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ABSTRACT 16 

A series of seismic centrifuge tests were performed to investigate how the hydromechanical 17 

characteristics of non-liquefiable crusts influence the response of layered liquefiable deposits. 18 

Two vertically continuous liquefiable profiles were examined, each overlain by three 19 

contrasting crust types: dense coarse sand, lightly overconsolidated silt, and heavily 20 

overconsolidated clay. High excess pore pressures developed throughout the liquefiable 21 

profiles and sustained upward flow, with crust properties governing how this inflow was 22 

accommodated and discharged. In sand-crust models, substantial drainage occurred during 23 

shaking, reducing liquefaction severity in the underlying critical layer while enabling early co-24 

seismic settlement. The low-permeability silt and clay crusts promoted fluid accumulation and 25 

prolonged liquefaction in the critical layer but produced contrasting surface responses. The silt 26 

combined sufficient hydraulic resistance to intensify void redistribution with insufficient 27 

mechanical and erosion resistance to maintain crust integrity under cyclic loading and 28 

subsequent seepage. Extensive fluidization of the critical layer and breakdown of the silt 29 

structure produced large settlement and surface ejecta. The clay largely retained its stiffness 30 

and structural integrity, partly decoupling surface movement from underlying sand 31 

sedimentation. The findings demonstrate that factors beyond crust thickness, including crust 32 

permeability, stiffness, cyclic strength and erodibility, strongly influence liquefaction response 33 

and related damage potential. 34 
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1. INTRODUCTION 38 

Natural liquefiable deposits are rarely uniform; instead, they typically comprise distinct 39 

soil layers with varying physical and behavioural characteristics. The deposit response during 40 

earthquake shaking is largely governed by dynamic hydromechanical interactions among these 41 

different layers and other system-level effects. Recent case-history observations and nonlinear 42 

dynamic analyses demonstrate that such cross-layer interactions of liquefying deposits can 43 

profoundly influence the development and severity of the liquefaction response (e.g. 44 

Cubrinovski et al. 2019, Bassal et al. 2022, Cubrinovski and Ntritsos, 2023). Thus, the resulting 45 

damage reflects the response of the deposit as a system and cannot be inferred solely from 46 

liquefaction triggering within an individual (critical) layer.  47 

The surface crust overlying the liquefied soil is a particularly important component in this 48 

system of interacting layers. Here, the crust is defined as the uppermost part of the deposit 49 

extending from the ground surface to the top of the underlying liquefiable soil. It comprises all 50 

soils above the groundwater level and any vertically connected submerged soils that are non-51 

liquefiable because of their high density, plasticity, or other favourable properties. During a 52 

strong earthquake, the crust becomes the layer that separates the liquefied subsoil from 53 

structures or other installations founded on or near the ground surface. Consequently, its cyclic 54 

response and hydromechanical interactions with the underlying layers exert a fundamental 55 

influence on the nature and severity of liquefaction effects at the ground surface.  56 

The engineering significance of the non-liquefiable crust has been broadly recognized 57 

following the seminal work of Ishihara (1985). Using several post-earthquake observations, 58 

Ishihara developed simple criteria identifying conditions for occurrence of liquefaction-59 

induced ground failure based on the thickness of the liquefied layer and thickness of the non-60 

liquefiable crust. Later, Naesgaard et al. (1998) and Bouckovalas and Dakoulas (2007) also 61 



 

demonstrated the beneficial effect of a thick non-liquefiable crust on the seismic performance 62 

of shallow foundations, using nonlinear dynamic analyses. In today’s practice, the importance 63 

of crust thickness is well-established and commonly used empirical methods for liquefaction 64 

damage assessment incorporate its effect, at least implicitly. In contrast, other important 65 

hydromechanical properties of the crust remain incompletely represented in these empirical 66 

methods. 67 

Previous work has indicated that crust properties, such as permeability, compressibility, 68 

shear strength and the overall crust integrity may affect the nature and severity of liquefaction 69 

effects at the ground surface (e.g. Yoshimi and Kuwabara, 1973; Scott and Zuckerman, 1973; 70 

Fiegel and Kutter, 1994; Obermeier et al. 2005; Hutabarat and Bray, 2022). Much of this work 71 

has focused on particular mechanisms, response measures, or damage indicators, while 72 

comparatively little evidence exists on how contrasting crust types affect the complete system 73 

response, from pore pressure redistribution and deformation within the deposit to settlement 74 

and ejecta manifestation at the ground surface. Such crust effects are difficult to isolate from 75 

field observations, whereas continuum-based numerical analysis cannot readily capture post-76 

liquefaction sedimentation and important near-surface processes involving cracking, localized 77 

erosion, piping and sand-boil formation. In this context, controlled centrifuge modelling is 78 

uniquely suited to investigate the influence of crust characteristics on liquefaction response.  79 

This paper investigates the influence of crust characteristics on free-field, level-ground 80 

liquefaction response through a series of seismic centrifuge tests. Two vertically continuous 81 

liquefiable profiles are examined beneath crusts with contrasting hydromechanical properties. 82 

Crust effects on the following key aspects of the liquefaction response are addressed:   83 

• generation, redistribution and dissipation of excess pore pressure (EPP); 84 

• shear-strain development;  85 



 

• magnitude, timing and uniformity of surface settlement; 86 

• surface manifestation of sand ejecta. 87 

Details of the centrifuge tests and selected results are presented and discussed following a 88 

brief background on the system response of vertically continuous liquefiable deposits.  89 

2. SYSTEM RESPONSE OF VERTICALLY CONTINUOUS DEPOSITS 90 

Liquefiable sites commonly comprise irregularly distributed liquefiable and non-91 

liquefiable soils. From a liquefaction consequences viewpoint, the vertical continuity of 92 

liquefiable soils is of particular importance, as case histories have shown that soil profiles with 93 

thick interconnected liquefiable layers – referred to as vertically continuous (VC) deposits – 94 

tend to exhibit more severe liquefaction effects than profiles with interbedded liquefiable and 95 

non-liquefiable layers (e.g. Cubrinovski et al. 2019, Dhakal et al. 2026).  96 

Fig. 1 shows typical soil profile characteristics of VC deposits that exhibited severe 97 

liquefaction damage during the 2010–2011 Christchurch, New Zealand earthquakes 98 

