
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Xin Zhao 

2014 





 
 

ii 
 

ABSTRACT 

Effects of Stress on Failure Behavior of Shallow, Marine Muds 
from the Northern Gulf of Mexico 

by 

Xin Zhao 
Direct simple shear (DSS) experiments on mud samples from 4.3-13.4 meters below sea 

floor (mbsf) in the Ursa Basin of the northern Gulf of Mexico document how stress level impacts 

soil strength and pore pressure genesis during failure. As burial depth increases from 7.3 to 13.4 

mbsf, cohesion decreases from 12.3 to 6.5 kPa and internal friction angle increases from 18° to 

21°. For the same depth increase, peak shear stress increases from 30 to 63 kPa. For a specimen 

from 11.75 mbsf, an increase in maximum consolidation stress from 45 to 179 kPa results in an 

increase in the shear-induced pore pressure from 29 to 150 kPa. The normalized shear strength at 

peak shear stress, however, decreases from 0.37 to 0.25 over this consolidation range. Our results 

document that compaction induces a positive feedback on pore pressure genesis. This feedback 

suggests an increase in failure potential during burial at shallow depth. To further understand the 

physical controls on this behavior, we complete DSS experiments on resedimented samples to 

erase stress history and sediment fabric. For the resedimented samples, cohesion is 3.6 kPa and 

internal friction angle is 24°. As maximum consolidation stress increases from 40 to 254 kPa on 

resedimented samples, peak shear stress increases from 14 to 91 kPa and shear-induced pore 

pressure increases from 22 to 203 kPa. The normalized shear strength at peak shear stress, 

however, decreases from 0.32 to 0.25. These results show resedimented samples have similar 

strength and failure behavior to intact samples. By constraining pore pressure and strength in 

comparison to initial stress state, we gain better insight on slope failure dynamics. Therefore, this 

study may provide constraints on soil strength of shallow sediments and pore pressure generated 

during failure of shallow sediments. The impact of compaction stress on soil strength and pore 

pressure genesis during shear failure can be included in slope failure and risk models to better 

constrain failure conditions and potential. 
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Effects of Stress on Failure Behavior of 
Shallow, Marine Muds from the 

Northern Gulf of Mexico 

Keywords: shear stress, failure behavior, mudstone, soil strength, Gulf of Mexico 

1. Introduction 

Failure of shallow marine sediments can generate large submarine landslides that 

can damage offshore infrastructure. Therefore, it is important to understand basic controls 

on size and rate of failure because they can determine if a failure will generate a tsunami 

(e.g., Watts, 1998; Biscontin et al., 2004) and if coastal regions may be at risk. These 

submarine landslides, or submarine mass movements, are often identified as mass 

transport deposits (MTDs) and are commonly described using data from multibeam and 

seismic surveys. Examples include Saguenay Fjord, Quebec, Canada and Palos Verdes 

slide, California, USA (Locat and Lee, 2002); Storegga slide, Norway (Kvalstad et al., 

2005); Cape Fear slide, USA (Hornbach et al., 2007); Sahara slide, West Africa 

(Georgiopoulou et al., 2010). To assess the risk associated with submarine landslides 

rather than just characterize their distribution, it is necessary to understand and to 

quantify the factors that impact failure behavior. 



 

2 
 

MTDs are common products of large-scale submarine slope failure. Many 

submarine slope failures have been triggered by earthquakes and may have induced 

tsunami (Watts, 1998; Biscontin et al., 2004). While the distribution (Chaytor et al., 2009; 

Strasser et al., 2011), initiation (Hampton et al., 1996), and physical properties (Sawyer et 

al., 2009; Strasser et al., 2011; Dugan, 2012) of MTDs have been studied in detail, the 

mechanisms that describe deformation during the failure process are poorly understood. 

To better understand deformation at the onset of failure and during failure, we 

focus on how initial sediment conditions influence failure behavior. We shear sediments 

at different vertical consolidation stresses to study how pre-failure conditions influence 

failure behavior (e.g., contractional or dilational, friction parameters). This can help 

determine what properties define if sediments are prone to contract and accelerate during 

failure, to creep, or to dilate and stop failing. In addition to sediment properties, we also 

characterize pore pressure genesis during failure, which impacts failure evolution. We 

explore these behaviors through laboratory experiments to define how internal friction 

angle (φ, φ’), cohesion (c, c’), peak shear stress (τmax), pore pressure induced by shearing 

(Δus), and normalized shear strength at peak shear stress (τmax/σ’nmax) of shallow marine 

muds change with different initial total and effective stress conditions. 

Particle arrangement, or sedimentary fabric, can also impact failure behavior. The 

initial particle arrangement of sediments is controlled by the physical (stress and pore 

pressure) and chemical (chemistry of pore fluids and particles) conditions at the time of 

deposition (van Olphen, 1977). These environmental conditions also impact strength of 

interparticle forces. Together particle geometry and interparticle forces determine 

physical and mechanical properties of clay-rich sediments (e.g., Bennett et al., 1991; 
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Mitchell and Soga, 2005). Thus fabric impacts friction angle and cohesion. In addition, 

fabric can affect bulk compressibility and permeability (e.g., Daigle and Dugan, 2011) so 

it has some impact on pore pressure genesis during shear failure. In this study, we 

compare properties of intact sediment samples collected via piston coring and sediment 

of the same material that has been resedimented to erase the initial, depositional fabric 

and stress history via laboratory re-aggregation. In addition to strength and friction 

parameters, we also constrain porosity on all intact and resedimented specimens before 

DSS experiments and at start of shear (the porosity at the end of consolidation phase). 

