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Abstract. Many types of geotechnical systems rely on the transfer of load across 

soil-structure interfaces, including deep foundations, earth retaining structures, 

landfills, and seabed pipelines. The loading applied to these interfaces can induce 

soil deformations at widely different strain rates which can control their strength. 

This paper describes the results from a laboratory study on the interface shear 

behavior of clay-structure interfaces at varying deformation/shear rates. The results 

of shear box tests on kaolinite specimens sheared against surfaces of varying 

roughness indicate that as the shear rate is increased the drainage conditions at the 

interface change from drained to partially drained to undrained. This change in 

drainage conditions, from drained to undrained, results in a decrease in shear 

strength on normally-consolidated clay specimens due to generation of excess pore 

pressures. On the other hand, shearing at faster rates results in an increase in shear 

strength in over-consolidated specimens due to generation of negative pore 

pressures. Particle Image Velocimetry (PIV) analyses indicate that soil deformations 

at the meso-scale decrease as the shearing rate is increased. The results presented 

herein highlight the role of surface roughness on the mobilization of interface 

strength, and provides new evidence that surface roughness can alter the drainage 

conditions mobilized at the interface. 
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1. Introduction 

The strength and deformation behavior of soil-structure interfaces is of great importance 

for the capacity and safety of many geotechnical structures, such as deep foundations, 

earth retaining structures, landfills, seabed pipelines, and tunnels. During the past three 

decades, significant advances have been made regarding the interface shear behavior of 

sand-structure interfaces by authors such as [1-6]. This research has explored the effect 

of surface roughness and hardness, particle size, gradation, angularity, and soil state. 

Interfaces with fine-grained soils have received less attention, with the effects of shear 

rate on the strength and deformation behavior receiving attention in recent years.  

Important work by [7-9] focused on the influence of surface roughness on the 

interface shear behavior of fine-grained soil. Other studies by [10-13] have highlighted 

the influence at viscosity effects on the strength behavior on soil-on-soil tests. Studies 

by [14-16] have shown that the drainage conditions at the interface transition from 
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drained to partially drained to undrained as the shearing rate is increased, leading to 

accumulation of excess pore pressures. The shearing rate at which drainage conditions 

change depends on clay mineralogy, plasticity, coefficient of consolidation, stress level, 

and stress history [17-19]. The study described herein focuses on aspects of clay interface 

shear behavior that have received less attention, including the coupled effects of shear 

rate, stress history, and surface roughness on the strength and deformation behavior at 

the element- and meso-scales. 

2. Materials and methods 

2.1. Tested soil and surfaces 

All specimens consisted of kaolin clay from Amberger Kaolin Werke (Germany). The 

kaolin has 52% particles smaller than 2 µm, its liquid limit is 59.8%, its compression and 

swelling indices are 0.31 and 0.14, respectively, and its coefficient of consolidation for 

normally-consolidated (NC) specimens is 0.007 cm/s2. Other properties are included in 

Table 1. All specimens were prepared by thoroughly mixing dry kaolin with deionized 

water to a water content equivalent to 1.2 times the liquid limit. As described in [20], the 

slurry was initially consolidated in large consolidation molds to a stress equivalent to 

70% of the final target consolidation stress. Then, the specimens were extruded, trimmed 

to a cross section area of 100 mm by 64 mm, and speckles were added to one side to 

enhance its color texture for Particle Image Velocimetry (PIV) analysis. The samples 

were then transferred to the shear box where they were consolidated to the target stress 

level.  

 

Table 1. Kaolin clay properties. 

Particle Aspect Ratioa 28:1 

Particle Specific Gravity (g/cm3) 2.66

Liquid Limit, LL (%) 59.8

Plastic Limit, PL (%) 33.9

Plasticity Index (%) 25.9

% of particles by mass smaller than 2 μmb 52

Compression Index, CC 0.31

Swelling Index, CS 0.14 

Coefficient of Consolidation, CV (cm2/s)c 0.01
aReported by manufacturer, bfrom Hydrometer test, cFor normally-consolidated specimens

 

Interface shear tests were performed against two different surfaces: one consisting 

of a steel plate with epoxied sand, with an average roughness (Ra) of 99.47 µm (referred 

to as the rough surface), and the second one consisting of a sandblasted steel plate with 

Ra of 0.94 µm (referred to as the medium rough surface), as described in [20]. Profiles 

of both surfaces, obtained with a Keyence VR-3100 white light scanner (Japan), are 

presented in Figures 1a and 1b. As shown, the Ra magnitude for the rough surface is 

roughly 100 times larger than that for the medium rough surface.  
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Figure 1. Surface profile of (a) rough and (b) medium rough surfaces (note different y-axis), and (c) interface 

shear box testing device. 

