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Abstract :   
 
Since 10 May, 2018, a significant number of volcanic and seismic events have been recorded in Mayotte, 
in the Comoros Archipelago of the Indian Ocean. Detailed bathymetry of Mayotte′s eastern regions has 
uncovered steep underwater slopes. A recent study in the area investigated liquefaction-prone layers 
associated with low sea-level depositions. However, the reason for the presence of such ‘weak zones’ 
remained unknown. In the present study, we examined samples from Mayotte’s slopes to investigate the 
reason for liquefaction at the particle-scale of such layers. Our results show that biogenic particles in 
naturally sedimented environments can crush under cyclic or static loading even with large amounts of 
fines. In the case of Mayotte’s slopes, the external loading threshold was found to be 500 kPa under K0-
conditions. Our findings highlight the complex behavior of biogenic-dominant sediments, their impact on 
classification and overall behavior, and their potential implications for the design of wind farms. 
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Introduction 23 

 Since 10 May 2018, Mayotte (Comoros archipelago, Indian Ocean) has experienced 24 

significant volcanic and seismic activity with more than 11,000 earthquakes (magnitude > 5.9) 25 

and a seafloor deformation of up to 200 mm/yr. These events formed a volcanic edifice named 26 

Fani Maore, >800 m in height and 5 km3, which has not ceased to deform since its identification. 27 

It is considered the largest active submarine eruption ever documented (Cesca et al. 2020; 28 

Feuillet et al. 2021). Bathymetry maps of the eastern area of Mayotte’s island show steep 29 

submarine slopes locally exceeding 35° (Rinnert et al. 2021) which, in a high seismicity 30 

scenario, can become vulnerable to ground shaking and eventually generate tsunamis (Audru 31 

et al. 2006; Poulain et al., 2022). Submarine sediments offshore Mayotte consist of carbonate 32 

and hemipelagic particles from barrier-reef production, as well as volcanic-derived grains from 33 

continental and volcanic erosion. During high sea-level periods (when the barrier was flooded), 34 

aragonite and high-magnesium calcite dominated the depositional behaviour; whilst at 35 

lowstand, planktic-origin low-magnesium calcite accumulates, which translates into 36 

fluctuations in γ-density and magnetic susceptibility MS measured on sediment cores obtained 37 

in this area (Sultan et al. 2023; Rinnert et al. 2021). Liquefaction-prone layers (classified as 38 

‘weak zones’ with low MS and γ-density) were correlated to periods of low sea level and low-39 

magnesium calcite content (Sultan et al. 2023). However, the underlying factor increasing the 40 

susceptibility of such layers to liquefaction is unknown. 41 

 Liquefaction is classically defined as the loss of strength in saturated, cohesionless soils 42 

due to increased pore-water pressure subjected to an external load. A rise in the amount of fine 43 

particles within a sandy matrix is likely to enhance resistance to liquefaction (Ishihara 1993; 44 

Youd 1998; Boulanger and Idriss 2004; Bray and Sancio 2006; Park and Kim 2013; Marto et 45 

al.  2015; Ghani and Kumari, 2020). This criterion can be anticipated in the evaluation of 46 

indirect liquefaction-susceptibility and is computed via sediment plasticity (plasticity index PI 47 
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and/or liquid limit LL): low PI and high water content w (regarding liquid limit) are generally 48 

essential to increase liquefaction potential (Ghani and Kumari, 2020).  49 

 In the past decades, particle crushability has been thoroughly investigated in calcareous 50 

sands of different origins. Mechanical properties are heavily impacted by particle crushability 51 

(Wu et al. 2021; Coop 1990; Coop et al. 2004; Yu et al. 2019): high compressibility and 52 

increasing internal friction are some of the most published consequences. The literature 53 

consensus is that at the same relative density, remolded samples of carbonate sands tend to 54 

experience higher liquefaction resistance compared to silica sands. This is typically attributed 55 

to energy dissipation due to particle breakage and probable stress relaxation between loading 56 

cycles (Sandoval and Pando, 2012; Taylor and Green 2021; Hyodo et al., 2000; Brandes, 2011). 57 

Nevertheless, liquefaction due to large naturally deposited crushable particles imbedded in 58 

fine-particle matrices is poorly understood. 59 

 This study hypothesizes that the crushing of particles of biogenic origin is the 60 

microscale mechanism that promotes liquefaction at the macro-scale in natural sediments. Our 61 

goal is to (1) explore whether natural sediments with biogenic-origin particles can crush under 62 

external loading, and (2) evaluate the possibility that the crushability of these particles is the 63 

reason for enhanced liquefaction failure in naturally deposited carbonate layers in Mayotte 64 

submarine slopes. We first describe, characterize, and classify the recovered sediment cores. 65 

Then, we pursue the first goal using undisturbed samples under lab-controlled conditions in 66 

oedometer cells (K0-conditions). Finally, we expand and corroborate our results with data for 67 

already liquefied samples reported in Sultan et al., (2023). 68 

Geological Setting 69 

 The Comoros archipelago is located north of the Mozambique Channel (Indian Ocean), 70 

between Mozambique and Madagascar (Figure 1). The archipelago is composed of four 71 

volcanic islands (Grande Comore, Mohéli, Anjouan and Mayotte) aligned in an overall east–72 
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west (E–W) trend (Daniel et al., 1972; Tzevahirtzian et al., 2021). The origin of volcanism in 73 

the area is not fully understood, although several hypotheses exist: (a) hot spot activity 74 

(Emerick and Duncan, 1982), (b) lithospheric fracture zones facilitating melt transport 75 

(Nougier et al., 1986), or (c) coupling of both processes, with the interaction of extensional 76 

tectonics and deeper astenospheric processes (e.g., Courgeon et al., 2018, Deville et al., 2018, 77 

Famin et al., 2020, Franke et al., 2015, Kusky et al., 2010, Michon, 2016, O’Connor et al., 78 

2019, Wiles et al., 2020). More recently, Feuillet et al. (2021) suggested that the present-day 79 

morphology of the archipelago results from an E–W transtensional boundary that transfers the 80 

strain between the offshore eastern branch of the East-African rift and grabens off Madagascar. 81 

