with a layer of loose sand (relative density Dr = 50 %).
The instrumentation includes two far-field alignments of miniature Pore Pressure Transducers (PPTs, Pi.4 in
Fig. 2) and piezo-electric accelerometers (Ai¢): two piezo-electric accelerometers were also installed at the
outer base of the ESB container to record the applied seismic input (As.9, with Ag not shown in the Figure as
located out of plane), while PPT Ps and piezo-electric accelerometer A7 were installed beneath the caisson



base. Horizontal and vertical acceleration time histories were recorded by Micro-Electro-Mechanical-Systems
(MEMs) glued on the brass mass (Mj.4) and on the caisson (Ms.g), whereas the average settlement and rigid
rotation of the caisson were measured using two Linear Variable Differential Transformers LVDTs (L..3).
Another LVDT (L) was installed at the clay surface along the far-field alignment to record vertical
displacements. The model was also equipped with the Air Hammer Device (AHD; Ghosh & Madabhushi,
2002) and T-bar penetrometer (Stewart & Randolph, 1984) to measure the shear wave velocity and the
undrained shear strength of the soil, respectively; the 7T-bar location is also given in the picture of the model
mounted on centrifuge reported in Figure 3b. Both the AH and 7-bar tests were performed at 60g to obtain the
soil stiffness and strength right before the earthquakes were applied.
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Figure 3. (a) system considered in the centrifuge tests DG0I and DGO03; (b) model mounted in the
centrifuge

The experimental profiles of the small-strain shear modulus Gy and undrained shear strength s, are plotted in
Figure 4, the former computed through the well-known equation for an elastic medium

Gy(2)=p-[Vao (2)] (1)

where p is the mass density and Vs is the “small-strain” shear wave velocity. The undrained shear strength of
the clay layer was obtained from the following relation:

Su(z)= )

where ¢. is the penetration resistance and Nt = 12 is the T-bar bearing factor which was calibrated against the
results from miniaturised shear vane tests (Gaudio et al, 2022b). As for the small-strain shear modulus Gy, the
average values of about 41 and 21 MPa were obtained for the soft (test DG01) and very soft (test DGO03) tests,
respectively, while average values of the undrained shear strength s, were equal to about 43 and 6 kPa (Tab. 1).
The experimental results were compared with values provided by some empirical relations available in the
literature, such as those by Azeiteiro ef al (2017) and Hardin & Drnevich (1972) for the small-strain shear
modulus Gy and the one from Wroth (1984) for the undrained shear strength s,. The best agreement with the
experimental results was obtained for the DGO3 test in terms of soil stiffness, while a good accordance was
observed for both tests in terms of strength.
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Figure 4. Experimental and empirical (a) small-strain shear modulus and (b) undrained shear strength
profiles

Table 1. Average mechanical properties of the far-field soil column in the two centrifuge tests

test Go (MPa) su (kPa)
DGOI 412 433
DGO3 26.6 6.4

In both tests DGO1 and DGO03, the system was subjected to several real and sinusoidal seismic inputs. Here the
results obtained applying the seismic input recorded during the destructive Christchurch (2011) earthquake are
discussed; its amplitude was scaled to obtain a weak (ax™max = 0.030g, Fig. 6d), a moderate (ax™max = 0.100g,
Fig. 7d), and a strong (ax™msx = 0.212g, Fig. 8d) version of the seismic record. The first and the third base
excitations were applied to the base of the weak clay (DGO03), while the second one to the base of the stronger
clay (DGO1), so as to study the influence of the seismic intensity on the system performance. The ground

motions were imposed at the base of the ESB box through the servo-hydraulic shaker described by Madabhushi
et al (2012).

EXPERIMENTAL RESULTS

In this section, the results obtained applying the seismic inputs mentioned above are discussed, first referring
to the far-field soil response and then to the seismic behaviour of the whole soil-caisson-pier-deck system.

