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Abstract. The field vane test is probably the most used i@bps for evaluation of undrained shear
strength of clay deposits. Although being desighedlow permeability soils, its application in
intermediate permeability materials can also bedion geotechnical investigation practice. Sinee th
standard rate of shearing may not ensure undraioeditions in those cases, attention must be jpaid t
partial drainage effects in the soil surrounding ttane, leading to an increase in the soil resistan
and an erroneous estimation of the undrained dtrefidpis paper aims to investigate the drainage
effects by means of a nonlinear poroelastic mattmiceived to capture the transient flow effects in
the medium surrounding a rotating cylinder, whiel be viewed as a simplified conceptual model for
the vane geometry. The model relies on a nonlipeeselastic stress-strain analysis addressed by the
Biot's poroelasticity framework, where closed-foempressions for pore pressure distribution were
derived while stress and displacements are computatkrically through a finite difference scheme.
The nonlinear poroelastic model is briefly presdraad validated through experimental results in low
permeability soils. A parametrical analysis is tltmamducted to evaluate the response of theoretical
materials varying strength, stiffness and influeramgius size. Finally, the numerical model is agypli

to the interpretation of experimental data in zmiaing tailings, viewed as intermediate permeapilit
materials. It has been shown that the proposedefastic model is a good tool in evaluating the
drainage effects in vane tests, allowing for thenidfication of test patterns that ensures therddsi
drainage behavior.

Keywords: Field vane test, Porous medium, Nonlinear portielgas Rate effects, Transient flow.
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On the Poromechanical Modelling and Interpretatafir-ield Vane Test

1 Introduction

In geotechnical investigation practice, the fiekthg test has been the most commonly used tool
for in-situ evaluation of the undrained shear siterS, of clays, mainly as a result of its simplicity,
low cost and fast execution (Flaate [1]; Chand®r IRoy and Leblanc [3]). Even though it can also b
applied to coarser grained materials, attentiontrbaspaid to the possibility of drainage in thel soi
surrounding the vane, which is likely to occur fanisient soils (intermediate permeability ranging
from 10° <k < 10° m/s) such as silts. This phenomenon leads toaaase in the effective stresses
around the vane and thus an increase in the sedrgdtrength, inducing an overestimated undrained
resistance by the classical interpretation of dsé t

The literature demonstrates that the standard ofateane rotation (0.1 deg/s), which ensures
undrained conditions of shearing in low permeapititaterials, may not be applicable to estimate the
undrained resistance of silts (Bedin [4]; Schn&} (Gauer [6]; Hlenka [7]; Dienstmann [8]; Gauer
[9]; Fayolle [10]). One particular application iBet interpretation of field vane tests conducted in
mining tailings that, due to its hydraulic dispogabcess, often produces silt-particle materials.
Therefore, changing the rate of vane rotation tatrob the drainage conditions developed during the
test may be a key element to obtain reliable ctutstt parameters in undrained conditions of these
soils.

To capture these transient flow effects, a singdifmodel for the poromechanical analysis of the
consolidation induced by an infinitely long rigig/lioder rotating within a porous medium was
formulated by Dienstmann et al. [11], with the digiylinder being a conceptual simplified geometry
of the vane test. The model relies on the Biot'soplasticity framework, contemplating a nonlinear
poroelastic stress-strain analysis of porous mexibjected to shear and compressive stresses,
allowing for the analysis of the coupled deformattbffusion process.

In order to assess the drainage effects, drainagees are extensively used to represent the
drainage degre& * as a function of a non-dimensional velocity (Btigh2]; Randolph and Hope
[13]). This approach was initially adopted by Blighhi2] in order to establish limits of velocity tha
ensures completely undrained conditions of sheanisgty soils and mining wastes.