 82 

Figure 1: Bathymetry map and coring locations of Mayotte eastern slope: a) Northeast and b) 83 

Pamanzi areas (Rinnert et al. 2019). Data sources: SHOM 2016 bathymetry DTM (Homonim 84 

project) https://dx.doi.org/10.17183/MNT_MAY100m_HOMONIM_WGS84 and MAYOBS 85 

cruises 86 

 87 

 88 

 89 

 90 
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Recovered Cores, Sample Selection and Testing Methodologies 91 

Recovered Cores and Testing Plan 92 

 The French Oceanographic Cruise MAYOBS19 recovered 25 Calypso piston cores for 93 

the characterization, classification, and study of sediment mechanical properties in two 94 

representative areas: Northeast and Pamanzi (Rinnert et al., 2021; Figure 1). Ranging from 95 

2.25 up to more than 26 m long, each core was segmented onboard and stabilized at room 96 

temperature. Each segment was analyzed using a Multi-Sensor Core Logger (MSCL) to obtain 97 

magnetic susceptibility (MS), bulk density (γ-density), and P-wave velocity, achieving a spatial 98 

resolution of 1 cm.  Figure 2 summarizes the values measured on the 12 cores used in this 99 

study, showing bulk density ranging from 1.55 to 1.85 g/cm3, P-wave velocities from 1,455 to 100 

1,800 m/s, and MS values between 1 and 1,300 SI (volume-based; Rinnert et al. 2021). 101 

Following the analysis methodology of Sultan et al. (2023), we classified the subsurface layers 102 

into carbonate- and volcanic-dominated sediments based on MS values, with values >100 103 

indicating volcanic dominance. Of the 149 meters of cores recovered, we selected samples to 104 

represent different origins, densities, P-wave velocities, and magnetic susceptibilities. We 105 

named each sample as follows: CSXX-SYY-DDDD (where XX, YY and DDDD are the core 106 

number, section and depth in cmbsf respectively). 107 
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 108 

Figure 2: MSCL data from cores used in this study of magnetic susceptibility MS (red), bulk 109 

density γ-density (blue) and P-wave velocity (green). Colour-coded for the online version of 110 

this article. 111 

 112 

 A wide range of tests were performed to obtain several disturbed and undisturbed 113 

sediment properties, including (1) general characterization tests (specific gravity Gs, grain-size 114 

distribution, Scanning Electron Microscope SEM, Energy Dispersive X-ray Spectroscopy 115 

EDS, specific surface Ss, Atterberg limits); (2) engineering properties (K0 compressibility, 116 

hydraulic conductivity khyd); (3) crushability under K0 conditions. In addition, we determined 117 

crushability on samples subjected to liquefaction already published in Sultan et al. (2023). 118 

Although no liquefaction tests were performed in this study, we subsampled those already 119 

published in Sultan et al. (2023) and computed their post-test crushability. Subsequent sections 120 

review the test procedures, and Table 1 summarizes the tests performed, quantities, and typical 121 

results. 122 

 123 
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Table 1: Summary of lab tests conducted in this study 124 

Category Test 
# 

samples 
Typical results 

Imaging SEM (& selected EDS) 25 
Biogenic (O, Ca, C) 

Magnetic inclusions (O, Si, Fe, Ti) 

Index 

Specific gravity Gs 38 Min = 2.69 ; Max = 2.91 

Specific surface Ss 38 Min = 4.7 m2/gr ; Max = 43 m2/gr 

Atterberg Limits (LL, PL) 33 

LL = 49.5 to 90.9% 

PL = 34.35% to 73.7% 

Classification: SM or SC-MH (sandy silt) 

Grain size distribution 34 

D50 = 22.8 to 129 μm 

D10 = 1.6 to 8.1 μm 

Cu = 14.5 to 52.5 

In-situ water content, w 38 w = 44.2 to 92.4% 

Engineering 

Compressibility 17 

Cc = 0.07 to 0.37 

Cv = 1.75 to 7.0 mm2/s (*) 

Cαmod = 0.07 to 0.38 % (*) 

Hydraulic conductivity, khyd 17 
kini = 2∙10-5 to 9∙10-7 cm/s 

δ = 3.3 to 7.4 

Specialized 
Crushability at ko conditions 12 Crushability at σ’ > 500 kPa 

Crushability post liquefaction 18 (**) 

(*) computed at in-situ stress  125 

(**) liquefaction tests were performed and published in Sultan et al. 2023. Results and testing 126 

conditions summarized in Supplementary Table SLT. 127 

 128 

General Characterization 129 

SEM and EDS  130 

 We photographed particle shapes and unique features with a Scanning Electron 131 

Microscope SEM Quanta 200 (Thermofisher, FEI). We used a sieve with an aperture of 63 μm 132 

to separate the larger grains. In the samples with high MS, we used a magnet to separate those 133 

with magnetic properties and then visually selected them for further imaging. Additionally, we 134 

applied the Energy-Dispersive Spectroscopy EDS capabilities of the Quanta 200 to 135 

qualitatively determine the most relevant chemical elements present in the carbonate and 136 

volcanic particles.  137 

Specific Gravity Gs  138 

 Due to the variability of MS and bulk density measured in the cores, we obtained 139 

particle Gs from water-saturated samples according to ASTM D854-10 (ASTM, 2006). 140 
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Grain Size  141 

 We determined the distribution of soil particle size using laser granulometry (Malvern 142 

Mastersizer 3000). Each sample was tested three times to ensure reproducibility, repeatability 143 

and quality control. We used these three individual results to compute measurement errors. We 144 

adopted the Unified Soil Classification System USCS to prepare, test and classify these 145 

sediments.  146 

Specific Surface Ss  147 

 The specific surface area SS determines hydraulic conductivity, and controls advective-148 

diffusive-reactive transport, electrical conductivity, and permittivity (Santamarina et al. 2002). 149 

We measured Ss of sediment samples using the colorimetry-based method with methylene blue 150 

(see details in Salva and Santamarina, 2021). 151 

Atterberg Limits and Classification  152 

 We classified fine sediments according to USCS, as standardized in ASTM D2487-11 153 

(ASTM, 2011a). We performed fall cone tests to determine the sediment Liquid Limit LL 154 