Far-field soil response

The far-field soil response is given in Figure 5, where the shear stress-shear strain loops obtained at depth
z=6.5 m, which is close to the caisson base, is given for all cases considered in this paper, namely the weak
input + weak soil (i.e. very soft clay, DGO03 test, Fig. 5a), the moderate input + strong soil (i.e. soft clay, DGO1,
Fig. 5b), and the strong input + weak soil (i.e. very soft clay, DG03, Fig. 5c). In the first case, low seismic-
induced shear strains (ymax = 2.5-10”) were mobilised, which were accompanied by quite a narrow loop area
and consequent nearly null energy dissipation: in this case, the induced shear stress T in the soil is far from the
limit shear stress, Tmax = su. Vice versa, the third case (Fig. 5¢), ruled by the high seismic intensity travelling



into a weak clay deposit, shows an almost tripled peak shear strain (ymax = 7.0-107) together with a much
broader loop area, which indicates a remarkable soil hysteretic damping: this time, the undrained shear strength
is attained, limiting the shear stress 7 that can be transmitted to the upper portion of soil deposit. The moderate
input + strong soil (Fig. 5b) locates in the middle between the two extreme cases, showing a peak shear strain
Ymax Which is comparable to that mobilised in the strong input case, although not triggering soil shear strength.

Therefore, the first case (Fig. 5a) can be seen as representative of an elastic case, whereas the second (Fig. 5b)
and the third ones (Fig. 5c¢) can be viewed as cases where soil inelastic behaviour is slightly and strongly
mobilised, respectively, mainly due to the interaction between the increasing amplitude of the seismic shaking
and the varying shear strength of the soil. This interplay will be influencing the seismic performance of the
entire soil-caisson-pier-deck system, as discussed in the next section.
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Figure 5. Far-field shear stress-shear strain loops (depth z = 6.5 m) for increasing amplitude of the
scaled Christchurch motion: (a) weak input on weak soil (test DG03); (b) moderate input on strong soil
(test DGO1), (c) strong input on weak soil (test DG03)

Seismic behaviour of the system

The seismic behaviour of the system at hand was quantified in terms of the nondimensional deck drift uei/fs
and of the bending moment acting at the base of the pier, M,. The deck drift is defined as

urc] = udvxk - ucaisson head = tane ' hs + uﬂcx = urc]. rigid +uﬂcx (3)

where #geck and Ucaisson head are the horizontal displacements of the deck and the top of the caisson, 0 is the rigid
caisson rotation, urel, rigia 1S the rigid component of the drift and une is the elastic bending of the pier, that is the
one directly related to the bending moment M. The latter has been computed as

Ms = meff : adeck : hs (4)

where mesr = 270.43 Mg is the effective mass related to the first mode of the fixed-base pier. The time histories
of horizontal displacement were computed through double integration of the ones of average acceleration as
obtained from MEMS M-, and Ms-¢, while the time history of the rigid rotation 6 was computed as 6 = [wr3—
wi2]/d, where w indicates the caisson settlement and d is the distance between LVDTs L.3. All results presented
hereafter are at the prototype scale, unless otherwise specified.

The observed time histories of drift and bending moment are plotted in Figures 6, 7, and 8 for the three
increasing amplitudes of the ground motion. In the weak input + weak soil case (Fig. 6), no permanent drift is
obtained (i, rigia/1s = 0) due to the very low intensity of the input motion. This result is consistent with the far-
field shear stress-shear strain loop computed at a depth z = 6.5 m (Fig. 5a). This outcome also allows to state
that soil response is about elastic when subjected to the weak ground motion.



With increasing seismic amplitude (test DGO1), the system starts accumulating a permanent rigid rotation
(Fig. 7b). However, this is still relatively small (1, rigia/2s = -0.18 %o0) as a consequence of the higher undrained
shear strength measured along the far-field alignment. Hence, in this test, irreversible soil behaviour influenced
the system response only very slightly, while still limiting the inertial forces transmitted to the superstructure;
indeed, despite the input amplitude increased more than three times (ratio between ax™ma equal to
0.102/0.030 = 3.4), the increment obtained in the peak values of the deck drift, w1, was only 33 % and the
maximum bending moment, M, increased by 70 %.