The present work aims to evaluate how the draigagéitions of intermediate permeability soils
are affected by different rates of rotation via #imve-mentioned model. Firstly, the poromechanical
model is validated for application to vane sheat @nalysis through experimental data in low
permeability soils (clayey-grained) subjected tifedént rates of shearing. On a subsequent stage, a
parametrical analysis is performed to evaluateptm®mechanical response of theoretical materials
varying internal friction angles, initial stiffnesand radius of influence. Finally, the model petidns
are attained for field vane tests carried out @ing mining tailing dam, which demonstrates that th
standard velocity is not suitable to reach undiioenditions in intermediate permeability material,
and allows for the identification of test pattethat ensures the desired drainage behavior.

2 Framework of analysis

The study is based upon the simplified pacmanical model conceived by Dienstmann et al.
[11] and adopted for the analysis of consolidatimuced by the rotation of a rigid cylinder embedide
within an isotropic poroelastic medium of infiniégtent. The analysis is based on the assumption of
plane strain conditions, restricting the displacetmeand flow to a two-dimensional setting. The
consolidation problem starts from an initial poraimanical state where a prescribed rotational
displacementr (t) Reg is imposed at the cylinder wall= R, whereR is the cylinder radius. Due to

the consolidation, the soil around the cylindeslibjected to a combination of radial and rotational
displacementsd. and¢,, respectively), as can be seen by Figure 1.
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Figure 1. Geometry model and loading mode for cliaestoon
around an infinite rotating cylinder.

The soil surrounding the cylinder is modeled aslly Saturated poroelastic material undergoing
infinitesimal strains, where the interface soilligylinder is assumed to have perfect bondingllat a
stages. On a macroscopic scale, the porous mediuthei superimposition of two continua: the
skeleton continuum (matrix) and the fluid continywga that any infinitesimal volume can be treated
as the superimposition of two material particlebe Tlassical soil mechanics sign convention with
compressive stresses and strains counted as posithbe adopted throughout the paper.

2.1 Nonlinear poroelastic state equations

The resolution of a problem in poroelasticity isnigar to conventional elasticity, yet, the
interaction between the solid matrix and the ptwig fshould be taken into account. The poroelastic
state equations for a saturated isotropic materéal be expressed within the framework of
infinitesimal strain as (Coussy [14]; Dormieux Et[&5]):

Ag =Atrel+2Ge-DbApl 1)
1
Ad = -btr g +=-Ap )

whered andG are the Lamé constants for the skeleton phasée Wwhand M denotes the Biot
coefficient and Biot modulus, respectively. Thesffirstate equation relates the stress change

Ag =g - g, to the skeleton infinitesimal strait and the pore-fluid pressure chanjp= p- py,

while the second state equation relates the lagrangorosity changeA® =®-®  to the
volumetric strains and the pore-fluid pressure geafhe Biot parameters are related to the skeleton
bulk modulusK and the solid grain bulk modulus, through:

b:1—£ : i:b__q) (3)
K M K

S S

According to the approach contrived by Dienstmanal e[11], the analysis is controlled by the
nonlinear behavior of the porous medium surroundigrotating cylinder. The idea of this feature is
to model a fictitious nonlinear poroelastic behatlat asymptotically meets the plastic yield ciite
of the material. This condition is formulated asiaction of Terzaghi effective stress by:
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lim F(o’ g- pl) (4)

EqlErep »®

whereg, is the equivalent deviatoric stress afyg is a reference strain whose magnitude may

be evaluated from the elastic limit shear stramall the analysis presented through the paper, a
Drucker-Prager yield condition is adopted for tlsyraptotical behavior described by Eq. (4). This
yield criterion may be expressed by:

F(g’):ad—T(h+a;n)sO (5)

where g, and o, denotes the equivalent deviatoric stress and thanneffective stress,
respectively, whileh and T are material parameters that refer to the materiattion coefficient
and tensile strength following the Drucker-Pragétredon. Throughout the paper, these parameters
will be computed from the inscribed Mohr-Coulomielgi surface with reference to the Drucker-
Prager cone.