(Cubrinovski and Ntritsos, 2023; Dhakal et al. 2026). These deposits contain vertically 99 

continuous liquefiable soils within the upper 10 m and have a shallow groundwater table at 100 

approximately 2 m depth. They are typically composed of a shallow critical layer of silty sand 101 

or sandy silt, 1–5 m thick, overlying a denser sand. The normalized equivalent clean sand cone 102 

resistance, qc1Ncs, is relatively low in the critical layer, at 80–100, and increases gradually with 103 

depth through the base sand to approximately 130–150.  104 

The seismic response of such VC deposits has been scrutinized by Cubrinovski et al. (2019) 105 

and Cubrinovski and Ntritsos (2023), using nonlinear dynamic effective stress analysis. These 106 

studies identified several cascading mechanisms and effects that collectively increase the 107 



 

severity of liquefaction response in VC deposits. Fig. 1 schematically illustrates a characteristic 108 

VC-deposit response scenario, involving the principal mechanisms summarized below. 109 

(1) Liquefaction is initially triggered in the shallow critical layer.  110 

(2) Water subsequently flows into the critical layer from the underlying soils, which may 111 

not reach full liquefaction but generate higher EPPs than those in the critical layer. The 112 

combined effects of shaking-induced liquefaction and inflow of water from the underlying soils 113 

result in severe fluidization of the low-resistance critical layer. 114 

(3) The vertical continuity of the liquefiable soils allows excess water generated throughout 115 

the deposit to migrate upward without interception by non-liquefiable interlayers, subjecting 116 

the overlying crust to strong seepage action. 117 

Through the combined effects of the above mechanisms, liquefiable soils from the entire 118 

deposit connect hydraulically and supply a large volume of pressurized water towards the 119 

ground surface. This water may escape through the crust by distributed intergranular seepage 120 

and/or localized venting, or dissipate laterally towards more permeable strata or topographic 121 

outlets. The coupled hydraulic and mechanical response of the surface crust essentially govern 122 

how the upward flow is accommodated and discharged, thereby strongly influencing the nature 123 

and severity of liquefaction manifestations at the ground surface.  124 

3. CENTRIFUGE TESTS 125 

3.1 OVERVIEW 126 

Two series of three seismic centrifuge tests were performed to investigate the influence of 127 

crust characteristics on liquefaction response. Fig. 2 shows the general model configurations 128 

for the two series in prototype dimensions. Series A (Fig. 2a) employed a 12-m-deep profile 129 

comprising a loose fine-sand critical layer sandwiched between a denser, coarser base sand 130 



 

and a surface crust that varied among tests. Series B (Fig. 2b) employed a similar but shallower, 131 

8-m-deep profile, with an additional intermediate layer between the critical layer and base 132 

sand. Within each series, the geometry and properties of the liquefiable layers were kept 133 

nominally identical, while the crust type was varied. Three crusts with contrasting properties, 134 

in terms of permeability, stiffness, erodibility, and cyclic response, were examined: dense 135 

coarse sand, lightly overconsolidated silt, and heavily overconsolidated clay. All crusts were 136 

fully saturated yet classified as non-liquefiable: the sand based on its high-density state, and 137 

the silt and clay according to conventional susceptibility criteria (Boulanger and Idriss, 2006). 138 

The underlying liquefiable profiles were representative of typical VC deposits in Christchurch 139 

(Fig. 1), with grain size and liquefaction resistance generally increasing with depth. Table 1 140 

summarizes the principal characteristics of each model test.  141 

This paper focuses primarily on Series B (B-Sand, B-Silt and B-Clay). Selected results 142 

from Series A, previously presented in Ntritsos (2026), are included to provide supplementary 143 

evidence concerning ejecta manifestation. Data from all six tests are available through the 144 

Zenodo repository (DOI: 10.5281/zenodo.23570253). 145 

The centrifuge tests were conducted on the 6-m-diameter beam centrifuge of ISMGEO 146 

(Istituto Sperimentale Modelli Geotecnici), Italy. The soil models were constructed inside an 147 

Equivalent Shear Beam (ESB) container, with internal dimensions of 0.730 × 0.240 × 0.337 m 148 

(length × width × depth), and tested at a nominal centrifugal acceleration of 40 g. Unless stated 149 

otherwise, all quantities in this paper are reported in prototype units according to the scaling 150 

laws provided in Garnier et al. (2007). More information on the ISMGEO centrifuge facility 151 

and ESB container can be found in Fioravante et al. (2021).  152 



 

3.2 MATERIALS AND MODEL CONSTRUCTION 153 

Table 2 lists the main index properties of the soils used to construct the centrifuge models. 154 

The base sand in both series and the intermediate layer in Series B were prepared using Ticino 155 

sand, an extensively studied, coarse-to-medium clean sand made of angular to subrounded 156 

particles (e.g. Fioravante and Giretti, 2016). Ticino sand fraction TS4 (D50 ≈ 0.53 mm) was 157 

used for the base sand, while the slightly finer TS11 fraction (D50 ≈ 0.46 mm) was used for the 158 

intermediate layer. The critical layer was prepared using FF sand (FFS), a uniform, subangular, 159 

very fine quartz sand (D50 ≈ 0.093 mm) produced by grinding and sieving quarried rock. This 160 

very fine sand was selected to ease ejecta transport to the ground surface, which can be 161 

challenging in a centrifuge environment due to particle-size effects on soil-fluid interactions. 162 

The static and dynamic properties of FFS are described in detail by Giretti (2010). The sand, 163 

silt and clay crusts were reconstituted using TS4, TF200 and Pontida Clay (PON), respectively. 164 

TF200 is a natural flour obtained by sieving Ticino sand, while PON is a well-characterized 165 

kaolinitic silty clay (e.g. Hueckel and Baldi, 1990; Fioravante et al. 2021; Dodaro et al. 2025). 166 

Particle-size distributions for all soils used in the tests are presented in Fig. 3.  167 

Model construction was carried out in stages. First, the liquefiable layers (TS4, TS11 and 168 