(BS1377-2, BS 1990) and the rolled-thread method to obtain the Plastic Limit PL (ASTM 155 

D4318, ASTM 2017).  156 

 157 

Engineering Properties (undisturbed samples) 158 

Sample Selection  159 

 We sub-selected six carbonate- and six volcanic-dominated samples to test their 160 

undisturbed engineering properties up to 1.7 MPa of vertical effective stress (K0-conditions). 161 

The samples were selected to represent distinct values along the range of MS (17.6-832 SI), 162 

density (1.55-1.78 gr/cm3), and P-wave velocity (1,489-1,534 m/s).  163 

K0 Compressibility  164 

 A standard oedometer cell was used to investigate the static consolidation of 165 
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undisturbed samples according to ASTM D2435/D2435M-11 (ASTM, 2011b). We curve-fitted 166 

each loading stage to obtain primary consolidation Cv, and secondary consolidation Cα 167 

coefficients.  168 

Hydraulic Conductivity  169 

 We obtained hydraulic conductivity on each loading step during K0 compressibility in 170 

the standard oedometer cell via the falling-head method according to ASTM D5856 (ASTM 171 

2015). To compare with worldwide databases, we curve-fitted it to a power law (Ren and 172 

Santamarina 2018): 𝑘ℎ𝑦𝑑 = 𝑘𝑖𝑛𝑖 (
𝑒

𝑒𝑜
)

𝛿

, where kini is hydraulic conductivity at a reference void 173 

ratio (e/e0 = 1), eo is the initial void ratio and the δ-exponent is the sensitivity parameter. 174 

 175 

Crushability 176 

Quantification  177 

 To quantify crushability, we based our analysis on comparing grain-size distribution in 178 

undisturbed and post-test conditions. We considered three methods: (1) breakage index Bλ 179 

(Tong et al. 2022; Einav 2007), (2) the change in fines content, and (3) areas below the grain-180 

size cumulative curve. We were not able to apply method (1) since it is based on the estimation 181 

of the ultimate grain-size distribution, which typically yields particle sizes larger than the 182 

natural measured distribution and results in negative breaking indices Bλ (see all results in 183 

Supplementary Figures SF). Conversely, method (2) may be biased toward large particle 184 

changes because changes in the range of small particles may not be as noticeable in the FC 185 

computation as with large particles. Thus, to simplify analysis and consider the small and large 186 

particles equally, we adopted method (3). We computed particle crushability from the ratio 187 

between areas: 188 

∆𝐴𝑟𝑒𝑎 [%] =
𝐴𝑝𝑜𝑠𝑡 − 𝐴𝑢𝑛𝑑

𝐴𝑢𝑛𝑑
∙ 100% (1) 
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where Aund and Apost are the undisturbed and post-test area below the cumulative grain-size 189 

curves respectively.  190 

Methodology and Sample Selection for Testing Under K0-conditions  191 

 We first tested the crushability potential and load threshold of the natural Mayotte 192 

samples. From two distant cores, we selected one segment each at the same depth below the 193 

seafloor (i.e., same in-situ effective stress), similar values of MS, bulk density, and P-wave 194 

velocity to guarantee repeatability. Cores CS04 and CS13 at depths 4.95-5.22 mbsf met these 195 

criteria (see Figure 2 for MSCL data). Fines content of these samples were 40% ± 10% for both 196 

cores. We then sliced them into 5-cm segments and applied different, consecutive, and 197 

sequential effective stress in a standard oedometer cell (15, 25, 50, 100, 200, 500, 1,000, and 198 

1,760 kPa).  199 

Methodology and Sample Selection Subjected to Liquefaction  200 

 The Cyclic Resistance Ratio CRR is a measure of a soil's ability to resist liquefaction 201 

due to cyclic loading. We selected 18 already liquefied samples for crushability quantification 202 

at different cyclic resistance ratios (liquefaction test results, in-situ density, confinement stress, 203 

CRR computation and other details can be found in Sultan et al. 2023 and are summarized in 204 

Supplementary Liquefaction Table SLT) to represent a comprehensive range of fines content 205 

and CRR. To simplify our analysis, we combined the cyclic resistance ratio and cycle number 206 

to liquefaction N into a unique parameter C as proposed and reported in Sultan et al. (2023). 207 

For Mayotte slope sediments, C = CRR/N-0.13. With this normalization, C becomes a function 208 

of lithology, incorporating sediment density and magnetic susceptibility. 209 

 210 

Results and Analyses 211 

 Table 1 summarizes typical results, while Supplementary Results Table SRT, 212 

Supplementary Figures SF and Supplementary Material SM compile the results and group the 213 
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raw data from every test respectively. The following sections review each individual test results 214 

and analyses. 215 

 216 

Sediment Characterization and Classification 217 

SEM and EDS.  218 

 Photographs of carbonate-dominated sediments show a prevalence of biogenic origin 219 

particles (foraminifera, mollusk shells and echinoids) of large size (> 63 μm) within a fine 220 

matrix (Figure 3). They display a porous structure with internal, potentially accessible porosity. 221 

In all samples, these weak shells show a degree of breakage (last row in Figure 3). Conversely, 222 

volcanic-dominant samples are characterized by biogenic-based matrices with inclusions of 223 

magnetic particles of regular shape (euhedral, tetrahedral, or octahedral) and rounded edges. 224 

EDS results (Supplementary Material EDS) denote that carbonate-dominated sediments are 225 

rich in Oxygen (range: 50-59%), Calcium (29-48%) and Carbon (0-11%) while in magnetic 226 

particles, their chemical composition is Oxygen (31-55%), Silica (0-22%), Iron (4-39%), and 227 

Titanium (1-16%).  228 

 229 

Figure 3: SEM images of selected samples. First five columns are carbonate-dominant while 230 

the sixth is volcanic-dominant. First row is the image of the sediment as initially sampled, the 231 

second row after sieving (> 63 μm) and the third row depicts unique features. 232 
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Specific Gravity  233 

 Figure 4 shows the measured specific gravity Gs of the carbonate- and volcanic-234 

dominated sediments compiled in this study. Gs spans from 2.69 up to 2.91 and illustrates the 235 

impact of particle mineralogy. Carbonate-dominated samples typically comprise Calcite (Gs = 236 

