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ABSTRACT: This paper presents a Discrete Element Modeling (DEM) study of the factors that affect the shear strength 
measurements obtained from Vane Shear Test (VST) and Torsional Interface Shear Test (TIST). The effect of shear vane geometry is 
evaluated in detail, including the effect of the number of blades as well as their length and surface roughness. The effect of the 
diameter and surface roughness of the friction sleeves utilized to measure the torsional interface shear strength is also evaluated. A 
comparison of the loading conditions induced by both tests indicates that the VST measurements are governed by passive resistance 
behavior, while the measurements from the TIST are influenced by passive resistance and interface shear behaviors. The results 
presented in this paper highlight the important effect that probe configuration has on the strength measurements, which should be 
taken into consideration for a robust interpretation of the results from field tests with torsional load application. 

RÉSUMÉ : Cet article présente une étude de Discrete Element Modeling (DEM) sur les facteurs qui influent les mesures de résistance au 
cisaillement obtenues à partir d’essais de Vane Shear Test (VST) et de Torsional Interface Shear Test (TIST). L'effet de la géométrie des 
pales de cisaillement est évalué en détail, y compris l'effet du nombre de lames ainsi que leur longueur et rugosité de surface. L'effet du 
diamètre et de la rugosité de surface des manchons de frottement utilisés pour mesurer la résistance au cisaillement de l'interface de 
torsion est également évalué. Une comparaison des conditions de charge induites par les deux tests indique que les mesures VST sont 
régies par un comportement de résistance passive, tandis que les mesures du TIST sont influencées par des comportements de résistance 
passive et de cisaillement d'interface. Les résultats présentés dans cet article soulignent les effets importants que la configuration de la 
sonde a sur les mesures de résistance. Ces effets doivent être pris en compte pour une interprétation rigoureuse des résultats d’essais sur le 
terrain avec application de charge de torsion. 
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1  INTRODUCTION 

1 .1  Vane Shear Test and Torsional Interface Shear Test 

The Vane Shear Test (VST) has become a standard 
geotechnical site characterization tool that is commonly utilized 
to measure the shear strength and sensitivity of fine-grained 
soils (ASTM 2573-15, Mayne, et al. 2001). The VST has 
traditionally been used to characterize the response soft soils, 
such as soft clays, because the vanes utilized are often bent 
during testing in stiffer soils (note: thin blades are used to 
minimize soil disturbance). In order to preserve the vane’s 
structural integrity, practitioners and researchers use vanes of 
smaller diameter as the torque required to mobilize the soil’s 
shear strength decreases with decreasing vane diameter. These 
torque measurements are used to calculate the soil’s shear 
strength, which is assumed to be independent of vane diameter. 

The Torsional Interface Shear Test (TIST), in conjunction 
with the Axial Interface Shear Test (AIST), have been recently 
developed by researchers in response to the lack and 
unreliability of in-situ interface shear measurements provided 
by conventional site characterization tools. The most widely 
used in-situ interface shear measurement is the friction sleeve 
(fs) reading of the Cone Penetration Test (CPT). However, the fs 
measurement is often considered a less reliable reading as a 
result of the sources of uncertainty associated with it, such as 
uncontrolled changes in surface roughness and its location in 
the highly stressed zone behind the CPT tip. On the other hand, 
the TIST and AIST use friction sleeves of varying roughness 
which allow for direct measurement of the relationship between 
interface strength and surface roughness, as well as the internal 
soil strength. The sleeve roughness is controlled by means of a 
non-clogging texturing pattern composed of individual 

protruding elements of varying height. The AIST and TIST 
measurements are recorded well-behind the tip of the 
penetrating probe, on the probe’s shaft where the stress 
conditions are considerably more stable (DeJong, 2001; Frost 
and DeJong, 2005). Recent experimental and numerical studies 
have highlighted the differences in AIST and TIST 
measurements, including the larger soil engagement and peak 
strength mobilization during TIST (Martinez, et al. 2015; 
Martinez and Frost, 2016). 