FFS) were dry-pluviated to the target relative densities listed in Table 1. Following the 169 

pluviation, the liquefiable layers were saturated with an aqueous solution of hydroxypropyl 170 

methylcellulose (HPMC) whose concentration, and hence viscosity, differed between the two 171 

series. For Series A, a target kinematic viscosity of 40 cSt was selected to equate the dynamic 172 

and diffusion time-scaling factors at 40 g (Garnier et al. 2007). For Series B, a lower HPMC 173 

concentration was used to expedite saturation, corresponding to an estimated viscosity of 15-174 

20 cSt at the testing temperature (Adamidis and Madabhushi, 2015). This departure from strict 175 

similitude was considered acceptable, given that the rate of EPP buildup during shaking was 176 



 

unaffected while the corresponding EPP dissipation time remained substantially longer than 177 

the shaking duration. 178 

Saturation was initially performed by introducing the fluid from the base of the container 179 

while the model was maintained under vacuum. The vacuum was slowly released once the 180 

permeated volume of fluid was at least equal to the estimated pore volume. For Series B, 181 

infiltration was then continued in-flight, at 40 g and atmospheric pressure, until the fluid level 182 

approached the top of the container (Fig. 2b). The model was then returned to 1 g, and the 183 

excess fluid above the sand surface was removed before placement of the crust. This additional 184 

in-flight stage was intended to improve saturation by increasing the pore-fluid pressure, thereby 185 

compressing and promoting the dissolution of entrapped air, similarly to back-pressure 186 

saturation in soil element tests, and by enhancing the buoyancy-driven upward migration and 187 

expulsion of remaining air bubbles. Comparison of the in-flight PPT readings before and after 188 

this stage indicated improved saturation. 189 

For models comprising silt or clay crusts, following the sand saturation and before 190 

placement of the crust layer, a water-bentonite paste was applied on the sand-wall corners along 191 

the perimeter of the container and over the exposed container walls, as shown in the 192 

photographs of Fig. 4. This perimeter “bentonite gasket” was intended to limit leakage of the 193 

pressurized pore fluid along the walls, a phenomenon previously observed in similar layered 194 

model tests (e.g. Fiegel and Kutter, 1994), and to promote venting and sand-boil formation 195 

away from the container walls. For the objectives of this study, any mechanical boundary 196 

effects introduced by the gasket were considered secondary to its essential hydraulic sealing 197 

function. 198 

Different preparation methods were adopted for the three crusts. The sand crust was 199 

reconstituted by dry pluviation and saturated together with the underlying liquefiable sands 200 



 

using the procedure described above. For the silt crust, dry TF200 was mixed with deaired 201 

HPMC solution under vacuum to form a slurry. The slurry was placed on the saturated sand 202 

surface and consolidated to an average preconsolidation stress of 𝜎𝑝
′ ≈ 20 kPa. The clay crust 203 

was also prepared as a slurry but consolidated separately, using 𝜎𝑝
′ ≈ 220 kPa. After 204 

consolidation, the clay specimen was unloaded, trimmed to the target dimensions, pulled under 205 

vacuum and placed on the sand surface immediately before testing. 206 

3.3 INSTRUMENTATION AND BASE EXCITATION 207 

All models were instrumented with miniature accelerometers, pore pressure transducers 208 

(PPTs), and linear variable differential transformers (LVDTs), as shown in Fig. 2. All 209 

instruments were positioned on the vertical longitudinal centreplane of the container. 210 

A ground motion recoded at the San Francisco International Airport during the 1989 Mw6.9 211 

Loma Prieta earthquake was scaled to 0.5 g and used as the target input motion for the 212 

centrifuge tests. 213 

4. RESULTS AND DISCUSSION 214 

Selected results from the centrifuge tests are here presented to elucidate the influence of 215 

crust type on liquefaction response and surface manifestation. The B-Sand response is first 216 

examined in detail to illustrate key system-response mechanisms of layered VC deposits and 217 

establish a reference for subsequent comparisons. Crust effects on the subsurface liquefaction 218 

response and surface manifestations, including settlement and ejecta, are then comparatively 219 

evaluated.  220 



 

4.1 REFERENCE SYSTEM RESPONSE 221 

4.1.1 Pore-pressure and acceleration response 222 

Fig. 5 shows acceleration and EPP time histories at the instrumented depths of the B-Sand 223 

profile. Base shaking includes a window of strong acceleration cycles between 6.3 and 12.4 s 224 

(Fig. 5a). The sand crust responds to the strong shaking with alternating positive and negative 225 

EPP spikes but negligible net buildup. This response can be explained by the initial state of the 226 

crust sand, which is well below the critical state line (𝐷𝑟 ≥ 80%, 𝜎𝑣𝑜
′ ≈ 0 − 20 kPa), and by 227 

its high permeability and proximity to the free-draining ground surface. These drainage 228 

conditions allowed contractive tendencies to produce fluid outflow and densification rather 229 

than sustained EPP accumulation. In contrast, EPP builds up rapidly in the loose critical layer 230 

over the first few cycles of shaking and liquefaction is triggered (𝑢𝑒 ≈ 𝜎𝑣𝑜
′ ) with the first strong 231 

acceleration cycle at approximately 6.9 s. EPPs also develop in the deeper layers, albeit at a 232 

slower rate, and do not reach the initial effective overburden stress, 𝜎𝑣𝑜
′ . The combined effects 233 

of increased density and permeability, together with the reduced cyclic demand due to energy 234 

dissipation in the liquefied critical layer, prevented liquefaction below the critical layer.  235 

EPP redistribution governs system response following the strong shaking. Although the 236 

intermediate layer and base sand do not liquefy, their EPPs reach approximately 40 and 50 kPa, 237 

respectively, exceeding the 28 kPa recorded in the overlying critical layer. This implies an 238 

upward hydraulic gradient and fluid flow from the deeper layers into the critical layer 239 