2.71) up to Aragonite (Gs = 2.83). Conversely, we observe a tendency towards higher Gs for 237 

volcanic-dominant sediments likely due to an increase in heavier minerals such as Fe. 238 

 239 

Figure 4: Specific gravity Gs vs. magnetic susceptibility MS results for all tests in this study. 240 

An increase of magnetic particles shifts Gs upwards, even beyond Aragonite typical values. 241 

Triangle symbols denote volcanic-dominated samples, while circles and diamonds are 242 

carbonate-dominated sediments. Specific gravity and magnetic susceptibility error are smaller 243 

than the symbol size, thus not shown in the graph. Colours in the online version and numbers 244 

are consistent with those in the other figures in this article. 245 

 246 

Grain-size Distribution  247 

 Particle size distribution shows a bi-modal pattern for both carbonate- and volcanic-248 

dominated sediments (Figure 5). Both sediments have a similar range of particle sizes 249 

(however, the latter has more fines) and the highest peak is in the range of 80-200 μm while 250 

the second highest is in the order of 2-10 μm. D50 spans from 22.8 to 129 μm, D10 from 1.6 to 251 

8 μm while the coefficient of uniformity Cu extends from 14.5 to 52.5. By comparing the 252 

photographs of the sieved samples shown in Figure 3, we conclude that the highest peak of the 253 
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bi-modal distribution corresponds to biogenic particles surrounded by a silty matrix. 254 

 255 

Figure 5: Grain-size distribution of carbonate- and volcanic-dominated sediments: a) and b) 256 

represent the volumetric density and cumulative passing for volcanic-dominant samples; while 257 

c) and d) are for carbonate-dominant samples. Each line depicts the average of three 258 

independent measurements for each sample, while the table insert summarizes the error in each 259 

test. Colours in the online version and numbers are consistent with those in the other figures in 260 

this article. 261 

 262 

 Measurement errors computed as explained in the Testing Methodology section are 263 

compiled in Figure 5. Typically, errors range from ±0.09% up to ±0.65%. Measurement errors 264 

in carbonate- and volcanic-dominant samples are in similar ranges, thus they are not origin-265 

related. 266 

Atterberg Limits Classification and Specific Surface  267 

 The sediments exhibited low and medium plasticity (PI ranges from 3.6% up to 30%) 268 

and were below the A-line (LL > 49.5%; Figure 6-a). Note that most volcanic-dominated 269 

sediments tend to have higher plasticity due to high fine content FC. Samples are classified as 270 

SC-MH/OH or SM-MH/OH (sandy silt). Specific surface results are compiled in Figure 6-b 271 

and they range from 4.7 up to 43 m2/gr. Most sediments cluster around kaolinite-like soils but 272 
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plot off-trend from LL and Ss data, likely due to saturated internal grain porosity (i.e., higher 273 

water intake). Additionally, methylene blue absorption by the silty matrix shifts Ss values 274 

toward those of kaolinite-like materials. 275 

 276 

Figure 6: Mayotte’s samples water interaction: a) Atterberg limits (Casagrande chart) and b) 277 

specific surface. Most of samples show a LL > 49.5% but below the A-line. Note that volcanic 278 

samples tend to have higher PI compared than the average for carbonate-dominant samples. 279 

Specific surface results cluster near kaolinite-like sediments in the worldwide database. Note 280 

that most datapoints show a high LL and high Ss respect to literature trends, likely showing 281 

that internal porosity water intake shifts the natural LL for these sediments. Triangle symbols 282 

denote volcanic-dominated samples, while circles and diamonds are carbonate-dominated 283 

sediments. Colours in the online version and numbers are consistent with those in the other 284 

figures in this article. 285 

 286 

Engineering Properties 287 

K0 Compressibility 288 

 The results of the 12 samples tested in this study are compiled in Figure 7. We computed 289 

the compressibility index Cc, primary and secondary consolidation coefficients Cv and Cα at 290 

in-situ stress (in this study ≤ 100 kPa). Among all tested samples, Cc ranged between 0.07-291 

0.15; Cv from 3.25 mm2/s to 7.0 mm2/s and Cα from 0.1% to 0.16%. Since the swelling index 292 

Cs depends on the maximum applied load, we do not report this value. Individual results for 293 

each sample can be found in the Supplementary Figures SF. Primary and secondary 294 

consolidation coefficients, and compressibility indices plot off the generally accepted trends 295 
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and databases for fines and clays (Figure 7-b, -c, and -d). Since most of them are based on 296 

water content measurements (void ratio e, LL, in-situ water content w), we speculate that the 297 

internal particle porosity hosts water which increases w and LL with respect to typical solid 298 

quarzitic soils. Supplementary Results Table SRT compiles the results for all tests. 299 

 300 

Figure 7: Consolidation and compressibility results: a) compressibility curves; b) primary 301 

consolidation and liquid limit trend superimposed to typical trends (NAVFAC 1986); c) 302 

compressibility index Cc and void ratio at 1 kPa e1kPa; d) modified secondary consolidation 303 

coefficient Cαmod = Cα[%]/(1+e0). Cc, Cv and Cα were computed at in-situ stress. Triangle 304 

symbols denote volcanic-dominated samples, while circles and diamonds are carbonate-305 

dominated sediments Colours in the online version and numbers are consistent with those in 306 

the other figures in this article. 307 

 308 

Hydraulic Conductivity  309 

 Figure 8 shows the hydraulic conductivity of the 12 undisturbed samples measured in 310 

this study. Measurements plot similar to clay/silt-like soils when superimposed on the 311 

published databases (Figure 8-a). We report the initial hydraulic conductivity kini and δ-312 

exponent (Figure 8-b and -c) to summarize the hydraulic behavior on loading. In all cases, kini 313 

and δ cluster on clayey-like soils. Supplementary Figure SF compiles all tests conducted. 314 
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 315 