2. Background 

2.1. Geologic setting of Ursa Basin, northern Gulf of Mexico 

The Ursa Basin is located in the Mississippi Canyon region of the northern Gulf 

of Mexico in ~1000-1500 m water depth, ~210 km southeast of New Orleans, Louisiana 

(USA) (Figure 1A). The basin has been influenced by sediment deposition, erosion, and 

salt tectonics, which have created complex fluid migration pathways (Dugan and 

Germaine, 2008). Previous studies of this region document that overpressure exists near 

the seafloor and the upper kilometer below the seafloor has multiple MTDs (Pelletier et 

al., 1999; Ostermeier et al., 2001; Flemings et al., 2008; Long et al., 2011). Samples from 

the Ursa Basin allow a detailed study of the mud-rich sediments from the shallow section, 

and provide an opportunity to constrain failure behavior in a region with recurring slope 

failure (Urgeles et al., 2007). 

Most sediments in the upper 600 meters below sea floor (mbsf) in the Ursa Basin 

are silt-to-clay-sized (Sawyer et al., 2008). These sediments were deposited at an average 
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sedimentation rate of 3.6-9.3 mm/yr over the last 60,000 yrs (Flemings et al., 2006). As a 

result of high sedimentation rates by fine-grained sediments, the sediments in the Ursa 

Basin are overpressured and at low effective stress (Flemings et al., 2008; Stigall and 

Dugan, 2010). 

Grain size and mineralogy do not vary significantly within Ursa Basin sediments 

from 0-600 mbsf (John and Adatte, 2009; Sawyer et al., 2009; Day-Stirrat et al., 2012). 

The mudstones have a consistent grain-size distribution with ~65% clay-sized (<2 µm) 

particles (Day-Stirrat et al., 2012). The clay mineralogy is dominated by illite-smectite 

(>60%) with smaller amounts of kaolinite and chlorite (4-15%) (Day-Stirrat et al., 2012). 

The similarity in composition and grain size in this region allows a systematic evaluation 

of the impact of initial soil conditions (e.g., stress state, porosity) on initiation and 

evolution of failure without significant grain-size and mineralogy heterogeneity. 

2.2. Mass transport deposits (MTDs) 

MTDs are often described in terms of their size, distribution, stacking patterns, 

physical properties, and seismic character (e.g., McAdoo et al., 2000; Sawyer et al., 2009; 

Strasser et al., 2011; Dugan, 2012). Studies on the physical properties of MTDs indicate 

that they have lower porosity and higher density in comparison to non-MTD materials at 

the same stress conditions (e.g., Piper et al., 1997; Flemings et al., 2006; Expedition 333 

Scientists, 2011; Dugan, 2012). In addition to characterizing MTDs, fluid flow and slope 

stability models have been used to investigate the origin of MTDs. For example, 

retrogressive slide models have been developed to evaluate triggers and failure 

mechanics of the Storegga slide and failures in the Ursa Basin (e.g., Kvalstad et al., 2005; 
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Sawyer et al., 2009). Stigall and Dugan (2010) simulated how the development of high 

pore pressure in the Ursa Basin was an integral preconditioning factor to slope failures. 

These models however do not account for variation in strength parameters or failure 

evolution because those types of data are scarce, yet may be important to the evolution of 

slope failures that create MTDs. 

2.3. Strength of Ursa Basin sediments 

Two strength studies from the Ursa Basin show different failure behavior. One set 

of triaxial experiments indicates contraction during shear for small axial strains (~2%); 

however, dilation occurs at higher axial strains (Meissl et al., 2010). This dilation can be 

explained by stress state as the experiments were conducted on overconsolidated samples 

(i.e., experimental stress lower than maximum in situ stress). Triaxial tests on normally 

consolidated samples (experimental stress = maximum vertical effective stress) indicated 

that contractional failure occurs up to axial strains of 20% (Dugan and Germaine, 2009). 

The difference in failure behavior between these two studies shows how stress history 

and stress level influence contraction or dilation during shear. This potential to contract 

or dilate also affects pore pressure genesis. Contractional failure of normally consolidated 

soil leads to increased pore pressure. This increase in pore pressure reduces effective 

stress and resistance to failure, so failures can grow and accelerate under a constant 

driving stress (Sawyer et al., 2009). On the contrary, dilation of overconsolidated 

sediments causes pore pressure to decrease and effective stress to increase. This will 

cause failure to stop if driving stress remains constant. 
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2.4. Fabric and soil strength 

Clay fabric is defined as the orientation and arrangement of the solid particles and 

particle-to-particle relationships (Bennett et al., 1991). Lower compressive and residual 

strengths are documented in soil with dispersed initial clay fabrics (higher degrees of 

clay-preferred orientation) (diMaio and Fenelli, 1994). In general, soil with low 

compressive and residual strengths possesses low shear strength. This indicates that the 

initial fabric of slope sediments can influence slope stability or failure potential. 