(mechanism 2 in Fig. 1), which is manifested by the onset of EPP dissipation immediately after 240 

the end of strong shaking (~13 s) in the deeper layers. Simultaneously, a high hydraulic gradient 241 

develops in the upper part of the deposit, with fluid flowing from the critical layer, through the 242 

crust, towards the ground surface (mechanism 3 in Fig. 1). The balance between inflow from 243 

below and outflow through the crust maintains EPP in the critical layer near 𝜎𝑣𝑜
′  for about 9 s 244 



 

after end of strong shaking, followed by gradual dissipation while low-level shaking continues. 245 

The duration of elevated EPP in the critical layer, and overall evolution of EPP, reflect the 246 

coupled effects of fluid redistribution and continued soil-skeleton deformation due to shearing, 247 

both influenced by the permeability and cyclic response of adjacent layers, including the 248 

overlying crust. 249 

These EPP responses are reflected in the recorded accelerations (Fig. 5a). Records below 250 

the critical layer generally follow the input motion pattern but exhibit amplified accelerations, 251 

with PGA increasing from 0.5 g at the base to 0.8 g at the bottom of the critical layer. In 252 

contrast, the acceleration immediately above the critical layer shows typical features of 253 

earthquake recordings at liquefied sites, including abrupt reduction in high-frequency content 254 

upon liquefaction triggering (~ 6.9 s), and subsequent acceleration spikes superimposed on the 255 

long-period response of the softened ground (e.g. Kramer et al. 2011; Ntritsos et al. 2021). 256 

These features reflect the overall softening and cyclic mobility behaviour associated with soil 257 

liquefaction in the critical layer. High-frequency content is partly recovered later in the record 258 

as EPP dissipates and the soil regains its stiffness.  259 

4.1.2 Shear-strains 260 

Fig. 6 shows average shear strain time histories for the three liquefiable layers. These strain 261 

time histories were obtained through double integration of the recorded accelerations at the top 262 

and bottom of each layer, using the methodology described by Elgamal et al. (1996). Special 263 

care was given to processing and filtering the acceleration data, as recommended by Brennan 264 

et al. (2005). The derived strain time histories show large cyclic shear strains in the critical 265 

layer during the strong shaking, in the order of 2-3%, consistent with the development of 266 

liquefaction in this layer. Moderate strains of approximately 0.5-1% continue while EPP in the 267 

critical layer remains elevated and decrease below 0.3% as EPP dissipates. Smaller strains 268 



 

develop in the deeper layers which did not liquefy, reaching 𝛾𝑚𝑎𝑥 ≈ 0.9% in the intermediate 269 

layer and 𝛾𝑚𝑎𝑥 ≈ 0.3% in the dense base sand.  270 

Overall, B-Sand demonstrates signature features of the VC-deposit response, including 271 

dynamic cross-layer interactions and strong diffusion effects through vertical fluid flow (e.g. 272 

Cubrinovski and Ntritsos, 2023). The dense, permeable sand crust has a particular influence on 273 

the system response by providing an efficient drainage path to the ground surface, thereby 274 

limiting sustained EPP accumulation in the upper deposit.  275 

4.2 CRUST EFFECTS ON SUBSURFACE RESPONSE 276 

4.2.1 Pore-pressure response 277 

Fig. 7a compares the pore-pressure responses within each layer of the B-Sand, B-Silt, and 278 

B-Clay profiles, in terms of EPP ratio (𝑟𝑢 = 𝑢𝑒 𝜎𝑣𝑜
′⁄ ) time-histories. Cumulative absolute 279 

velocity (CAV) time-histories of the recorded base motions are also included in Fig. 7b as a 280 

timing reference. Generally, B-Silt and B-Clay exhibit different spatial and temporal EPP 281 

distributions compared with the reference B-Sand profile. 282 

The silt and clay crusts show sharply contrasting cyclic responses. In B-Silt, EPP rise 283 

gradually within the crust and reaches 𝑟𝑢 ≈ 0.7 by the end of strong shaking, indicating cyclic 284 

softening of the silt associated with substantial stiffness and strength degradation. By contrast, 285 

the OC clay crust in B-Clay develops negative EPP, with a residual 𝑟𝑢 ≈ −0.35. Negative EPP 286 

generation during cyclic shearing is common in heavily OC clays (OCR ≳ 4) (e.g. Vucetic and 287 

Dobry, 1986; Matasovic and Vucetic, 1995).  288 

In the layers beneath the crust, the patterns of EPP buildup are broadly similar across all 289 

models, an exception being the critical-layer response in B-Clay. During strong shaking, 𝑟𝑢 in 290 

this layer remains limited to approximately 0.80-0.85 and approaches unity only gradually 291 



 

during subsequent void redistribution. This response is interpreted as resulting from 292 

nonuniform stress transfer across an imperfect sand-clay interface. In particular, arching of the 293 

stiff clay crust likely reduced the local initial effective stress at the PPT location relative to the 294 

theoretical overburden stress used to calculate 𝑟𝑢, thereby limiting the normalized EPP 295 

generated during shaking. Subsequent upward pore-fluid migration and accumulation beneath 296 

the crust progressively increased the local pore pressure, causing 𝑟𝑢 to approach unity.   297 

More pronounced crust effects emerge during post-liquefaction EPP redistribution and 298 

dissipation. The low permeability of the silt and clay crusts restricts upward drainage of the 299 

excess pore fluid. Consequently, upward-seeping pore fluid from the entire deposit 300 

accumulates beneath the crusts, prolonging the liquefied or near-liquefied state (𝑟𝑢 ≈ 1) of the 301 

critical layers by approximately 20–30 s relative to B-Sand. Continued inflow during this phase 302 

progressively expands the soil skeleton of the critical layer, intensifying fluidization and 303 

potentially forming water-rich zones or a water film beneath the crust (e.g. Kokusho, 2003). 304 

After shaking, EPPs in B-Silt and B-Clay gradually decrease towards a quasi-uniform value 305 

throughout depth, equal to approximately 18 kPa in B-Silt and 20 kPa in B-Clay. At this stage, 306 

particle contact in the liquefied soil has been re-established and effective stress partially 307 

recovered. Subsequent dissipation of EPP is governed primarily by the effective drainage 308 

capacity of the crust, including any preferential flow paths that may develop. Similar EPP 309 

redistribution and reconsolidation patterns beneath relatively impermeable capping layers have 310 

been observed in previous physical-model studies (e.g. Fiegel and Kutter, 1994; Kokusho, 311 