Figure 8: Hydraulic conductivity (undisturbed samples) superimposed to published soils 316 

databases (Ren and Santamarina 2018): a) raw data; b) initial hydraulic conductivity kini and c) 317 

sensitivity exponent δ against specific surface Ss. Colours in the online version and numbers 318 

are consistent with those in the other figures in this article. 319 

 320 

Liquefaction susceptibility 321 

 We evaluated the potential for liquefaction of the tested samples according to 13 322 

different indirect criteria (Table 2) and arranged them from the most to least restrictive (i.e., 323 

those with a relatively lax criteria on liquefaction susceptibility). There is no consensus that 324 

any sample is susceptible to liquefaction among all criteria; however, the least restrictive (i.e., 325 

criteria [7] to [13] in Table 2) highlight those samples as susceptible to liquefaction since they 326 

present low fines and high-water content with respect to the liquid limit.327 
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Table 2: Liquefaction susceptibility 328 

Sample 

w 

[%] 

LL 

[%] 

PL 

[%] 

PI 

[%] 

< 5 μm 

[%] 

< 2 μm 

[%] 
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 

CS03-S4-323cm 58.9 73.4 41.7 30.6 24.4 9.5 NS NS NS NS NS NS NS NS NS NS NS NS NS 

CS03-S6-542cm 61.4 72.5 47.2 25.4 23.2 9.0 NS NS NS NS NS NS NS NS NS NS NS NS NS 

CS05-S12b-1123cm 57.1 61.2 42.9 18.3 22.1 11.2 NS NS NS NS NS NS PS NS NS NS NS NS NS 

CS04-S6-559cm 69.5 67.9 NP N/A 14.0 5.8 S NS NS NS NS NS NS S NS NS NS NS NS 

CS04-S9-810cm 59.4 66.4 52.3 14.1 16.3 5.5 NS NS NS NS NS NS PS NS NS NS NS MS S 

CS13-S6-522cm 92.4 90.9 NP N/A 8.8 4.3 S NS NS NS NS NS NS S NS NS NS NS NS 

CS18-S8-707cm 62.1 67.9 50.7 17.2 16.2 6.5 NS NS NS NS NS NS PS NS NS NS NS MS NS 

CS24-S17-1560cm 55.5 58.1 49.3 8.8 17.8 10.0 NS NS NS NS NS NS S NS NS NS NS S S 

CS25-S26-2426cm 68.0 73.0 55.0 18.0 22.7 9.5 NS NS NS NS NS NS PS NS NS NS NS NS NS 

CS10-S5-403cm 50.7 61.3 41.0 20.3 27.5 13.7 NS NS NS NS NS NS NS NS NS NS NS NS NS 

CS10-S5-420cm 51.7 N/A N/A N/A 27.0 12.5 ND ND ND ND ND ND ND ND NS NS NS ND NS 

CS16-S15-1329cm 50.8 53.3 34.4 18.9 24.7 11.9 NS NS NS NS NS NS PS NS NS NS NS NS NS 

CS14-S11-975cm 66.1 84.7 55.0 29.6 15.9 5.5 NS NS NS NS NS NS NS NS NS NS NS NS NS 

CS14-S10-873cm 71.4 72.9 65.2 7.1 24.3 9.3 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-878cm 71.0 76.1 68.1 8.0 19.8 7.4 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-868cm 73.2 75.9 64.8 11.0 21.9 9.4 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-893cm 59.8 63.0 56.2 6.8 18.8 8.6 NS NS NS NS NS NS S NS NS NS S S S 

CS14-S10-898cm 55.9 58.1 51.7 6.4 19.1 9.6 NS NS NS NS NS NS S NS NS NS S S S 

CS14-S10-863cm 75.2 80.3 70.7 9.7 16.3 6.1 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-858cm 70.6 77.0 65.9 11.0 16.9 6.7 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-883cm 69.9 75.6 67.7 7.9 19.4 8.8 NS NS NS NS NS NS S NS NS NS NS S S 

CS14-S10-888cm 64.8 68.6 63.4 5.2 16.7 7.6 NS NS NS NS NS NS S NS NS NS S S S 

CS13-S6-496cm 56.5 69.5 50.9 18.6 20.9 10.1 NS NS NS NS NS NS PS NS NS NS NS NS NS 

CS13-S6-500cm 58.1 74.4 51.0 23.4 17.4 8.1 NS NS NS NS NS NS NS NS NS NS NS NS NS 

CS13-S6-504cm 67.6 84.0 63.4 20.6 19.2 9.8 NS NS NS NS NS NS NS NS NS NS NS NS NS 
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CS13-S6-508cm 70.7 82.3 70.0 12.3 14.1 7.0 NS NS NS NS NS NS PS NS NS NS NS MS S 

CS13-S6-512cm 69.7 73.6 70.0 3.6 13.1 6.2 S NS NS NS NS NS S S S S S S S 

CS04-S6-496cm 44.2 49.5 40.2 9.3 20.9 10.1 NS NS NS NS NS NS S NS NS NS NS S S 

CS04-S6-500cm 50.2 54.3 46.2 8.1 17.4 8.1 NS NS NS NS NS NS S NS NS NS NS S S 

CS04-S6-504cm 48.0 52.8 45.1 7.6 19.2 9.8 NS NS NS NS NS NS S NS NS NS NS S S 

CS04-S6-508cm 49.9 55.2 46.6 8.5 14.1 7.0 S NS NS NS NS NS S S NS NS NS S S 

CS04-S6-512cm 52.7 55.0 48.6 6.4 13.1 6.2 S NS NS NS NS NS S S NS NS S S S 

CS04-S6-519cm 59.3 62.6 58.0 4.6 11.2 5.0 S NS NS NS NS NS S S NS NS S S S 

S: Susceptible; NS: Non-susceptible; PS: potentially susceptible; MS: moderately susceptible; ND: no sufficient data to compute; w: water 329 

content; LL: liquid limit; PL: plastic limit; PI: plasticity index 330 

 331 

References and liquefaction susceptibility criteria: [1] Seed and Idriss (1982): 5μm < 15% & LL < 35 & w/LL > 0.9; [2] Youd (1998): PI < 7% 332 

& LL < 35% & Plot below A-line; [3] Andrews and Martin (2000): 2 μm < 10% & LL < 32%; [4] Polito (2001): LL < 25% & PI < 7%; [5] Seed 333 

et al. (2001): LL < 30% & PI < 10%; [6] Seed et al. (2003): LL < 37%. & PI < 12% & w/LL > 0.8; [7] Bray et al. (2004) PI < 12% & w/LL > 334 