Following the condition expressed by Eq. (4) oney w@ achieve the desired behavior is to
consider in the poroelastic medium a nonlinear rdeshear modulus that evolves with the strain
levels, while the bulk modulu¥K is held constant (Lemarchand et al. [16]; Maghetsl. [17];
Dienstmann et al. [11]). The asymptotic behaviorsiecant shear modulus could then be expressed as:

ref

G(g,. ., p)zi[m Ke, +05,~(1- b Ap] wherg, £ > (6)
d

whereg, =tr £ represents the skeleton volumetric strain arig] = tr g, /3 is the mean initial

effective stress. In order to satisfy equation (6g approach proposed by Maghous et al. [17] is
adopted in the context of poroelasticity through filllowing law for the secant shear modulus:

1/&,, @

G(&,.6,,P) —[h+ Ke, +0,,~(1- b)Ap]x Tve e,

This nonlinear asymptotic behavior adoptefressented in Figure 2, remarking thaf = 2G¢, .

It should be noted that both the Biot coefficidmt and Biot modulusM are constant material
parameters since the skeleton bulk modulus is aduconstant during the shear process. The
fictitious poroelastic behavior presented involaesecant shear modulus that depends on the skeleton
strains and pore-fluid pressure. However, it shduglgpointed out that this shear modulus is refgrrin

to a fictitious constitutive parameter, and noaitmaterial property, which stems from a mathemhtica
equivalence between elastoplastic and related ineafl elastic response.
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Figure 2. Schematic representation of the nonlie&sstic behavior associated with the Drucker-
Prager yield criterion

2.2 Governing equationsfor the consolidation problem

Accordingly to the continuum mechanics, the solutivat describes the stress field and the pore-
fluid pressure generated during the cylinder rotathas to obey the local equilibrium equation,
expressed as:

divAg =0 (8)

The solution is then investigated through a diggaent approach, where the displacement field
induced by the cylinder rotation can be stated @abination of radial functions:

s=1(r)e +g(nsg (9)

where ¢ is the displacement vector and the radial funstioh(r) and g(r) represents,

respectively, the rotational displacements dugylimder rotation and the radial displacements irgdlic
by the pore-fluid pressure diffusion in the soilsmaThe mechanical boundary conditions completing
the displacement field are expressed as:

¢{=aRg atr=R0Ot (10)

=0 ar =a [t (12)
The first condition implies that a rotation angleis imposed at the cylinder walf & R), while
the second condition indicates that the displacénmeluced by the movement of the rigid cylinder is
null at a distanceg =a > R. The latter condition establishes the concept bbree of influence, that
is, a radial distance in which the displacements and of skeleton pagics well as pore-fluid
pressure change of the medium is no longer affebtedhe cylinder inclusion and rotation. The
hydraulic boundary conditions of the problem aedest as:

u=u,, and ou_ 0 atr=R (12)
or
u=0 and%: ar=a (23)

Equation (12) declares that, at the interface ragidf cylinder, the excess pore pressure presents
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its maximum value and its gradient is null, matheca#ly declaring the impermeability of the rigid
cylinder. Whereas, Eq. (13) expresses that atibdeoéthe influence zone, the excess pore pressure
null and no fluid flow occurs beyond this limit.

Combining the fluid mass balance, Darcy’s law drelgecond poroelastic state equation (Eq. (2)
), is possible to derive the following expression:

otre
£, 1Oy
ot M ot

where K is the hydraulic conductivity of the porous medjunis the pore-fluid pressurd, is
the time and® is the Laplacian operator. Combining Egs. (8) &hpis possible to obtain an
expression derived from the Navier generalized gguéDienstmann et al. [11]):

(14)

4 1
{K +§G}D (trg) +G rot(roti") + 220G [éé_é trgzlj =-b(Ap) (15)

Contrasting with the usual formulations deped in linear poroelasticity, the pore-fluid
distribution is connected to the volumetric strafis=tr £ as well as the deviatoric strain. This aspect

stems from the shear modulus dependence law véfeoe tog .

