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ABSTRACT 
Marine mass movements and slides can cause tsunamis and damage infrastructure, 

such as submarine communication cables and coastal installations. Mass movements on 
continental margins can be triggered by geological events such as earthquakes. 
Depending on the earthquake hypocenter and the local site characteristics, seismic 
impacts can cause submarine landslides. In contrast, insufficient seismic energy and 
excitation can cause seismic-induced densification of sediments on continental slopes, 
but no slope failure. To investigate the soil behavior by the soil densification during 
seismic events, experimental tests with silty soils were performed at different conditions. 
1-D consolidometer was set to perform repetitive impact loading conditions, which 
simulate low-energy or low-intensity seismic events. We show that soil densification by 
seismic events can prompt a reduction in void ratio, an increase in volumetric strain, and 
an enhancement in relative density. The results may suggest that active continental 
margins, which experience frequent earthquakes, can obtain higher resistance to 
submarine landslides. 

 
1. INTRODUCTION 

 
Submarine mass movements, such as slides and flows along continental slopes, 

pose significant natural hazards, including damage to seafloor infrastructure and tsunami 
generation (Locat and Lee, 2002). Submarine mass movements occur along the 
continental slope and are triggered by various geological phenomena such as 
earthquakes (Stigall and Dugan, 2010). Seismic activities can be quantified using the 

seismic energy density (E∗) concept which expresses the seismic energy transferred per 

unit volume of soil or rock during an earthquake and provides a quantitative framework 
for relating earthquake characteristics, magnitude, and epicentral distance to 
geomechanical responses (Wang and Manga, 2010).  

This study conducted repetitive impact loading tests with E* ranging from 1 J/m³ to 30 
J/m³ in a consolidometer to simulate earthquake effects on sediment behavior. Analyzing 
experimental data provides a robust framework to estimate sediment densification, 
deformation behavior, and shear strength increase under seismic loading conditions. 
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These findings enhance our understanding of the continental margin sediment responses 
to low energy seismic activities.   

 
2. EXPERIMENTAL METHODS 

 
2.1 Materials 
 
Non-plastic, fine-grained silty soil, representative of marine sediments, was 

selected for this study: angular shape, 60μm of the median particle size (D50), 4.25 of the 
coefficient of uniformity (Cu), and 0.92 of the coefficient of curvature (Cc). The maximum 
void ratio (emax) is 1.354 by ASTM D4254, and the minimum void ratio (emin) 0.695 by 
ASTM D698. The dry soil was prepared with an initial void ratio (e0) of approximately 1.3, 
corresponding to an initial relative density Dr = 8.45% prior to loading — a very loose 
packing near the upper bound emax, at which Dr = 0%. 

 
2.2 Test Procedures 
 
One-dimensional consolidometer combined with impact loading were conducted to 

simulate sediments on continental margins subjected to repetitive seismic events (Fig. 
1).  

 
Fig. 3 Experimental configurations 

 

A static vertical stress (’v) 2.79 kPa, 5.59 kPa, 11.18 kPa, or 22.36 kPa was applied 
to the samples. These low stress levels correspond to the shallow sediment depths. 
Impact loads were then applied at three-minute intervals, for a total of 60 impacts per 
test. For impact loads, three hammers (H1, H2, H3) was fabricated by a 3D printer with 
the ethylene bis stearamide (EBS) plastic. The potential energy (Ep) calculation by Ep = 
m × g × h, where m is the object's mass, g the gravitational acceleration, and h the 
hammer drop height (Fig 1). The energy density was calculated by E* = Ep / VT, where 
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VT is the volume of the sample. The energy density of 9.26J/m3, 17.8J/m3 and 22.06J/m3 
were applied as low seismic events without shear failure. 

 
3. RESULTS 

 
As the vertical stress increases, the soil structure progressively transitions from a 

loose to a denser configuration through particle rearrangement. Impact loading further 
reorganizes the particles into a more compact arrangement, with greater applied energy 
producing a correspondingly denser state. Under repetitive impact loading, the void ratio 
asymptotically approaches the terminal void ratio (Park and Santamarina, 2019), which 
can be estimated with an exponential function (Narsilio and Santamarina, 2008) 

 
𝑒𝑖 = 𝑒𝑇 + (𝑒𝑖=0 − 𝑒𝑇)exp⁡(−𝛼𝑖)     (1) 

 
where eT is the terminal void ratio, ei=0 the initial void ratio before repetitive impact loading, 
i the number of repetitive impact loading, each represented seismic events during 

earthquake shaking, and  the convergence rate to terminal void ratio (Fig. 2).  
 

Fig. 2 Void ratio evolution during repetitive impact loadings at different energy densities 
in dry condition. 

 
The friction angles go up when the relative density increases due to impact loadings. 

The application of repetitive impact loading influences the relative density of silt. A higher 
seismic energy density (E*) induces greater compaction, leading to denser packing and 
increased shear strength. Shallow sediments with low vertical stress (σ’v) are more 
susceptible to significant densification during seismic activity due to their initially loose 

packing. In contrast, deeper sediments with higher σv are already pre-compacted due to 
overburden pressure, resulting in minimal additional densification due to repetitive impact 
loading. The results may show repeated occurrences of low-intensity seismic activity 
along active continental margins progressively enhance shear strength. Active margins 
exhibit greater resistance to both static and dynamic shear stresses due to their 
enhanced shear strength (Sawyer and DeVore, 2015 ten Brink et al., 2016; Fig. 3). The 
strengthening effect observed in active margins contributes to long-term slope stability, 
and repeated low-magnitude seismic loading serves as a natural stabilizing mechanism. 
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Fig. 3 Empirical estimation of shear strength with vertical stress 

 
4. CONCLUSIONS 

 
A new densification test is proposed to model the response of non-plastic silt soil due 

to external loads. The silt evolves towards the terminal void ratio due to repetitive impact 
loads, which is more significant than the minimum void ratio. The result shows that the 
accumulation of volumetric strain is more pronounced when subjected to impact loading 

in early stages under low vertical stress. The convergence rate, , determines the time 
needed to achieve the terminal void ratio with higher the convergence rates, resulting in 
shorter times. Densification occurs due to the decrease in the void ratio, which increases 
the relative density and enhances shear strength.  

The dry soil results therefore represent the fully drained response which an upper 
bound on the densification per event. In the field, however, the recurrence interval of low-
magnitude earthquakes (months to years) far exceeds the dissipation time of shallow 
silty deposits, so the drained assumption is reasonable for cumulative, long-term 
densification.  

The findings confirm that vertical stress plays a role in determining shear strength in 
marine sediments, influencing both passive and active continental margins. In passive 
continental margins, sediment consolidation enhances shear strength through 
overburden densification, particularly those influenced by past landslides or historic 
loading conditions. Earthquake activity in these margins is however, infrequent. In active 
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continental margins. in contrast, non-failure seismic activity drives the change in relative 
density towards terminal void ratio and enhances additional shear strength The response 
of saturated marine sediments under impact loading will be investigated in future studies. 
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