2.2. Interface shear tests 

The interface shear testing device consists of a direct shear device adapted with a plate 

on which the testing surface is mounted, as shown in Figure 1c. The soil specimen is 

placed on top of the testing surface, and normal load is applied to it by an actuator. A 

horizontal actuator displaces the testing surface to create relative displacement between 

the surface and the soil specimen. Load cells and linear potentiometers attached in series 

with the vertical and horizontal actuators measure the normal and shear loads and 

displacements. The friction between the box and the surface was measured as 1.5 kPa, 

which was subtracted from all measured shear stresses. All specimens tested as part of 

this study were either NC or over-consolidated (OC, OCR = 5). The applied normal stress, 

�n, was either 75 or 150 kPa. The testing shear rate was between 0.006 and 4 mm/min.  

Further details on the testing procedure are provided in [20]. 

One of the side walls of the shear box consists of a glass window that allowed for 

imaging of the specimens throughout testing. Images were taken with an SLR Nikon 

D3100 camera (14.2 megapixels) with a 35 mm focal length lens. Images were acquired 

at every 0.05 mm of displacement of the testing surface. The GeoPIV-RG open source 

software [21,22] was used to perform PIV analyses. All analyses were performed with 

subset sizes between 45 and 70 pixels and a zero-normalized cross-correlation coefficient 

threshold of 0.85. The horizontal soil displacements reported correspond to averages 

obtained from the central third portion of the specimen. Further details regarding PIV 

analysis procedures are provided in [20].  

3. Results and discussion 

3.1. Normally-consolidated clay 

The results of six tests against the rough surface and five tests against the medium rough 

surface indicate that the mobilized shear stresses and the associated contractive vertical 
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displacements decreased as the testing shear rate was increased. Figures 2a and 2b show 

the results of tests against the rough surface while Figures 2c and 2d show the results of 

tests against the medium rough surface. The tests performed at shear rates of 0.006, 0.02, 

and 0.06 mm/min mobilized a peak shear stress followed by strain softening, while the 

tests performed at shear rates of 0.2 mm/sec and faster exhibited a hardening response. 

The contractive vertical displacements exhibited by specimens sheared at a rate of 1 and 

4 mm/min were as small as 0.1 mm, in contrast to the vertical displacements of up to 0.7 

mm exhibited by the specimen sheared at 0.02 mm/min against the rough surface.  

 

Figure 2. Shear stress – horizontal displacement and vertical displacement – horizontal displacement curves 

for tests on NC specimens against (a) and (b) rough and (c) and (d) medium rough surfaces (�n = 75 kPa). 

 

The mobilized drainage conditions at the interface progressively shifted from 

drained to undrained as the shear rate was increased, in agreement with results from 

[14,16]. The change in drainage conditions is highlighted by the decrease in mobilized 

shear resistances due to generation of excess pore pressures, and by the decrease in 

induced vertical displacement due to the mobilized near constant volume conditions. 

Failure envelopes with power law functions were constructed for the interfaces with 

rough and medium rough surfaces from results of tests at slow shear rates (0.02 mm/min), 

as shown in Figures 3a and 3b, respectively. Additional tests at the same stress level but 

at faster shear rates indicate that the stress paths, inferred using the Boukpeti and White 

[16] framework, converge to the failure envelopes, providing evidence of the 

accumulation of excess pore pressures.  

3.2. Over-consolidated clay 

The tests on OC specimens sheared against rough and medium rough surfaces indicate 

an increase in mobilized shear resistances and a decrease in volumetric changes as the 

shear rate was increased, as shown in Figures 4a through 4d. Both the shear stress and 

the volumetric changes indicate a dilative response characterized by strain softening 

behavior and an increase in specimen volume. The dilative behavior of the specimens 
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led to generation of negative excess pore pressures that result in an increase in the 

effective stress at the interface, as shown in the inferred stress paths are shown in Figures 

3a and 3b. 

 

Figure 3. Residual failure envelopes and inferred undrained stress paths for tests on NC and OC specimens 

against (a) rough and (b) medium rough surfaces. 