The investigation of fabric evolution of clay-rich mudstone from the Ursa Basin 

has been conducted on samples not impacted by failure (non-MTDs). Day-Stirrat et al. 

(2012 )show that the mechanical processes during vertical compaction alter clay mineral 

fabric. Illite-smectite maximum pole density increases from 2.24 m.r.d. (multiples of a 

random distribution) at 71.5 mbsf to 3.45 m.r.d. at 579.6 mbsf (Day-Stirrat et al., 2012). 

This indicates that particles will have more horizontal alignment with deeper burial (Day-

Stirrat et al., 2012). This increase in horizontal alignment with increasing burial depth 

might decrease the normalized shear strength and indicates that failure potential of 

shallow sediments increases with burial depth. 

Separate studies on resedimented Boston Blue Clay also indicate development of 

fabric during vertical consolidation (Day-Stirrat et al., 2011). With increasing vertical 

effective stress from 0.1 MPa to 10 MPa, mica maximum pole density increases from 

4.31 m.r.d to 4.65 m.r.d. and chlorite maximum pole density increases from 4.02 m.r.d to 

4.27 m.r.d. (Day-Stirrat et al., 2011). This shows that in resedimented material, an 

increase in vertical effective stress can cause particles to be more aligned with each other 
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(Day-Stirrat et al., 2011). In our study, we do not directly measure fabric but infer fabric 

contributions to failure processes by comparing strength and pore pressure of intact, core 

samples (natural depositional fabric) at various depths to resedimented samples (erased 

depositional fabric). 

3. Materials and methods 

3.1. Materials for experiments 

We conduct laboratory experiments on samples from the Ursa Basin that were not 

impacted by slope failure (i.e., non-MTD materials). Samples were collected during the 

RV Marion Dufresne Gulf of Mexico coring project (Winters et al., 2007). Samples were 

sealed in cylindrical core liners and stored at 4℃	  to keep the initial water content. We 

specifically focus on two core locations, MD02-2567 and MD02-2562 (Figure 1B). 

Experiments were completed on samples from five depth intervals (1.15-1.4, 4.3-4.4, 7.3-

7.4, 11.7-11.8, and 13.15-13.4 mbsf) and on resedimented samples (composed of 

materials from the same cores). 

3.2. Direct Simple Shear (DSS) experiments 

We preformed direct simple shear (DSS) experiments (ASTM International, 2007) 

on intact and resedimented samples. The first stage of each test is vertical consolidation. 

We use a load increment of 1 (i.e., double the load) to reach the desired vertical 

consolidation stress. Core specimens from the same depth are loaded to three different 

maximum vertical effective stresses prior to shear. The three maximum vertical stresses 
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are 0.5σ’vo, σ’vo, and 2σ’vo, where σ’vo is the in situ vertical effective stress assuming 

hydrostatic conditions: 

σ’vo = (ρb – ρw) zbsf g ,  (1) 

ρb = bulk density (assumed to be 1800 kg/m3), ρw = density of seawater (assumed 

to be 1024 kg/m3), zbsf = average sample depth below sea floor, and g = acceleration due 

to gravity. 

After each load increment, pore pressure is allowed to dissipate. Vertical 

displacement is monitored continuously during consolidation to define sample volume 

and dissipation of excess pore pressure. When pore pressure has dissipated, the vertical 

stress is doubled for the next loading step. 

Once the desired effective vertical stress has been reached (0.5σ’vo, σ’vo, or 2σ’vo), 

the shear deformation phase begins. Shear occurs under constant volume (i.e., undrained 

conditions) with a constant rate of simple shear (0.00508 mm/min). The horizontal stress 

required for shearing and the vertical stress required for constant height (to maintain 

constant volume) are monitored in the shear deformation phase. We determine the shear-

induced pore pressure (Δus), which is defined as pore pressure change and equals the 

change in vertical stress required to maintain constant volume during shear (Dyvik et al., 

1987). 

The pore pressure at the start of shear is assumed to be 0 as shear begins after 

primary consolidation is completed. Thus we determine the shear-induced pore pressure 

(Δus) by the change of total normal stress (Δσn) during shear: 
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Δus= Δσn = (σns – σnmax) ,  (2) 

where σnmax = total normal stress at the start of shear (equal to the maximum 

vertical stress at the end of consolidation), and σns = instantaneous total normal stress 

during shear. 

Shear stress is recorded during each test and shear strain is determined from 

horizontal displacement and specimen height (ASTM International, 2007). 

γ= 100 (δ – δps)/Hps ,  (3) 

where γ is shear strain, δ is shear displacement, δps is shear displacement at start 

of shear, Hps is specimen height at start of shear test. 

The angle of internal friction and the cohesion are derived via Mohr-Coulomb 

failure criterion for total stress (Equation 4) and effective stress (Equation 5) (Figure 2). 

τ = σn tan φ + c ,  (4) 

τ = σ’n tan φ’ + c’ ,  (5) 

where τ is the shear stress, σn is the total normal stress, φ and c are friction angle 

and cohesion for total stress analysis. σ’n is the effective normal stress, φ’ and c’ are 

friction angle and cohesion for effective stress analysis. 