2003; Sinha et al., 2022). 312 

The post-shaking EPP evolution within the silt and clay crusts is also noteworthy. In the 313 

silt, the high EPP dissipates slowly after the end of shaking but begins to increase again at 𝑡 ≈314 

1.5 min, as upward-migrating pore fluid from the critical layer reaches the elevation of the 315 



 

crust-embedded PPT. The elevated EPP persists until approximately 𝑡 ≈ 30 min, when 316 

dissipation resumes. This transient increase in EPP coincides with fluid venting and boiling at 317 

the silt surface, as discussed in subsection 4.3.2. The clay crust, which developed negative EPP 318 

during shaking, exhibits further reduction of EPP even after base shaking ceases. This 319 

continued EPP decrease is interpreted as secondary suction driven by swelling-induced 320 

deviatoric loading. Following shaking, water uptake and swelling of the basal clay imposes 321 

additional deviatoric deformation of the overlying clay at the PPT elevation; this induced a 322 

renewed dilative tendency and further negative EPP generation. The above interpretation is 323 

supported by a companion nonlinear dynamic analysis that reproduced the observed post-324 

shaking trend.  325 

In addition to the swelling-induced deviatoric deformation, local bending of the clay crust 326 

may contribute to the accelerated suction development after 𝑡 ≈ 1.7 min by inducing an 327 

undrained extensional-unloading response. B-Clay uniquely combines a stiff, coherent crust 328 

with liquefied and severely loosened sand beneath it. Small pre-existing irregularities at the 329 

sand-clay interface can be amplified into markedly nonuniform contact during liquefaction and 330 

void redistribution, as the stiff clay bridges across the deforming sand surface. As the 331 

accumulated fluid pressure beneath the crust subsequently dissipates, localized loss of support 332 

may cause the crust to sag. This downward sagging and bending would place the lower part of 333 

the crust in tension and could further increase suction at the PPT elevation. From approximately 334 

𝑡 ≈ 6 min onward, hydraulic redistribution and equalization dominate, and the negative EPP 335 

gradually dissipates toward zero.  336 



 

4.2.2 Shear strains and post-liquefaction ground response 337 

Fig. 8 compares the average shear-strain time-histories and cumulative shear-strain time-338 

histories in the critical layers of the three models. Cumulative shear-strain was calculated by 339 

summing the absolute shear-strain increments:  340 

𝛤(𝑡𝑛) = ∑|𝛾𝑖 − 𝛾𝑖−1|

𝑛

𝑖=2

                                                     (1) 341 

where 𝑡𝑛 denotes the time corresponding to 𝑛𝑡ℎ the data point. 342 

In all models, the largest strains and highest rates of strain accumulation occur during the 343 

high-acceleration interval between 6.3 and 12.4 s. Peak shear strains range from 2.5% in B-344 

Sand to 3.4% in B-Silt. After strong shaking, strain accumulation in B-Clay continues at a 345 

progressively lower rate, as the input motion also weakens with time (Fig. 8c). B-Sand follows 346 

a similar trend until approximately t ≈ 16 s, after which strain accumulation significantly 347 

diminishes as EPP dissipates and the critical layer regains stiffness and strength. In B-Silt, the 348 

rate of strain accumulation decreases earlier, near the end of strong shaking, despite the critical 349 

layer retaining elevated EPP, similar to B-Clay (Fig. 7a). Thus, although both critical layers 350 

remain highly softened, moderate strain accumulation persists in B-Clay but is strongly 351 

suppressed in B-Silt. This difference in the strain response may indicate reduced external 352 

demand or pronounced seismic attenuation effects within the B-Silt profile (e.g. Cubrinovski 353 

and Ntritsos, 2023). The slightly weaker base motion in B-Silt after t ≈ 15 s (Fig. 8c) can 354 

explain only a small part of this difference.  355 

To investigate this discrepancy, Fig. 9a compares the ratios of the elastic response spectra 356 

at the top of the critical layer to those at the model base. To focus upon the part of the response 357 

where cumulative strains differ most, the response spectral ratios (RSRs) in Fig. 9a were 358 

calculated considering only the spectral response after t = 16 s. The corresponding base-motion 359 



 

spectra are shown in Fig. 9b. B-Clay exhibits RSR characteristics typical of liquefied profiles 360 

(e.g. Kramer et al. 2011, Bouckovalas et al. 2016), with attenuation at periods up to 361 

approximately 0.7 s, followed by amplification at longer periods. B-Sand shows a broadly 362 

similar response, but with several localized amplifications between approximately 0.3 and 0.7 363 

s, reflecting the partial recovery of the critical-layer stiffness during this later excitation stage. 364 

By contrast, B-Silt exhibits substantially stronger and broader attenuation up to about 2 s 365 

period. Indicatively, RSRs are only 0.37, 0.24 and 0.16 at periods T = 0.27, 0.45 and 0.6 s, 366 

respectively, which correspond to peaks in the base-motion spectrum (Fig. 9b). This stronger 367 

attenuation in B-Silt is consistent with the reduced strain accumulation observed in its critical 368 

layer (Fig. 8b). 369 

Companion linear viscoelastic analyses, not presented herein, indicate that the stronger 370 

attenuation in B-Silt, relative to B-Clay, cannot be explained by their differences in the sand-371 

crust impedance contrast or by greater damping in the silt crust. Reproducing the B-Silt 372 

attenuation in these analyses requires a substantial reduction in the critical-layer shear-wave 373 

velocity, consistent with more extensive fluidization than in B-Clay. In B-Clay, the high-374 

stiffness contrast across the sand-clay interface may promote localization of soil-skeleton 375 

disturbance immediately beneath the crust, limiting its extent within the deeper part of the 376 

critical layer. 377 

4.3 CRUST EFFECTS ON SURFACE MANIFESTATION 378 

4.3.1 Settlement 379 

Fig. 10a compares the surface settlement responses of the three models, with settlement in 380 

each test calculated as the average of the two surface LVDT measurements. The timing of key 381 

stages of shaking is also indicated in this figure. Both the magnitude and temporal evolution of 382 

settlement appear to depend strongly on the crust type. 383 



 