1 .2  Discrete Element Model for VST and TIST Simulations 

A 2D Discrete Element Model was built using PFC (Itasca, Inc) 
in order to investigate the effect of probe geometry and 
configuration on the shear strength measurements from VST 
and TIST. A description of the DEM formulation can be found 
in Cundall and Strack (1979), and detailed information 
regarding the calibration procedure and modeling parameters 
used herein can be found in Martinez (2015). In summary, the 
model consisted of a circular chamber of 150 mm in diameter 
that applied constant stress boundary conditions to a specimen 
inside it. The soil particles were composed of two-particle 
clumps with an aspect ratio of 1.5, diameters between 0.75 and 
1.05 mm, and a mean diameter of 0.90 mm. The chamber, vane 
and friction sleeve were generated first, and then the particles 
were placed between the chamber and probe by means of the 
radius expansion method, resulting in “wished in place” 
conditions. Unless otherwise noted, the chambers were densely 
filled with approximately 9000 particle clumps (2D void ratio 
of 0.14), all the simulations were performed under a confining 
pressure of 50 kPa, the vanes consisted of four blades, the 
texturing elements in the friction sleeves had a height of 1.00 
mm and the diameter of the probes was 40 mm. Figures 1a and 
1b present the VST and TIST models. The simulation 
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 parameters used consisted of: interparticle friction coefficient, 
μp-p = 0.45, particle normal and shear stiffness, Kn-p = Ks-p = 
1x107 N/m, wall friction coefficient, μw = 0.25, wall normal and 
shear stiffness, Kn-w = Ks-w = 1x108, and particle density = 2650 
kg/m2. 
 

 
Figure 1. DEM models for (a) VST and (b) TIST simulations. 

2  VANE SHEAR AND TORSIONAL INTERFACE SHEAR 
MEASUREMENTS 

The mechanical characterization of soil consists of applying 
some form of loading to it and measuring its response. In the 
case of the VST and TIST, the excitation consists of load being 
transferred from the probe to the soil which can essentially take 
the form of passive resistances if the loads induce 
predominantly compressive conditions within the soil, or 
interface friction if the load induces shear conditions within the 
soil. It is a well-established fact that the response of the soil is 
highly sensitive to the kind of excitation applied to it, with 
passive resistances often mobilizing larger strength but with 
interface friction being mobilized at a faster rate (i.e. stiffer 
response). Consequentially, the kind of loading conditions 
imposed to the soil during its characterization will greatly 
influence its response. Figure 2a and 2b present maps of the 
induced normal stress conditions within the soil during VST 
and TIST simulations. It can be clearly observed that during 
VST the soil ahead of each blade is compressed in passive 
conditions. In contrast, the soil surrounding the friction sleeve 
during TIST is more uniformly loaded, and the induced loading 
conditions consist of a combination of passive resistances and 
interface friction. A detailed description of these loading 
conditions is presented in Martinez, 2015). 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Normal stress maps for (a) VST and (b) TIST simulations. 

 
3  INFLUENCE OF PROBE DIAMETER ON STRENGTH 
MEASUREMENTS 

3 .1  VST Simulations 

A series of simulations were performed in order to study the 
influence of vane diameter on the shear strength measurements 
of VST. Vane diameter is equal to the width of two blades 
oriented at 180°. Diameters of 40, 30, 20 and 10 mm were 

tested, which resulted in chamber diameter to vane diameter 
ratios of 3.75, 5.0, 7.5 and 15.0, respectively. It is believed that 
no boundary effects influenced the results since the highly 
stressed zone did not reach the chamber boundary during the 
simulation with the smallest chamber to vane diameter ratio 
(Figure 2a). The torques measured were used to compute the 
mobilized soil shear strength using the following equation: 
 
         (1) 

 
 
where τ is the soil shear strength in kPa, T is the measured 
torque in kN-m, and D is the diameter of the vane in m. Figure 
3a presents the shear strength – angular displacement 
measurements for the simulations. The smallest vane mobilized 
the largest strength, with a peak value of about 90 kPa, followed 
by those diameters of 20, 30 and 40 mm, respectively.  