3.3. Resedimentation experiments 

Resedimented samples are prepared from sediment from 1.15-1.4 mbsf from site 

MD02-2567. To prepare resedimented samples, sediments are oven-dried at 60°C for 72 

hours. After being oven-dried, samples are powdered with a ceramic mortar and pestle 
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until the soil can pass through a #40 U.S. sieve (opening 0.42 mm). These sediments are 

then mixed with distilled water to make a slurry. The slurry is created to have water 

content near 110%. The slurry is stirred to make a smooth mixture without lumps and 

bubbles (see Mazzei, 2008 for additional details on the resedimentation procedure). 

After creating a homogeneous slurry, we pour it into a consolidation cylinder. The 

cylinder has porous stones on the top and bottom which allow drainage from the top and 

bottom. The slurry is loaded with an initial, small vertical load (1.875 kPa) in the 

consolidation cylinder. After primary consolidation is completed, load-increment 

consolidation proceeds with a load increment of 1. Each new load is applied after primary 

consolidation is completed for the current load. Primary consolidation is continuously 

monitored with a linear variable differential transformer (LVDT). Once a consolidation 

stress of approximately 30 kPa is reached, samples are prepared for DSS experiments. A 

consolidation stress of 30 kPa is equivalent to burial of ~4.4 mbsf. Resedimented samples 

are extruded from the consolidation cylinder and trimmed for DSS experiments. 

4. Results 

4.1. Intact Samples – Strength Analysis 

With increasing depth from 7.3 to 13.4 mbsf, c decreases from 12.2 to 6.3 kPa and 

c’ decreases from 12.3 to 6.5 kPa. The angle of internal friction, φ derived via total 

normal stress (σn), ranges from 11˚ to 12˚ and φ’ derived via effective normal stress (σ’n) 

ranges from 18˚ to 21˚ (Figure 3). 
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For intact samples consolidated by maximum pre-shear stresses from 28-202 kPa, 

shear stress increases with increasing strain to reach the peak shear stress by γ <25% 

(Figure 4). Generally, higher pre-shear maximum consolidation stress corresponds to 

higher peak shear stress (Figure 4). For intact samples with increasing depth from 4.3 to 

13.4 mbsf, peak shear stress increases from 30 to ~60 kPa (Figure 5). The peak shear 

stress at 11.75 mbsf is 63 kPa, slightly higher than the peak shear stress of 62 kPa at 

13.28 mbsf (Figure 5). 

4.2. Intact Samples – Pore Pressure Analysis 

The impact of stress on pore pressure genesis and normalized undrained shear 

strength is investigated on samples from 11.75 mbsf and 13.28 mbsf. We tested three 

specimens from 11.75 after loading the specimens to three separate maximum effective 

consolidation stresses: 45 kPa, 89 kPa (equivalent to hydrostatic vertical effective stress), 

and 179 kPa. The specimens show shear-induced pore pressures of 29, 63, and 150 kPa 

correlating with increasing effective consolidation stress (Figure 8A). The normalized 

undrained shear strengths (τmax/σ’nmax, where τmax = peak shear stress, σ’nmax = maximum 

normal effective stress during shear) are 0.37, 0.27, and 0.25 at peak shear stress (Figure 

8B). 

The sample from 13.28 mbsf was also divided into three specimens, each loaded 

to a different consolidation stress: 51 kPa, 101 kPa (hydrostatic vertical effective stress), 

and 202 kPa. The specimens show shear-induced pore pressures of 38, 73, and 180 kPa 

with increasing consolidation stress (Figure 8A). The normalized undrained shear 

strengths are 0.29, 0.27, and 0.23 at peak shear stress (Figure 8B). 
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4.3. Resedimented samples 

The range of the maximum vertical effective stresses for the DSS experiments on 

intact samples is 28-202 kPa. To cover this stress range on resedimented samples, we 

completed five DSS experiments on samples loaded to consolidation stresses of 40 kPa, 

83.5 kPa, 127 kPa, 190.5 kPa, and 254 kPa. Cohesion (c) derived via total normal stress 

(σn) is 3.2 kPa and c’ derived via effective normal stress (σ’n) is 3.6 kPa (Figure 2). The 

angle of internal friction (φ) derived via total normal stress (σn) is 15˚ and φ’ derived via 

effective normal stress (σ’n) is 24˚ (Figure 2). 

For resedimented samples consolidated by maximum pre-shear stresses from 40-

254 kPa, shear stress increases with increasing strain to reach the peak shear stress by γ 

<20% (Figure 6). Generally, higher pre-shear maximum consolidation stress corresponds 

to higher peak shear stress (Figure 6). With increasing maximum pre-shear stresses from 

40-254 kPa, the specimens show an increase in the peak shear stress from 14 to 91 kPa 

(Figure 7). The impact of stress on pore pressure genesis and normalized undrained shear 

strength is also investigated on resedimented samples. We tested five specimens after 

loading the specimens to five separate maximum effective consolidation stresses: 40 kPa, 

83.5 kPa, 127 kPa, 190.5 kPa, and 254 kPa. Correlating with increasing effective 

consolidation stress, the specimens show shear-induced pore pressures of 22, 73, 96, 174, 

and 203 kPa (Figure 8A). The normalized undrained shear strengths (τmax/σ’nmax) are from 

0.32 to 0.25 at peak shear stress (Figure 8B). 