B-Sand exhibits substantial co-seismic settlement: approximately 50% of the final 384 

settlement develops by the end of strong shaking and 94% by the time base shaking ceases. 385 

This early settlement provides further evidence of partial drainage through the permeable crust 386 

during shaking, consistent with the indications of the pore-pressure measurements (Fig. 5). 387 

Most of the final settlement of 6.4 cm can be attributed to post-liquefaction sedimentation and 388 

reconsolidation of the critical layer, with negligible contribution from the dense crust itself.  389 

B-Clay develops a mean recorded settlement similar to that of B-Sand during strong 390 

shaking, despite the clay crust would be expected to prevent fluid drainage and preserve 391 

constant model volume (i.e. zero settlement) in the short term. This early settlement indicates 392 

possible localized drainage through cracks or fissures in the clay and gaps at the bentonite-wall 393 

or clay-bentonite interfaces, which are potentially enlarged during shaking. Part of the recorded 394 

mean settlement may also reflect spatially nonuniform movement of the crust, with local 395 

sagging at the LVDT locations offset by heave elsewhere. Under the nonuniform support 396 

conditions discussed in subsection 4.2.1, horizontal inertia acting on the bridging crust may 397 

induce local bending or rigid-body rocking, resulting in both permanent and reversible 398 

differential vertical movements. The large opposite-phase fluctuations of the two LVDT 399 

records of B-Clay, shown in Fig. 10b, provide evidence of nonuniform crust movement 400 

consistent with this mechanism.  401 

After strong shaking, surface settlement in B-Clay accumulates much more slowly than in 402 

B-Sand. The coherent, low-permeability crust temporarily decouples surface movement from 403 

sedimentation of the underlying sand, as expelled pore fluid accumulates beneath or enters the 404 

crust rather than being discharged immediately. Pore-fluid absorption and the associated 405 

swelling of the OC clay may further offset part of the underlying sand settlement. Subsequent 406 

surface settlement is governed by coupled sand reconsolidation and drainage through the crust 407 



 

and any preferential flow paths. Reconsolidation is essentially complete within approximately 408 

2 h, producing a final settlement of about 5.9 cm, slightly less than that in B-Sand. 409 

B-Silt exhibits the largest settlement of the three models, reaching approximately 11 cm at 410 

the end of reconsolidation. Approximately 94% of this settlement develops during shaking, 411 

indicating localized drainage and coupled deformation of the critical layer and silt crust. Initial 412 

restriction of upward drainage causes pore fluid to accumulate beneath the crust, expanding 413 

and severely fluidizing the critical layer. Meanwhile, the combined effects of cyclic and 414 

seepage-induced softening of the silt cause strong crust disturbance and an increase in its 415 

effective hydraulic conductivity, possibly involving channelized drainage paths. The softened 416 

silt loses its ability to bridge over the subsiding sand; instead, it deforms with the underlying 417 

layer and may itself undergo particle rearrangement while transmitting upward-flow, resulting 418 

in rapid net surface settlements. The large co-seismic settlement of B-Silt is therefore 419 

interpreted as the combined consequence of extensive fluidization of the critical layer, 420 

localized discharge and deformation of the softened silt crust. 421 

The comparative analysis of the settlement responses of the three models suggests that crust 422 

characteristics may strongly influence liquefaction-induced ground deformations and 423 

associated damage. The silt crust combines sufficient hydraulic resistance to intensify void 424 

redistribution effects with insufficient mechanical resistance to prevent subsequent loss of crust 425 

integrity. The result was severe fluidization of the critical layer, breakdown of the silt structure 426 

and efficient transmission of subsurface deformation to the ground surface. By contrast, the 427 

OC clay largely retained its stiffness and structural integrity and partly decoupled surface 428 

movement from sedimentation of the underlying sand. In field settings, where liquefaction 429 

effects and associated deformations can be highly nonuniform, such contrasting crust responses 430 

may produce markedly different patterns of differential ground movement and damage. 431 



 

In current engineering practice, settlement of liquefiable deposits is often estimated without 432 

considering the response and effects of capping non-liquefiable layers. Furthermore, these 433 

settlement estimates generally rely on empirical relationships between post-liquefaction 434 

volumetric strain and maximum cyclic shear strain, with the latter serving as a proxy for the 435 

degree of soil-skeleton disturbance. The lack of correspondence between the shear strains in 436 

Fig. 8 and settlements in Fig. 10 challenges this 𝛾𝑚𝑎𝑥 − 𝜀𝑣𝑜𝑙 link for layered deposits 437 

undergoing void redistribution. The idealized sequence underlying these relationships – 438 

undrained cyclic loading followed by free drainage – does not capture partial drainage during 439 

shaking, interlayer pore-fluid redistribution and fluidization effects, or localized discharge. The 440 

results of this study suggest that undrained cyclic shear strain alone may not fully characterize 441 

settlement potential in layered deposits, for which the actual degree and spatial extent of 442 

skeleton disturbance and the hydraulic and mechanical response of the crust may also be 443 

important. 444 

4.3.2 Ejecta 445 

Ejecta manifestation characteristics also varied with crust type.  446 

Models with a coarse TS4 sand crust did not produce surface ejecta in any of the tests 447 

performed. This is consistent with previous experimental evidence indicating that a finer-448 

grained, lower-permeability layer capping the liquefiable zone and allowing pressure to 449 

accumulate beneath the crust is generally required for ejecta formation (e.g. Scott and 450 

Zuckerman, 1973; Fiegel and Kutter, 1994; Brennan and Madabhushi, 2005). In the sand-crust 451 

models, EPP is instead rapidly relieved through broadly distributed intergranular seepage, with 452 

little pore pressure development or disturbance within the crust (Fig. 5b). The resulting 453 

hydraulic gradients acting within the crust are therefore insufficient to erode the coarse sand 454 

particles and create ejecta pathways to the ground surface. 455 



 

Models with intact OC clay crusts also did not produce ejecta or any visible surface cracks. 456 