Conversely, in the case of the strong seismic input applied to the weak soil, a strong increase of the permanent
rotation was accumulated by the system, which is tripled (=0.60 %o, Fig. 8b). Nonetheless, the bending
moment turned out to be lower than that attained by the moderate input on the strong soil case (Fig. 8c), which
decreased by about 32 %, despite the input amplitude doubled. The peak bending moment attained in this case
(M, max = 11.37 MN-m) is limited by the soil-caisson capacity, as discussed in the following section. It is
therefore apparent that the irreversible and hysteretic soil behaviour is contributing to reduce the inertial forces
transmitted to the superstructure, governing the system seismic performance. This is also clear from the
noticeable period elongation of both the time histories of deck drift and bending moment plotted in Figure 8.
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Figure 6. Time histories of the (a) total and (b) rigid component of the deck drift, (c) bending moment and
(d) horizontal acceleration of the weak input motion on weak soil (DG03)
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Figure 7. Time histories of the (a) total and (b) rigid component of the deck drift, (c) bending moment and
(d) horizontal acceleration of the moderate input motion on strong soil (DG01)
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Figure 8. Time histories of the (a) total and (b) rigid component of the deck drift, (c) bending moment and
(d) horizontal acceleration of the strong input motion on weak soil (DG03)

ASSESSMENT OF SEISMIC PERFORMANCE

From the seismic behaviour discussed in the previous section, it follows that the system response was assessed
referring to some performance indexes, such as the peak and permanent values of the nondimensional deck
drift, srel, max/hs and urel, perm/his, and the peak bending moment M; max, which are plotted in Figure 9 against the
peak acceleration of the seismic shaking, a,™max. This shows that all quantities increase in the low-intensity
range (i.e. ax™max < 0.1 g) for increasing amplitudes, as expected. Conversely, the peak deck drift almost
stabilises while the peak bending moment even decreases in the moderate-to-high intensity range
(ax™max > 0.1 g), being limited by the attainment of the soil-caisson resistance. The latter was estimated using
the empirical relations provided for clays by Gerolymos ef a/ (2015) and Rosati et al (2022), the first developed
through a total stress approach, while the second with an effective stress approach. Their evaluation of the
limit bending moment acting at the base of the pier, causing the bearing capacity mechanism to occur, Msy, is
equal to 12.5 and 14.9 MN-m, respectively, being in a good agreement with the value obtained in the centrifuge
(Msmax = 11.37 MNm) for the test DG03 with ax™max = 0.212 g. Higher values of M max, lying in between the
two limit values My, have been obtained when applying other seismic inputs (not shown in this paper for the
sake of space), which confirms that the actual limit value might be located in between them (Gaudio ef al.,
2022b).

Opposite to what observed for the peak values, the permanent deck drift shows an almost linear increase with
the seismic intensity, which confirms the growing role of inelastic soil behaviour on the seismic performance
of the system as the seismic amplitude increases.
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CONCLUDING REMARKS

This paper illustrated a preliminary interpretation of the results obtained from dynamic centrifuge tests of
caisson foundations supporting bridge piers subjected to weak, moderate and strong ground motions. The
discussion mainly showed that the inelastic and hysteretic behaviour of the foundation soil can play a
fundamental role in the seismic performance of the whole system; this is particularly true for strong seismic
events, for which the soil acts as a “fuse”, thus limiting the inertial forces transmitted to the superstructure.

Further elaboration of the discussed results is of course needed, e.g., to understand and quantify the relative
contribution of the free-field and near-field hysteretic soil behaviour, considering also the remaining seismic
inputs applied in the centrifuge tests.
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