 

13 
 

4.4. Porosity characterization  

To investigate the control of stress on porosity and the effects of porosity on soil 

strength parameters, failure behavior, and failure potential, we determined the porosity on 

all intact and resedimented specimens before DSS experiments and at start of shear (the 

porosity at the end of consolidation phase) (Table 1). Porosity of intact samples before 

DSS experiments ranges from 0.62-0.75 (Figure 9A). Porosity at the start of shear (the 

porosity at the end of consolidation phase) ranges from 0.52-0.73 (Figure 9A). Porosity 

of resedimented samples before the consolidation phase of test (but after resedimentation) 

ranges from 0.65-0.70 (Figure 9B). Porosity at the start of shear ranges from 0.57-0.66 

(Figure 9B). Porosity for intact samples does not show any clear trend with increasing 

effective consolidation stress (Figure 9A). For resedimented samples, porosity before the 

consolidation phase of the test and porosity at the start of shear both decrease with 

increasing effective consolidation stress (Figure 9B). Porosity of intact and resedimented 

samples do not show any clear trends with angle of internal friction (φ’) (Figure 10A) or 

cohesion (c) (Figure 10B). For both intact (Figure 11A) and resedimented samples 

(Figure 11B), we observe increasing pore pressure when porosity decreases. For both 

intact (Figure 12A) and resedimented samples (Figure 12B), we observe increasing 

normalized undrained shear strength when porosity increases. 

4.5. Error assessment 

The error associated with the DSS does not exceed 0.01%. Besides system error 

of the device, the sources of error can also be the specimens themselves. When preparing 

resedimented samples, all samples before DSS experiments are at the same initial stress 
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load~30 kPa, so all resedimented samples should maintain the same porosity before test. 

But in fact the resedimented samples have different porosities before test (Figure 9B). 

Porosity before the consolidation phase of DSS experiments ranges from 0.65-0.70 

(Figure 9B) with an average of 0.674 and a standard deviation of 0.019. Porosity at the 

start of shear ranges from 0.57-0.66 (Figure 9B) with average of 0.614 and a standard 

deviation of 0.038. These results suggest some heterogeneity of resedimented samples. 

Another source of uncertainty is associated with best-fit trends of data from 

different samples. A linear, Mohr-Coulomb failure criterion is used to do the fit of normal 

stress and shear stress (Figure 2A and 2B). For intact samples from 7.35 mbsf, 11.75 

mbsf, and 13.28 mbsf and for resedimented samples, the goodness of fits yielded by 

Mohr-Coulomb failure criterion is excellent (R2 = 0.978-0.999). 

To define the trends of cohesion (c or c’) with depth (Figure 3A), we assume a 

power relationship between cohesion and depth, 

zbsf = a cb ,  (6) 

where a and b are determined by a best-fit model to the cohesion-depth data. For 

cohesion (total stress,analysis)  a = 56.36 and b = -0.82, with an excellent goodness of fit 

(R2 = 0.969). For cohesion for effective stress analysis, a = 64.31 and b = -0.86, with an 

excellent goodness of fit (R2 = 0.88).  

To define the trends of angle of internal friction (φ or φ’) with depth (Figure 3B), 

we assume a linear relationship between angle of internal friction and depth. 

zbsf = d φ + f ,  (7) 
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d and f are determined by a best-fit model to the angle of internal friction-depth 

data. For friction angle for total stress analysis, a best-fit model of the data yields d = 

4.193 and f = -38.97; however, the goodness of the fit is low (R2 = 0.563). For friction 

angle for effective stress analysis, a best-fit model of the data d = 1.148 and f = -11.4; 

however, the goodness of the fit is low (R2 = 0.325).  

To define the trend of peak shear stress with depth for intact samples (Figure 5), 

we assume a linear relationship between peak shear stress and depth. 

zbsf = i τmax + j  ,  (8) 

i and j are determined by a best-fit model to the peak shear stress-depth data 

which yields i = 0.253 and j = -3.451 with an excellent goodness of fit (R2 = 0.964).  

To define the trend of peak shear stress with maximum pre-shear stress for 

resedimented samples (Figure 7), we assume a linear relationship between peak shear 

stress and maximum pre-shear stress. 

σ’nmax = m τmax + l ,  (9) 

m and l are determined by a best-fit model to the peak shear stress-maximum pre-

shear stress data, which yields m = 2.808 and l = -3.091, with an excellent goodness of fit 

(R2 = 0.997).  

To define the trend of shear-induced pore pressure with maximum pre-shear stress 

(Figure 8A), we assume a linear relationship between shear-induced pore pressure and 

maximum pre-shear stress. 

σ’nmax = h Δus + k ,  (10) 
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h and k are determined by a best-fit model to the shear-induced pore pressure-

maximum pre-shear stress data. For samples from 11.75 mbsf, Equation 10 yields h = 

1.093 and k = 16.16, with an excellent goodness of fit (R2 = 0.997). For samples from 

13.28 mbsf, Equation 10 yields h = 1.035 and k = 17.57, with an excellent goodness of fit 

(R2 = 0.991). For resedimented samples, Equation 10 yields h = 1.134 and k = 10.32, 

with an excellent goodness of fit (R2 = 0.977).  

To define the trend of τmax/σ’nmax with maximum pre-shear stress (Figure 8B), we 

assume a power relationship between τmax/σ’nmax and maximum pre-shear stress. 