In such stiff and coherent crusts, ejecta most likely occurs by localized venting through cracks 457 

or fissures, rather than by progressive erosion of the crust soil particles as in non-plastic soils. 458 

Such preferential pathways to the ground surface may be pre-existing (e.g. desiccation cracks, 459 

animal burrows) or develop through hydraulic fracturing or cyclic ground deformation 460 

(Obermeier et al., 2005).  461 

To explore the effect of such openings, B-Clay was retested after four 3-mm-diameter holes 462 

were drilled approximately through the full crust thickness. At each LVDT’s longitudinal 463 

position (Fig. 2b), one hole was placed approximately halfway between the LVDT and each 464 

longitudinal sidewall. Sand (FFS) ejecta emerged from one of these holes approximately 4 min 465 

after shaking. A close-up photograph of the ejecta taken after removal of the supernatant fluid 466 

is shown in Fig. 11a. Apart from the ejecta, the second test produced pore-pressure and 467 

settlement records similar to those obtained during the first test on the intact model, indicating 468 

that stopping the centrifuge to drill the holes, restarting and re-shaking the model did not 469 

materially alter its overall response.  470 

Ejecta was consistently observed in the silt-crust models. In these tests, surface boiling 471 

began within approximately 3 min after shaking and coincided with a characteristic transient 472 

increase in EPP recorded by the crust-embedded PPTs, as indicated in Fig. 12. In B-Silt, video 473 

recordings showed fluid venting and suspension of silt particles, although sand ejecta was 474 

minor and confined to one transverse edge of the model. A-Silt, which had a thicker critical 475 

layer (4.8 m vs. 2.0 m in B-Silt) and a higher-viscosity fluid (40 cSt vs. 15-20 cSt in B-Silt), 476 

produced more severe ejecta, with sand boils at three distinct locations. The two largest sand 477 

boils occurred in the central part of the model near the longitudinal side walls, where there is 478 

likely a concentration of seepage paths due to the bentonite gasket (Fig. 4) forcing flow inwards 479 



 

within the soil mass. A third smaller sand boil formed closer to the longitudinal centreline. Fig. 480 

11b shows a top view of one of the larger ejecta features in A-Silt. The greater ejecta severity 481 

in A-Silt, relative to B-Silt, may reflect the combined effects of: (a) the increased thickness of 482 

liquefaction and (b) the slower settling velocity of suspended particles (due to the more viscous 483 

pore fluid) – a factor associated with sand-boil development by Scott and Zuckerman (1973). 484 

The silt crust combines hydraulic and mechanical properties conductive to the formation 485 

of sediment ejecta. Its low permeability promotes pressure accumulation and prolonged state 486 

of liquefaction beneath the crust, while its low cyclic resistance allows high EPP generation 487 

and weakening of the soil skeleton. Its fine grain size and weak interparticle bonding also 488 

provide relatively low resistance to erosion. Together, these characteristics facilitate 489 

progressive erosion and the formation of localized channels through which pore fluid and 490 

suspended sediment can reach the ground surface.  491 

5. CONCLUSIONS 492 

Seismic centrifuge tests were performed to investigate how the hydromechanical 493 

characteristics of a non-liquefiable crust influence the response of layered liquefiable deposits. 494 

The experiments involved two vertically continuous liquefiable profiles, each overlain by three 495 

contrasting crust types: dense coarse sand, lightly overconsolidated silt, and heavily 496 

overconsolidated clay. The principal findings are summarized below. 497 

1. Vertically continuous deposits are characterized by thick and continuous liquefiable layers 498 

which, under strong seismic shaking, connect hydraulically and supply a large volume of 499 

pressurized water towards the ground surface. The hydromechanical properties of the non-500 

liquefiable surface crust govern how this inflow is accommodated and discharged, thereby 501 

directly influencing the nature and severity of liquefaction damage. 502 



 

2. Crust permeability controls pore-fluid discharge and redistribution. In coarse sand-crust 503 

models, excess pore pressure is rapidly relieved through broadly distributed intergranular 504 

seepage, with little disturbance within the crust. Substantial drainage takes place during 505 

shaking, reducing the severity of liquefaction in the critical layer and consequent ejecta 506 

potential, while enabling early co-seismic settlement. Conversely, the low-permeability silt 507 

and clay crusts restrict upward drainage and promote pore-fluid accumulation beneath 508 

them. Combined with sustained upward flow from deeper layers, this creates conditions for 509 

severe fluidization of the critical layer and increased ejecta potential. Full development of 510 

surface settlement can be delayed, with its timing governed primarily by the effective 511 

drainage capacity of the crust, including any preferential flow paths that may develop 512 

during or after shaking. 513 

3. Stiffness and structural integrity of the crust influence how subsurface deformation is 514 

transmitted to the ground surface and may also affect the spatial extent of subsurface 515 

liquefaction effects. The softened silt deforms with the subsiding sand and potentially 516 

contributes additional settlement through its own skeleton disturbance. The stiff, coherent 517 

clay, instead, can bridge across the deforming sand surface, partially decoupling surface 518 

movement from underlying sand sedimentation, and hence mitigating ground surface 519 

distortion. Furthermore, the high-stiffness contrast across the sand-clay interface appears 520 

to promote localization of soil-skeleton disturbance immediately beneath the crust, limiting 521 

its extent within the deeper sand. 522 

4. Crust resistance to erosion or fracture controls the development of ejecta pathways. Ejecta 523 

occurred consistently in the silt-crust models and also emerged though an artificially 524 

introduced opening in a clay-crust test. Intact clay and sand crusts produced no surface 525 

ejecta. These observations highlight the importance of both crust resistance and pathway 526 

availability: pressure accumulation beneath a low-permeability crust does not alone ensure 527 



 

surface ejecta. The particle weight (size) and interparticle bonding are important in 528 

determining the erosion resistance of the crust.  529 

5. The cyclic response of the crust can modify the properties discussed above and the overall 530 

hydromechanical behaviour of the crust. The silt developed high positive EPP and 531 

underwent substantial cyclic softening, making it more susceptible to deformation and 532 

erosion under continued upward seepage. By contrast, the heavily OC clay exhibited 533 

dilative tendencies with negative EPP development and largely retained its stiffness and 534 

structural integrity. Subsequent pore-fluid uptake and swelling could partly accommodate 535 

fluid expelled from the underlying sand and offset its contribution to surface settlement. 536 