 

Figure 4. Shear stress – horizontal displacement and vertical displacement – horizontal displacement curves 

for tests on OC specimens against (a) and (b) rough and (c) and (d) medium rough surfaces (�n = 75 kPa). 

3.3. Effect of shear rate on interface shear strength  

The rate at which the specimens were deformed controlled the drainage conditions and 

associated accumulation of excess pore pressures. The NC specimens generated positive 

excess pore pressures that resulted in a decrease in the mobilized peak and residual shear 

resistances, as shown in Figures 5a and 5b in terms of the stress ratio (τ/σn). As shown, 

a larger interface strength was mobilized by the rough surface at any given shear rate (i.e. 

shear velocity). The results indicate a coupled effect between surface roughness and 

shear rate since the rate at which the drainage conditions transitioned from drained to 

partially drained and from partially drained to undrained are different for tests against 

the rough and medium rough surfaces. For instance, the conditions transitioned from 
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drained to partially drained at rates faster than 0.06 mm/min for tests against the rough 

surface, and at rates larger than 0.006 mm/min for tests against the medium rough surface. 

Similarly, the conditions transitioned to undrained conditions at shear rates faster than 4 

mm/min for tests against the rough surface and at rates faster than 1 mm/min for tests 

against the medium rough surface. The results from tests on OC specimens indicate an 

increase in strength with shear rate, and a similar coupled effect between shear rate and 

surface roughness, as shown in Figures 5c and 5d.   

 

Figure 5. Peak and residual stress ratio as a function of shear velocity for (a) NC and (b) OC specimens.  

3.4. Effect of shear rate on meso-scale soil deformations  

PIV analysis of the images obtained during tests on NC specimens indicate that shearing 

against the rough surface led to larger soil horizontal deformations that were developed 

over a larger zone, as shown in Figures 6a and 6b. While the deformations against the 

medium rough surface localized in a zone smaller than 1 mm from the interface, the 

corresponding deformations for the test against the rough surface are not as clearly 

localized. An increase in shear rate resulted in a significant decrease in soil deformations 

for tests against both rough and medium rough surfaces. This is shown in the soil 

deformations in the tests performed at 1.0 mm/min that are significantly smaller than 

those in the tests at 0.02 mm/min (Figures 6c and 6d). The effect of shearing velocity 

indicates a transition in failure mode from intense shearing within a well-developed shear 

zone during slow, drained tests to primarily sliding between the soil specimen and the 

surface during fast, undrained tests. The internal soil deformation measurements 

presented herein highlight the more intense soil shearing induced by rougher surfaces as 

well as the undrained shearing mechanisms present in tests performed shear rates larger 

than or equal to 1 mm/min. The latter point is due to undrained shearing enforcing near 

constant volume conditions that limit the soil deformations and result in a sliding 

interface failure.  
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Figure 6. Soil horizontal displacements from tests at 0.02 mm/min against (a) rough and (b) medium rough 

surfaces, and from tests at 1.0 mm/min against (c) rough and (d) medium rough surfaces.  

4. Conclusions 

This paper presents the results of shear box interface shear tests performed on normally- 

and over-consolidated specimens against surfaces of varying roughness and performed 

at different shear rates. The tests were complemented with PIV analysis to reveal the 

effect of surface roughness and shear rate on the internal meso-scale soil deformation 

mechanisms. The laboratory tests indicate that the drainage conditions at the interface 

transitioned from drained to partially drained to undrained as the shear rate was increased. 

For NC specimens, the mobilized shear resistances decreased with increasing shear rate 

due to generation of positive excess pore pressures. On the other hand, the mobilized 

shear resistance for OC specimens increased as the shear rate was increased due to 

generation of negative pore pressures. The shear resistance-shear rate relationships 

provided herein indicate a coupled effect with surface roughness, were shearing against 

rougher surfaces favored mobilization of drained conditions. 

Soil deformations, at the element- and meso-scales, decreased as shear rate was 

increased. Measurements of soil vertical displacements indicate near constant volume 

conditions mobilized during tests at a shear rate larger than or equal to 1 mm/min. The 

NC tests exhibited an overall contractive response while the OC specimens dilated. The 

horizontal soil displacements obtained from PIV analysis indicate that more intense soil 

shearing was induced by the rougher surface. In addition, the results highlight the effect 

of shear rate on the mobilized drainage conditions, where the specimens sheared at fast 

rates (1 mm/min) underwent considerably smaller deformations than the specimens 

sheared at slow rates (0.02 mm/min).  
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