 

 
Figure 3. (a) Shear strength–angular displacement curves, and (b) 
strength measurements from VST simulations with varying diameter. 
 

The mobilized peak and residual strengths decreased 
rapidly with increasing vane diameter, reaching stable values 
between diameters of 30 and 40 mm, as shown in Figure 3b. An 
additional set of simulations was performed on loose specimens 
(2D void ratio 0.22) in order to verify the observed trend. The 
results (open symbols) follow a similar trend; however, the 
decrease in strength with increasing vane diameter is smaller 
than that for the simulations on dense specimens. 

3 .2  TIST Simulations 

A series of TIST simulations were performed in the same 
manner as described for the VST simulations. The shear stress – 
angular displacement curves presented in Figure 4a also 
indicate that the simulation performed with the friction sleeve 
of smallest diameter (i.e. D = 10 mm) mobilized the largest 
strength. The TIST curves indicate a stiffer initial response as 
compared to the VST curves, which was expected because 
TIST induces loading conditions that consist in part of interface 
friction. The shear strength as a function of probe diameter 
follow the same trend as the VST results, with a sharp decrease 
in strength between the simulations with vane diameters of 10 
and 20 mm, and stable values between the simulations with 
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  diameters of 30 and 40 mm (Figure 4b). An additional set of 
TIST simulations was performed with smooth friction sleeves 
(i.e. without texturing elements) in order to further investigate 
the observed trend. As shown, the strength measurements from 
the simulations with smooth sleeves were independent of probe 
diameter, which implies that the dependency on diameter is 
linked to the passive resistances mobilized testing. 
 

 
Figure 4. (a) Shear strength–angular displacement curves, and (b) 
strength measurements from TIST simulations with varying diameter. 

3 .3  Soil Arching 

The influence of probe diameter on the magnitude of the shear 
strength measurements can be explained on the basis of arching 
within the soil mass surrounding the probes. As presented by 
authors such as Vesic (1972) and Johnston, et al. (1987), the far-
field stiffness of the soil mass surrounding a cylindrical object 
depends on the soil’s shear stiffness and the reciprocal of the 
diameter of the object, as follows: 
 

(2) 
  

 
Consequentially, the soil mass becomes stiffer as the probe 

diameter decreases, meaning that for small probes arching can 
have an important effect on the local state of stresses while for 
large probes arching becomes negligible. Considering the larger 
stiffness of the soil mass surrounding the small probes, it can be 
deduced that that local stress in the soil around a small probe 
would increase if the soil dilates and decrease if the soil 
contracts. The observed trends (i.e. increasing shear strength 
measurement with decreasing probe diameter) were stronger for 
the simulations in dense specimens, which agrees with their 
largest dilative response. 

4  INFLUENCE OF BLADE NUMBER AND TEXTURE 
ELEMENT HEIGHT ON STRENGTH MEASUREMENTS 

4 .1  Effect of blade number on VST measurements 

The conventional vanes used in site characterization practice 
are composed of four blades which are assumed to induce a 

circular failure (cylindrical in 3D) within the soil. However, 
studies by Gylland, et al (2013) on sensitive clays have shown 
that the induced failure plane does not have a circular shape but 
rather a rounded quadratic shape with the largest curvatures at 
locations close to the blades. Consequentially, the number of 
blades affects the shape of the failure plane, with larger number 
of blades inducing failure planes with shapes closer to a circle. 
In order to study the influence of the number of blades on the 
strength measurements, VST simulations were performed with 
vanes with 2, 4 and 8 blades.  

The number of blades did not have a clear influence on the 
magnitude of the measurements, as shown in Figure 5a, with 
the mobilized peak and residual strengths remaining relatively 
constant with varying number of blades. On the other hand, the 
shape of the failure plane was sensitive to the number of blades, 
as indicated by the particle displacement vector maps shown 
next to the corresponding data points in the figure. The failure 
plane induced by the two-bladed vane took an elliptical shape 
with its long axis parallel to the direction of the blades, while 
the eight-bladed vane induced a near circular failure. However, 
the perimeter of the failure plane did not significantly change 
with the number of blades.  