0.85; [8] “Chinese criteria” – Wang (1979): 5μm < 15% & w/LL > 0.9; [9] Prakash and Sandoval (1992): 2 < PI < 4%; [10] Ishihara and Koseki 335 

(1989): PI < 4%; [11] Boulanger and Idriss (2006): PI < 7%; [12] Bray and Sancio (2006): PI < 12%; [13] Gratchev et al. (2006): PI < 15%336 
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Particle Crushability 337 

 We quantify particle crushability as a consequence of static or cyclic loading via grain-338 

size distribution pre- and post-test. Figure 9 shows two typical examples of carbonate- and 339 

volcanic-dominant sediments (in color for the average of three measurements and in grey the 340 

raw data). In both cases, grain-size distribution is impacted by the applied effective stress, 341 

showing differences between undisturbed and post-test grain sizes for particles larger than 10 342 

µm (Figure 9a and 9c). By comparing undisturbed and post-test results in carbonate-dominant 343 

samples, the large particle peak shifts to the left (black arrow in Figure 9a) and the distribution 344 

becomes wider. In volcanic-dominant samples, the large particle peak does not shift towards 345 

smaller particle sizes; however, it does widen. We associate this effect with a higher variability 346 

in particle diameter >500 µm, which is likely due to their natural heterogeneity (see grey lines 347 

in Figure 9c; for more examples see Supplementary Material SM). The curve shift mentioned 348 

above is also shown in the cumulative curves in Figure 9b and 9d for carbonate- and volcanic-349 

dominant samples. 350 

 351 

Figure 9: Grain-sizes of two typical examples pre and post application of 1.7 MPa of vertical 352 

effective stress: a) and b) volumetric density and cumulative passing curves for a carbonate-353 
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dominant sample; c) and d) volumetric density and cumulative passing curves for a volcanic-354 

dominant sample. Passing refers to the cumulative passing results from the grain-size 355 

distribution curves. Insert information are the computed crushability with the three methods. 356 

Grey lines represent raw measured data while colored lines (in the online version) are the 357 

average in distribution or cumulative at each individual particle diameter.  358 

 359 

 The consequence of the curve shifting of large particles towards smaller particles 360 

suggests that only they crush under the applied load. By comparing the SEM images in Figure 361 

3, it is clear that biogenic-origin particles are the most impacted by crushing. This is also 362 

supported by comparing fines content (FC) with crushability (ΔArea) (Figure 10): an increase 363 

in the amount of large biogenic particles (i.e., a decrease in FC) increases crushability. Finally, 364 

our results highlight that even at a high amount of FC, crushability plays an important role in 365 

sediment behavior. 366 

 367 

Figure 10: Impact of fines content in particle crushability. Error bars denote the variability on 368 

the measurement in GSD. Error in fines content FC is less than the width of the marker 369 

therefore not shown. Triangle symbols denote volcanic-dominated samples, while circles and 370 

diamonds are carbonate-dominated sediments. Colours in the online version and numbers are 371 

consistent with those in the other figures in this article. 372 

 373 

 Regarding measurement errors, it is important to note that even though the overall 374 

individual measurement error is low (Figure 5), when ΔArea is computed for different 375 

combinations of grain-size cumulative curves, this value can substantially increase. Thus, to 376 

avoid the impact of local heterogeneities (and potential negative values), we adopt the largest 377 

computed error of 7% for volcanic-dominant samples as the acceptance threshold. This 378 
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variability was not found in carbonate-dominant samples; therefore, we adopt the errors as 379 

computed in these sediments. Note that all volcanic-dominant samples fall below the 380 

acceptance threshold in Figures 10, 11, and 13. 381 

 Even though our results suggest that the consequence of a load application is the 382 

crushing of biogenic particles, we considered other potential sources of crushability: sampling 383 

disturbance, fast unloading (in the case of gas presence), and subsampling. We mitigated these 384 

by working on the sediments at the center of the coring tube, purposely slowly removing the 385 

load from the sample (even though there was no gas present in the samples), and carefully 386 

subsampling the center of each sample by gently removing sediments layer by layer. 387 

Additionally, we considered cementation as a potential factor impacting Mayotte’s sediment 388 

behavior; however, it was not observed in any of the SEM images (undisturbed, disturbed, or 389 

sieved; Figure 3). 390 

 391 

Impact of Crushability on Engineering Properties 392 

 The 12 undisturbed sediments in this study classify as sandy silts with some behavioral 393 

features of clays (Figures 6 to 8). Figure 11 compiles the results of load-dependent engineering 394 

properties: permeability sensitivity δ, compression index Cc, primary consolidation Cv, and 395 

secondary consolidation Cα. We observe a clear trend along particle crushability for carbonate-396 

dominant sediments only, suggesting that crushability plays an important role in naturally-397 

deposited carbonates and the use of physical properties for engineering design should take into 398 

consideration the final applied load for the purpose of this study. Finally, we estimated the 399 

cyclic resistance ratio CRR as suggested by Sultan et al. (2023) for N = 15 for the 12 samples 400 

(Figure 12). As observed in static engineering properties, CRR aligns well with particle 401 

crushability for carbonate-dominated sediments (R2 = 0.87), thus suggesting that particle 402 

crushability might promote liquefaction. 403 
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 404 

Figure 11: Impact of particle crushability on engineering properties of natural carbonate 405 

sediments at in situ effective stress: a) hydraulic conductivity sensitivity δ; b) compression 406 

index Cc; c) primary consolidation coefficient Cv and d) secondary consolidation coefficient 407 

Cα. Triangle symbols denote volcanic-dominated samples, while circles and diamonds are 408 

carbonate-dominated sediments. Colours in the online version and numbers are consistent with 409 

those in the other figures in this article. 410 

 411 
Figure 12: Estimated cyclic resistance ratio CRR for 15 cycles (N = 15) and particle 412 

crushability of Mayotte’s slope samples. Triangle symbols denote volcanic-dominated samples, 413 

while circles and diamonds are carbonate-dominated sediments. Colours in the online version 414 

and numbers are consistent with those in the other figures in this article. 415 

 416 

 417 

Stress-dependent Crushability Under K0 conditions 418 
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 We investigated the load threshold of particle crushability for carbonate-dominant 419 

sediment samples by applying progressively increasing effective stress loads to lithologically 420 

similar undisturbed samples.  The results in Figure 13 show a clear threshold at 500 kPa, 421 

tripling the crushability ΔArea beyond this value. This breakage threshold considers the low 422 