σ’nmax = r (τmax/σ’nmax)s ,  (11) 

r and s are determined by a best-fit model to the τmax/σ’nmax data. For samples 

from 11.75 mbsf, Equation 11 yields r = 1.908 and s = -3.12, with an excellent goodness 

of fit (R2 = 0.886). For samples from 13.28 mbsf, Equation 11 yields r = 0.051 and s = -

5.66, with an excellent goodness of fit (R2 = 0.955). For resedimented samples, Equation 

11 yields r = 0.02 and s = -6.96, however, the goodness of the fit is low (R2 = 0.626). For 

intact samples from different depths, Equation 11 yields r = 12.41 and s = -1.6, however, 

the goodness of the fit is low (R2 = 0.622).  

To investigate if the data of normal stress and shear stress (Figure 2A and 2B), 

shear-induced pore pressure and maximum pre-shear stress (Figure 8A), and τmax/σ’nmax 

and maximum pre-shear stress (Figure 8B) are statistically different or the same, we use 

student’s t distribution and a statistical analysis function of LINEST (MS Excel) to 

perform confidence intervals calculation. Since we performed more experiments on 

resedimented samples than on intact samples from each depth, 5 measurements vs. 3 
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measurements, we perform confidence interval calculation on the fit models for 

resedimented samples in order to yield more reliable estimates. 

The fit model to the total normal stress-shear stress for resedimented samples 

yielded by Mohr-Coulomb failure criterion is τ = 0.26σn + 3.2 (Figure 2A). 95% 

confidence interval on slope, tan φ is from 0.21 to 0.32; 95% confidence interval on 

intercept, c is from -8.2 to 14.5. For intact samples from 7.35 mbsf, the slope of fit model 

= 0.20 (Figure 2A), which is out of 95% confidence interval on slope (0.21-0.32), this 

indicates that the data in Figure 2A are distinctly separate. 

The fit model to the effective normal stress-shear stress for resedimented samples 

yielded by Mohr-Coulomb failure criterion is τ = 0.44σ’n + 3.6 (Figure 2B). 95% 

confidence interval on slope, tan φ’ is from 0.37 to 0.51; 95% confidence interval on 

intercept, c’ is from -5.2 to 12.4. For intact samples from 7.35 mbsf, the slope of fit 

model = 0.32 (Figure 2B); for intact samples from 13.28 mbsf, the slope of fit model = 

0.35 (Figure 2B), both of them are out of 95% confidence interval on slope (0.37-0.51), 

this indicates that the data in Figure 2B are distinctly separate. 

In Figure 8A, for resedimented samples, Equation 10 yields h = 1.134 and k = 

10.32. 95% confidence interval on h is from 0.819 to 1.450; 95% confidence interval on k 

is from -31.09 to 51.75. The h and k yielded by Equation 10 for samples from 11.75 mbsf 

and 13.28 are all in the 95% confidence intervals, this indicates that the data in Figure 8A 

are the same. 

In Figure 8B, for resedimented samples, Equation 11 yields r = 0.02 and s = -6.96. 

95% confidence interval on r is from -0.09 to 0.13; 95% confidence interval on s is from -
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16.86 to 2.92. The r yielded by Equation 11 for samples from 11.75 mbsf = 1.908, which 

is out of the 95% confidence intervals, this indicates that the data in Figure 8B are 

distinctly separate. 

5. Discussion 

For intact and resedimented samples, all measured strength parameters have low 

values: cohesion of 3.6-12.3 kPa, internal friction angle of 18˚-24˚, and peak shear 

stresses of 14-91 kPa. In addition, shear stress reaches the peak by γ <25% (Figure 4). 

This observation is consistent with other data of clay-rich sediments (Ikari et al., 2009, 

Meissl et al., 2010) and indicates low strength of shallow sediments in the Ursa Basin. 

Besides similar and low strength, intact and resedimented samples have similar 

trends of shear-induced pore pressure (Δus) and normalized undrained shear strength at 

peak shear stress (τmax/σ’nmax) with increasing effective vertical stress. 

The variation of τmax/σ’nmax with increasing effective vertical stress of intact 

samples (from 0.37 to 0.23, Figure 8B) is similar to that of resedimented samples (from 

0.32 to 0.25, Figure 8B). Since the intact and resedimented samples have similar porosity 

prior to shearing (Table 1) and similar range of maximum consolidation stress prior to 

shearing, 45-202 kPa for intact samples (Figure 8B) vs. 40-254 kPa for resedimented 

samples (Figure 8B). We interpret this similarity of variation of τmax/σ’nmax to be the 

result that intact and resedimented samples have similar at-shear conditions.  

We interpret two general trends in strength behavior from our experiments: the 

angle of internal friction and the peak shear stress increase with increasing burial depth 

(or equivalent hydrostatic vertical effective stress). This result is supported by other 
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studies on frictional properties of soil. Krantz (1991) shows that the angle of internal 

friction increases with increasing density which increases with increasing depth (or stress) 

for normal consolidation. The observation that shear stress increases as a function of 

increasing burial depth (or stress) is also consistent with other studies on shear strength of 

clay-rich sediment (e.g., Saffer et al., 2001; Ikari et al., 2007; Ikari and Kopf, 2011), 

which indicate that the shear strength increases with increasing consolidation stress. We 

interpret this behavior occurs because soil becomes denser with depth, and denser soils 

have increased contact area between particles, which increases frictional contact area. 