Crusts nominally classified as non-liquefiable can therefore exhibit markedly different 537 

cyclic responses, with contrasting consequences for liquefaction-induced deformation and 538 

ejecta. 539 

Together, these findings demonstrate that contrasting crust properties can produce 540 

markedly different patterns of pore-pressure redistribution, settlement and ejecta, with 541 

important consequences for differential ground movement and liquefaction-related damage. 542 

Assessment of liquefaction consequences would therefore substantially benefit from explicit 543 

consideration of the coupled hydraulic and mechanical response of the crust.  544 

To this end, further research, including tests on unsaturated crusts, is needed to better 545 

understand the contributions of individual crust properties and quantify their combined effects 546 

on deposit response and surface damage. For centrifuge investigations of ejecta, using 547 

sufficiently fine sand in the critical layer can facilitate sediment transport, while pore-fluid 548 

viscosity should be selected considering its effects on both seepage and particle-settling rates. 549 

Appropriate perimeter sealing, for example using a bentonite gasket, is also recommended to 550 

limit unintended drainage along container walls. 551 
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TABLES 648 

Table 1. Summary of centrifuge model configurations and soil state parameters 649 

 650 

 651 

Table 2. Index properties of the soils used in the centrifuge models 652 

 653 

 654 

 655 

 656 

 657 

Model Crust Critical layer Intermediate layer Base sand 

 MC1 
 

γsat
2 

(kN/m3) 

Dr
3 

(%) 

σp
4 

(kPa) 

w5 
(%) 

h6 
(m) 

MC 
 

γsat 

(kN/m3) 

Dr 
(%) 

h 
(m) 

MC 
 

γsat 

(kN/m3) 

Dr 
(%) 

h 
(m) 

MC 
 

γsat 

(kN/m3) 

Dr 
(%) 

h 
(m) 

A-Sand TS4 19.8 80 — — 2.0 

FFS 17.7 30 4.8 —  — — — TS4 19.4 60 5.2 A-Silt TF200 19.6 — 20 29 2.0 

A-Clay PON 21.0 — 400 19 2.0 

B-Sand TS4 19.8 80 — — 2.0 

FFS 17.7 30 2.0 TS11 18.5 30 2.0 TS4 19.4 60 2.0 B-Silt TF200 19.1 — 20 32 2.0 

B-Clay PON 20.6 — 220 21 2.0 

Notes: 1 MC = material code; 2 γsat = saturated unit weight; 3 Dr = relative density determined during model reconstitution; 4 σp = average preconsolidation stress; 
5 w = gravimetric water content; 6 h = layer thickness 

Property TS4 TS11 FFS TF200 PON 

Specific gravity, Gs 2.68 2.70 2.66 2.81 2.74 

Median grain size, D50 (mm) 0.53 0.46 0.093 0.022 0.015 

Minimum void ratio, emin 0.576 0.634 0.702 — — 

Maximum void ratio, emax 0.926 1.026 1.198 — — 

Liquid limit, LL (%) — — — 31 24 

Plasticity index, PI (%) — — — 7 11 



 

FIGURES 658 

Figure 1. Typical soil profile characteristics (left) and liquefaction response scenario (right) for 659 

vertically continuous deposits. 660 

 661 

 662 



 

Figure 2. Schematic cross-sections of the centrifuge models: (a) Series A; (b) Series B. 663 

Dimensions are given in prototype scale.  664 

 665 

 666 



 

Figure 3. Grain size distribution curves of the soils used in the centrifuge models: (a) crust 667 

soils; (b) underlying soils. 668 
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 670 



 

Figure 4. Photographs of the perimeter bentonite gasket, applied after sand saturation and 671 

before crust placement to limit fluid and ejecta leakage along the container walls. 672 
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 674 



 

Figure 5. Acceleration and excess pore pressure time histories recorded at the instrumented 675 

depths of the B-Sand profile: (a) accelerations; (b) excess pore pressures. 676 
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 678 



 

Figure 6. Average shear strain time histories for the liquefiable layers of B-Sand, derived from 679 

double integration of the acceleration records at the layer boundaries. 680 

 681 

 682 



 

Figure 7. Comparison of excess pore pressure responses in B-Sand (black), B-Silt (red) and B-683 

Clay (blue): (a) excess pore pressure ratio time histories within each layer; (b) cumulative 684 

absolute velocity of the base motion. Time axes are discontinuous. 685 

 686 

 687 



 

Figure 8. Comparison of the critical-layer shear strain responses in B-Sand (black), B-Silt (red) 688 

and B-Clay (blue): (a) average shear strain; (b) cumulative shear strain, calculated by summing 689 

the absolute increments of the average shear strain; (c) cumulative absolute velocity of the base 690 

motion. 691 

 692 

 693 



 

Figure 9. Ground motion attenuation and amplification effects in B-Sand (black), B-Silt (red) 694 

and B-Clay (blue) after t = 16 s: (a) ratios of the elastic response spectra (5% damping) at the 695 

top of the critical layer to those at the model base; (b) corresponding base-motion response 696 

spectra. 697 

 698 

 699 



 

Figure 10. Surface settlement time histories for B-Sand (black), B-Silt (red) and B-Clay (blue): 700 

(a) average settlements calculated from the two surface LVDT measurements; (b) opposite-701 

phase fluctuations of the individual LVDT records in B-Clay, consistent with rigid-body 702 

rocking of the clay crust. Time axes are discontinuous. 703 

 704 

 705 



 

Figure 11. Post-test top-view photographs of FF sand ejecta: (a) ejecta emerged from an 706 

artificially introduced opening in B-Clay; (b) ejecta in A-Silt. A significant portion of the A-707 

Silt ejecta is not visible as it was dispersed within ponded surface fluid during the test. 708 

 709 

 710 



 

Figure 12. Excess pore pressure ratio time histories recorded by the crust-embedded PPTs in 711 

A-Silt and B-Silt, and timing of surface boiling identified from video recordings of each test.  712 

 713 
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