FC values of these samples (FC = 40% ± 10%), the low strength of the carbonate material, and 423 

the high porosity and shape variability of biogenic particles. In addition, this crushability 424 

depends on the stress path, where, for instance, triaxial tests produce more grain breakage than 425 

one-dimensional compression tests (Daouadji et al., 2001).  426 

 427 

Figure 13: Stress-dependent particle crushability in naturally deposited carbonate-dominant 428 

sediments. 429 

 430 

Crushability – Post liquefaction 431 

 Following the analysis described above, we applied the most meaningful parameters to 432 

corroborate crushability as the source of liquefaction: fines content, particle crushability, origin, 433 

and cyclic resistance ratio (Figure 14). We subsampled already liquefied samples published in 434 

Sultan et al. (2023), and obtained the grain-size distribution (in undisturbed conditions and 435 

post-test) to compute their post-test crushability. We observed a similar trend with respect to 436 

the undisturbed static results (Figure 14a, 14b,14c): an increase in crushability as fines content 437 

decreases for carbonate particles even up to 60% of fines content. Volcanic-dominant particles 438 

do not seem to be as impacted, likely due to their high fines content, particle size variability, 439 
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and inclusion of solid magnetic particles. Our results suggest that the local crushability of 440 

particles represents the micro-scale behavior that evolves into liquefaction at the macro-scale. 441 

 442 

Figure 14: Compilation of crushability results post-liquefaction tested in Sultan et al. (2023) 443 

regarding fines content FC, cyclic response factor C = CRR/N-0.13 and particle crushability 444 

ΔArea and their interaction: a) fines content vs. crushability; b) cyclic response factor vs 445 

crushability; c) fines content vs cyclic response factor. Error bars are not shown due to 446 

visualization superposition; however, note that the maximum error is ±1.2% in ΔArea. Triangle 447 

symbols denote volcanic-dominated samples, while circles and diamonds are carbonate-448 

dominated sediments. 449 

 450 

Discussion and Implications 451 

Classification of Naturally Deposited Biogenic Particles 452 

 Classical geotechnical soil classification methods such as USCS relies on particle size, 453 

liquid limit and plastic limit. However, the inherent inner open structure of biogenic particles 454 

allows for a higher water intake and therefore bias the estimation of water-based measurements. 455 

Our results show that most of the tested sediments classify as sandy silts; however, their 456 

engineering properties are plotting off-trend from worldwide databases and generally accepted 457 

correlations, sometimes even behaving as clay-like soils. Clearly, standard classification 458 

methods are very limited for sediments of biogenic-origin and classical correlations should be 459 

discouraged. 460 

 461 

Biogenic Particles as Failure Mechanism under Static Loading 462 

 Grain crushability can occur under static loading. Data in Figure 13 show that there is 463 
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a threshold stress that could accelerate this crushability and potentially degrade the mechanical 464 

properties of the sediment. The breakage threshold stress found in this study is lower than 465 

individual particle breakage stress levels reported in the literature for particles of similar origin 466 

(1.6 MPa; Beemer et al., 2019; Mohtashami et al., 2023). This suggests a mechanism of force 467 

concentration or localization in naturally-deposited open-structure sediments, likely due to 468 

local accumulations of coarse particles. 469 

 The threshold stress found in this study depends on the loading path (Daouadji et al., 470 

2001) but also on the strength of carbonate material, initial porosity, and the shape variability 471 

of biogenic particles. It is plausible that crushability beyond this threshold stress weakens the 472 

sediment and creates layers susceptible to generate strain localization and failure under static 473 

loading. This could, for instance, be the cause of some of the numerous slope instabilities 474 

shaping the Mayotte continental slope (Sultan et al., 2023). 475 

 476 

Biogenic Particles as Failure Mechanism for Liquefaction 477 

Literature shows that the presence of sandy soils (or coarse particles with very low fines 478 

content) is necessary for the liquefaction process to occur. Additionally, typical methodologies 479 

for evaluating liquefaction susceptibility cannot unequivocally conclude on the liquefaction 480 

potential of Mayotte's sediments (Table 2). However, combining our results with those already 481 

published for Mayotte’s slopes shows that (1) Mayotte's samples can liquefy even with high 482 

fines content; (2) lithology and the content of biogenic-origin sediment particles promote the 483 

liquefaction of Mayotte’s offshore sediments; and (3) particle crushability promotes 484 

liquefaction. Thus, liquefaction susceptibility methods developed for quarzitic soils cannot be 485 

applied to natural biogenic sediments. 486 

 Several studies on the crushability of remolded calcareous sandy soils have concluded 487 

that as particles break, the overall resistance to liquefaction increases (for the same relative 488 
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density; Sandoval and Pando, 2012; Brandes 2011). Contrary to these findings, our results 489 

show the opposite trend. A potential explanation is that weak biogenic particles "floating" in a 490 

matrix of fines (or a local accumulation of biogenic particles) collapse or break upon the 491 

application of a monotonic or cyclic load which suddenly modifies the void ratio and generates 492 

a local spike in pore pressure that the fine matrix cannot dissipate, thereby promoting 493 

liquefaction. Nevertheless, this explanation should be carefully tested and evaluated, and 494 

complemented through imaging (μCT) and/or simulated via DEM (Discrete Element 495 

Modeling). See also the discussion below and the shape of the grains. 496 

 497 

Implications for Wind Farms 498 

The behavior of calcareous sands and carbonated sediments, which are abundant in 499 

tropical seas, can affect the design and long-term stability of offshore engineering structures 500 

(Shahnazari et al., 2016). For instance, driven piles in calcareous sands are known to have 501 

lower capacity than in siliceous sands (Murff, 1987; Nauroy and LeTirant 1985), leading to the 502 

use of expensive drilled and grouted piles with higher capacities. The long-term performance 503 

of a wind turbine foundation in such environments under the repeated cyclic and dynamic loads 504 

generated by wind, waves, rotor, and blade rotations is a major engineering problem in the field 505 