Cohesion results from interparticle attractions and can be thought of as adherence 

between particles (Mitchell and Soga, 2005). We interpret the decrease of cohesion with 

increasing depth as the result of increasing effective stress, which causes a decrease in the 

interparticle distance. This results in a net increase in interparticle repulsive forces. The 

increase in interparticle repulsion counteracts interparticle attraction and leads to the 

decrease of cohesion. The similar values of c and c’ result because each sample has a 

single void ratio for a given effective stress-normal stress pair due to constant volume 

maintained in shear. Our results and those of Ikari and Kopf (2011) demonstrate that 

cohesive strength in clay-rich sediment is dependent on effective vertical consolidation 

stress, although, in the study of Ikari and Kopf, the range of applied effective normal 

stress is 90-2000 kPa and in our study, the range of applied effective normal stress is 28-

202 kPa. 

DSS experiments on intact samples from 11.75 and 13.28 mbsf and resedimented 

samples show that shear-induced pore pressure (Δus) increases and normalized undrained 

shear strength at peak shear stress (τmax/σ’nmax) decreases with increasing effective 
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vertical stress. This indicates that stress level has a significant impact on pore pressure 

genesis and soil strength during shear. With increasing effective vertical stress, τmax 

increases but τmax/σ’nmax decreases. 

The trends of pore pressure genesis and soil strength during shear derived from 

DSS experiments give us insights of failure behavior in shallow sediments. Shallow 

sediments with high porosity possess high normalized undrained shear strength at peak 

shear stress. However, the decrease of τmax/σ’nmax with increasing effective vertical stress 

(or depth) shows that failure potential increases with burial depth. As τmax/σ’nmax 

decreases with increasing depth, the normalized shear strength at peak shear stress 

(τmax/σ’nmax) approaches the normalized gravitational driving stress (τg/σ’nmax), a failure 

may occur without other external stresses (Figure 13). Once failure occurs, pore pressure 

generated in the failure would reduce the effective stress and failures may grow in a long 

distance under a constant driving stress (Moscardelli et al., 2006; Sawyer et al., 2009). 

Therefore, the positive feedback of compaction on pore pressure genesis indicates that it 

may be easier to grow and continue a failure if it occurs in deeper sediments or that 

sediments may be more potential to fail after a certain burial depth which controls size 

and scale of failures. 

Our results also show the importance of cohesion as part of shear strength for 

resisting a submarine landslide in shallow sediments. With increasing burial depth, 

because internal friction angle does not vary much with depth (Figure 3B), the trend of 

τmax/σ’nmax can be related to c’/σ’nmax. 

τmax/σ’nmax = tan φ + c’/σ’nmax  ,  (12) 
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τmax/σ’nmax decreases with increasing burial depth (Figure 8B), and c’/σ’nmax also 

decreases with increasing burial depth. The decreasing trend of c’/σ’nmax indicates two 

aspects of cohesion. One is that compared to internal friction angle, cohesion is more 

sensitive to depth especially in shallow sediments when cohesion and effective stresses 

are low. The other one is that cohesion (c’) decreases with increasing depth (Figure 3A) 

but effective consolidation stress increases with increasing depth, therefore cohesion 

counteracts a larger portion of effective consolidation stress at the shallower burial depth. 

These results are consistent with other results (e.g., Ikari and Kopf, 2011) showing that 

cohesion plays a more important role than internal friction angle in soil strength of 

sediments at shallow burial depths. 

6. Conclusions 

Direct simple shear (DSS) experiments on mud samples from 4.3-13.4 meters 

below sea floor (mbsf) document that in the Ursa Basin of the northern Gulf of Mexico, 

the shallow sediments are weak: cohesion is 12.3-6.5 kPa; internal friction angle is 18°-

21°; and peak shear stress is 30-63 kPa. In those shallow sediments, consolidation 

increases frictional contact area between particles, which results in an increase in soil 

strength. Increasing effective stress decreases interparticle distance, which increases 

interparticle repulsive forces and leads to decreased cohesion. Compaction induces a 

positive feedback on pore pressure genesis. The specimens show shear-induced pore 

pressures of 29-180 kPa with increasing consolidation stress from 45 to 202 kPa. 

Therefore submarine landslide potential in shallow muds from the Ursa Basin is high due 

to low strength parameters and pore pressure genesis during shear. The normalized shear 

strength at peak shear stress decreases with increasing consolidation stress. This indicates 
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failure potential increases during burial at shallow depths. A failure mechanism could be 

described that with increasing depth, a failure may occur when the normalized shear 

strength decreases and approaches the normalized gravitational driving stress. And 

failures would continue and grow under a constant driving stress due to reduced effective 

stress caused by pore pressure generated in the failure. 

Resedimented and intact samples have similar soil strength and failure behavior. 