 

 
Figure 5. Strength measurements from (a) VST as a function of number 
of blades (and images of failure planes), and from (b) TIST as a 
function of texture element height. 

4.2  Effect of texturing element height on TIST measurements 

As described previously, during TIST the loads are transferred 
in interface friction as well as passive resistance to the soil. As 
show by Frost and DeJong (2005), the magnitude of the 
interface friction as well as the passive resistances mobilized 
during testing depends on the height of the texturing elements. 
In order to further study this, a set of simulations was 
performed with texture element heights of 0.00, 0.25, 0.50 and 
1.00 mm. The mobilized shear strength sharply increased from 
the simulations with a texture element height of 0.00 to 0.25 
mm, as show in Figure 5b. Further increases in element height 
result in modest increases in mobilized strength. The fact that 
the relationship between texture element height and mobilized 
strength is bilinear but it does not reach a plateau, as described 
by Uesugi and Kishida (1986), highlights the fact that the 
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 induced loading conditions are a combination of interface 
friction and passive resistances.  

5  INFLUENCE OF PROBE-SOIL FRICTION 
COEFFICIENT ON STRENGTH MEASUREMENTS 

The surface roughness of the probes used for soil 
characterization has been shown to have a significant influence 
on the measurements provided by tools such as the CPT and the 
SPT. A series of simulations was performed where the influence 
of the probe surface roughness was studied by means of 
variations in the probe-soil friction coefficient (i.e. wall friction 
coefficient, μw). μw values of 0.05, 025 and 0.45 were used for 
these simulations. As indicated in Figure 6a, increasing the 
value of μw from 0.05 to 0.45 had a negligible effect in the 
response measured during VST. In contrast, an increase of μw 
from 0.05 to 0.45 resulted in a 42% increase in the measured 
strength during TIST (Figure 6b). The observed trends agree 
with the fact that VST induces passive resistances which 
depend on the probe-soil bearing area but are not influenced by 
the surface roughness of the probe. On the other hand, the TIST 
measurements are readily influenced by changes in probe-soil 
bearing area, as shown in Figure 5b, and changes in probe 
surface roughness, as indicated in this section. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

       

Figure 6. Strength measurements as a function of probe-soil friction 
coefficient from (a) VST and (b) TIST simulations. 

6  CONCLUSIONS 

The following conclusions regarding the influence of probe 
geometry and configuration are drawn from the DEM 
simulations presented herein: 

Induced loading conditions: during VST the soil ahead of 
each blade is compressed in passive conditions, while during 
TIST the soil surrounding the friction sleeve is loaded in a 
combination of interface friction and passive conditions. 

Probe diameter: the shear strength measurements from VST 
and TIST increases as the probe diameter decreases as a result 
of the increase in far-field stiffness of the soil mass surrounding 

the probes with decreasing probe diameter.   
Number of blades in VST: the induced failure plane changes 

from near circular to elliptical as the number of vane blades 
decreases from 8 to 2. However, the strength measurements 
were not sensitive to the number of blades.  

Height of texture elements in TIST: an increase in the height 
of the texture elements resulted in an increase in the interface 
friction and passive resistances transferred to the soil, which led 
to larger strength measurements.  

Probe-soil friction coefficient: changes in the magnitude of 
the probe-soil friction coefficient, used as a proxy for the probe 
surface roughness, had a significant effect on the strength 
measurements from TIST, but had no influence on those from 
VST. 

Implications on site characterization practice: The results 
presented in this study indicate that the diameter of the probe 
has an important influence on the soil shear strength 
measurements; this is important as probes of small diameter are 
used to characterize soft and stiff soils (to gain resolution and to 
preserve the probe’s structural integrity, respectively). 
Furthermore, it is important to monitor the surface roughness of 
the friction sleeves used for TIST as it has an important effect 
on the strength measurements.  
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