(Wang et al., 2021). The limited number of investigations carried out on the liquefaction 506 

potential of calcareous sand often conclude that this type of sediment has a much lower 507 

liquefaction potential than siliceous sands (Hyodd et al., 1998; LaVielle, 2008; Sandoval and 508 

Pando, 2012; Shahnazari et al., 2016). The question that arises is whether it is possible to 509 

generalize this observation concerning liquefaction potential. It is evident from our results that 510 

such a conclusion is not accurate, as our data demonstrate that the crushability of the tested 511 

carbonate-dominated sediments promotes liquefaction. This result seems coherent with the 512 

explanation that the interstitial pore-pressure leading to liquefaction is a function of the sand's 513 
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tendency to compress when a load is applied (Seed and Lee, 1966). Obviously, grain size, 514 

which is also affected by crushability, as well as the shape of the grains, affect liquefaction 515 

potential (Rui et al., 2020). However, in our analysis, crushability favoring compressibility 516 

seems to prevail, thereby increasing the potential for liquefaction. 517 

Marine carbonate sediments favor grain crushability, which leads to long-term 518 

mechanical degradation and affects liquefaction resistance. Thus, relying on existing literature 519 

for geotechncial design is risky, and basic lab analysis is crucial to understanding sediment 520 

behavior under cyclic and dynamic loads. Determining the CRR-particle crushability 521 

relationship (Figure 12) is particularly important. 522 

It is important to note that our study refers to specific carbonate sediments, which are 523 

produced and accumulated in marine settings. Two main sources of sediments are identified 524 

(Sultan et al., 2023): (1) coarse carbonate sediments produced by the Mayotte barrier reef and 525 

exported offshore towards the adjacent slope, notably by turbidity currents, and (2) hemipelagic 526 

sediments (vulnerable to liquefaction according to our results) derived from the settling of dead 527 

foraminifer through the water column down to seafloor, possibly forming cm to m-thick 528 

sediment layers over time. Unlike low-liquefaction carbonate sands in coastal areas (e.g., 529 

LaVielle, 2008), carbonate sediments dominated by planktic foraminifer are found in distal 530 

settings, from the upper continental slope (150–200 m depth) to the abyssal plain. 531 

Conclusions 532 

 In the present work, we explored the hypothesis that biogenic particles naturally 533 

deposited in offshore environments can break upon static or cyclic loading. We selected 38 534 

samples from cores recovered from Mayotte’s slopes for further studies, of which 12 were 535 

tested for crushability in K0 conditions discriminated by origin (carbonate- and volcanic-536 

dominant). Then we tested 18 liquefied samples for crushability. Below are the most prominent 537 

conclusions of this study: 538 
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- Biogenic particles in naturally sedimented environments can crush upon external 539 

loading either in K0 or cyclic conditions, while particles sizes > 10 microns seem to 540 

be the most impacted. Liquefaction resistance decreases with the increase in 541 

carbonate particles.  542 

- Crushability of biogenic particles is likely to be the reason for failure in 543 

liquefaction-prone layers in Mayotte’s slopes.  544 

- It was established that in the case of Mayotte slope sediments, the loading threshold 545 

in K0 condition was 500 kPa of effective stress. 546 

- Recovered samples classify as SC-MH/OH or SM-MH/OH (sandy silt) with a 547 

bimodal distribution curve and D50 spanning from 22.8 to 129 μm. SEM images 548 

show large biogenic particles with internal porosity. Characterization results plot 549 

off-trend with respect to worldwide databases of sandy silts probably due to the 550 

higher water intake with respect to quarzitic soils. Therefore, standard 551 

characterization tests are biased and should not be used to describe these sediments 552 

and typical correlations cannot be implemented. 553 

- Engineering properties fall off-trend from generally accepted values for sandy silt 554 

soils. Properties that vary with stress, such as compressibility, consolidation, and 555 

hydraulic conductivity, are further influenced by particle breakage.  556 

- Samples with high fines content were susceptible to liquefaction highlighting the 557 

high complexity of this process. 558 

- It is recommended to conduct laboratory tests to determine the relationship between 559 

CRR and particle crushability in order to conclude on its impact on wind farm 560 

design and other underwater infrastructure engineering. 561 

Our results do not follow general trends found in the literature. We hypothesize that 562 

naturally sedimented soils lose structure and particle crushability, both of which contribute to 563 
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liquefaction. We believe that the best way to test our hypothesis is to repeat the liquefaction 564 

tests: (1) within a µ-CT scanner to capture images of particle crushing under cyclic loading as 565 

a precursor of liquefaction failure; and (2) via DEM modeling to simulate an assembly of weak 566 

biogenic particles with varying sizes and shapes to determine local force concentrations and 567 

contact number evolution upon particle breakage. 568 

 569 
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  582 

Notation 583 

MSCL  Multi-Sensor Core Logger 584 

γ-density Gamma density 585 

MS  Magnetic susceptibility 586 

Gs  Specific gravity 587 

D50  Mean particle size 588 
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Cu  Coefficient of uniformity 589 

FC  Fines content 590 

LL  Liquid limit 591 

PL  Plastic limit 592 

PI  Plasticity index  593 

Ss  Specific surface 594 

w  Natural water content 595 

e  Void ratio 596 

eo  In-situ void ratio 597 

e1kPa  Void ratio at σ’ = 1kPa 598 

σ’  Effective stress 599 

Cv  Primary consolidation coefficient 600 

Cα  Secondary consolidation coefficient 601 

Cc  Compressibility index 602 

Cs  Swelling index 603 

K0  No lateral deformation loading conditions 604 

khyd  Hydraulic conductivity 605 

kini  Hydraulic conductivity at a reference void ratio (e/e0 = 1) 606 

δ-exponent  Hydraulic conductivity sensitivity parameter 607 

ΔArea  Particle crushability 608 

Apost  Post-test area below the grain-size cumulative curves 609 

Aund  Undisturbed area below the grain-size cumulative curves 610 

N  Cycle number 611 

CRR  Cyclic resistance ratio 612 

C  Lithology-dependent normalization factor   613 
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