Therefore systematic studies on multiple, homogeneous resedimented samples can be 

performed to understand fundamental behavior of shallow marine sediments. The 

reproducibility of experiments on resedimented samples allows performing substantive 

experiments to gather vast array of data to study soil behavior. These results can be used 

as inputs and/or calibration data in slope failure and risk models to better 

constrain/predict failure conditions and potential. 
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Figures 

 

Figure 1: (A) Regional bathymetric map locating the study region (Ursa Basin) in 
the northern Gulf of Mexico. (B) Location of sites 2562 and 2567 in the Mississippi 
Canyon region. All contours are water depth (m). 
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Figure 2: (A) The Mohr-Coulomb failure criterion constructed by measuring shear 
stress at multiple total normal stresses to determine the angle of internal friction (φ) 
and the cohesion (c) for intact samples from different depths and resedimented 
samples. (B) The Mohr-Coulomb failure criterion constructed by measuring shear 
stress at multiple effective normal stresses to determine the angle of internal friction 
(φ’) and the cohesion (c’) for intact samples from different depths and resedimented 
samples. 
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Figure 3: Cohesion, c or c’ (A) and angle of internal friction, φ or φ’ (B) derived via 
total normal stress (σn) and effective normal stress (σ’n) as a function of sample 
depth (or equivalent hydrostatic effective stress) showing a downhole decrease in 
cohesion and a downhole increase in angle of internal friction. 
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Figure 4: Shear stress (τ) as a function of shear strain (γ) for intact samples 
consolidated to different maximum consolidation stresses. Numbers on curves are 
the pre-shear maximum consolidation stress. 
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Figure 5: Peak shear stress as a function of depth for intact samples showing a 
general increase in shear stress with increasing depth (or equivalent hydrostatic 
effective stress). 
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Figure 6: Shear stress (τ) as a function of shear strain (γ) for resedimented samples 
consolidated todifferent maximum consolidation stresses. Numbers on curves are 
the pre-shear maximum consolidation stress. 
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Figure 7: Peak shear stress as a function of maximum pre-shear consolidation stress 
for resedimented samples showing a general increase in shear stress with stress (or 
equivalent depth). 
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Figure 8: Shear-induced pore pressures (Δus) (A) and normalized shear strength at 
peak shear stress (τmax/σ’nmax) (B) as a function of maximum pre-shear stress for 
samples from 11.75 mbsf and 13.28 mbsf and for resedimented samples. 
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Figure 9: Porosity (n) before consolidation phase that starts the DSS test and at start 
of shear after consolidation as a function of maximum pre-shear stress (or 
equivalent depth) for (A) intact samples and (B) resedimented samples. 
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Figure 10: Porosity before consolidation of DSS test and at start of shear after 
consolidation (n) as a function of angle of internal friction (φ’) (A), cohesion (c’) (B) 
for intact samples and resedimented samples. 
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Figure 11: Porosity before consolidation of DSS test and at start of shear after 
consolidation (n) as a function of shear-induced pore pressures (Δus) for (A) intact 
samples and (B) resedimented samples. 
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Figure 12: Porosity before consolidation of DSS test and at start of shear after 
consolidation (n) as a function of normalized shear strength at peak shear stress 
(τmax/σ’nmax) for (A) intact samples and (B) resedimented samples. 
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Figure 13: Normalized gravitational driving stress (τg/σ’nmax) and normalized shear 
strength at peak shear stress(τmax/σ’nmax)as a function of maximum pre-shear stress 
(or equivalent depth). 
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Tables 

Table 1: Summary of experimental samples, test number, pre-shear consolidation 
test and porosity of experimental samples. 

intact	  
samples	   	   	   	   	   	  

Hole,	  core,	  
section	  

Depth	  
(mbsf)	  

Test	  
number	  

maximum	  
pre-‐shear	  

stress,	  σ’nmax	  
(kPa)	  

porosity	  
before	  
test,	  n	  

porosity	  at	  
start	  of	  
shear,	  n	  

MD02-‐2562	   4.35	   DSS001B	   66	   0.71	   0.71	  
MD02-‐2562	   7.35	   DSS006	   28	   0.75	   0.73	  
MD02-‐2562	   7.35	   DSS004	   56	   0.74	   0.66	  
MD02-‐2562	   7.35	   DSS005	   112	   0.74	   0.65	  
MD02-‐2562	   11.75	   DSS017	   45	   0.63	   0.6	  
MD02-‐2562	   11.75	   DSS015E	   89	   0.67	   0.57	  
MD02-‐2562	   11.75	   DSS016C	   179	   0.67	   0.63	  
MD02-‐2562	   13.28	   DSS010	   51	   0.64	   0.61	  
MD02-‐2562	   13.28	   DSS007	   101	   0.66	   0.57	  
MD02-‐2562	   13.28	   DSS009	   202	   0.62	   0.52	  

	   	   	   	   	   	  
resedimented	  

samples	   	   	   	   	   	  

Hole,	  core,	  
section	  

Depth	  
(mbsf)	  

Test	  
number	  

maximum	  
pre-‐shear	  

stress,	  σ’nmax	  
(kPa)	  

porosity	  
before	  
test,	  n	  

porosity	  at	  
start	  of	  
shear,	  n	  

N/A	   N/A	   DSS020B	   40	   0.7	   0.66	  
N/A	   N/A	   DSS023C	   83.5	   0.66	   0.64	  
N/A	   N/A	   DSS022	   127	   0.68	   0.62	  
N/A	   N/A	   DSS024B	   190.5	   0.65	   0.57	  
N/A	   N/A	   DSS021	   254	   0.68	   0.58	  

 