The coupled poromechanical problem concerning tmsalidation induced by cylinder rotation
is defined through Egs. (8) and (15), together withmechanical and hydraulic boundary conditions.
In order to solve the model presented herein, a-tmremental procedure has been developed for
Dienstmann et al. [11], where a specific iteratalgorithm based on a finite difference scheme is
implemented within each time step, allowing theeasment of semi-analytical solutions for stress,
displacement, and pore-fluid pressure.

2.3 Distribution of initial excess pore-fluid pressure

One of the fundamental inputs of the modethie value and distribution of initial excess pore
fluid pressureu,(r) =u(r,t =0), prior to the cylinder rotation. This initial e>xs= pore pressure is
generated due to the particle displacement duhegvéine (or another probe) insertion in the porous
medium. In literature, field measurement af(r) in the vicinity of rigid inclusions and their
distribution in the soil mass are rarely reporteith the available data indicating that it exhibéts
maximum valuey close to the inclusion wallr(= R) and decreases radially, becoming negligibly

0,max
small at a certain radius of influende=a (Lo and Stermac [18]; Morris and Williams [19];
Randolph and Wroth [20]; Chai et al. [21]).

In order to fit experimental data, some mathembtigressions have been proposed in the
literature for the initial excess pore pressurérithistion (e.g. linear, parabolic, logarithmic...Y.et, it
can be easily verified that none of the above caaptith the following boundary conditions:

%:0 atr =R

) ' (16)
M -0 ar=a

or

which physically express the cylinder wall imperioigity condition and the that there is no fluid
flow beyond the radius of influence. Based on thesesiderations, the following expression is
proposed for initial excess pore pressure:

_ F(r) : _ ra_aja e
Uo(r)_uo,maxg(R) with (r )_ A( b R r Rj-'- lr( J )
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where the dimensionless paramet&ris computed asA= . Equation (17) is a

alR
(1+a/R)
combination of linear, hyperbolic and logarithmeerms, extending the formulation proposed by
Dienstmann et al. [11]. A demonstration of Eq. (&@plicability is illustrated in Figure 3 compariitg
to the experimental data available. In this plat,dnd Stermac [18] data were obtained during dgivin
piles on silty clays and Chai et al. [21] valuesravebtained after a mini piezocone insertion on a
calibration chamber filled with sand. It can bersé¢kat for a radius of influenca =35R the
proposed distribution shows reasonable agreemehttiae literature data, although it should be noted
that this relatively high value of the rat®/ R is rather representative of pile driving mecharsism
which resemble cavity expansion process, diverffimg the insertion of a standard four-bladed vane.
Hence, the distribution presented by Eq. (17) bélladopted throughout this paper.

1.2 —

@ Chaiet al. (2014)

() Lo and Stermac (1965) - Ghost River
1 —4¢ @ Lo and Stermac (1965) - Wallaceburg
Proposed distribution

0.8 —

0.2 —

1 6 11 16 21 26 31 36
r’'R

Figure 3. Initial excess pore-fluid pressure disttion versus distance to the cylinder axis.

According to Dienstmann et al. [11], theuealof u, .., can be computed correlating the rigid

cylinder insertion into the soil with a cavity exyséon problem, where typical solutions derivedhis t
context suggests thaf, . can be evaluated from the stress paths developsdrained triaxial tests

carried out until the ultimate state is attained®gM [22]). Thus, the maximum initial excess pore
pressure can be estimated for normally consolidsdéd as:

. =Peo (1+ M) (18)

0,max
2

wherep,, is the initial consolidation pressure aMl., refers to the slope of the critical state line.

It should be regarded that Eq. (17) assumes thabnefluid pressure dissipation occurs prior te th
vane rotation, which implicitly entails that thelioger installation is fast and the elapsed time
between installation and rotation is short enougtttie pore pressure does not dissipate. In additio
due to the absence of knowledge about the initiaks distribution in the soil mass immediatelgaft
the cylinder insertion, a simplified isotropic iait stress field will be adopted in the numerical
analysis.

3 Mode€ Validation

Most of previously reported data related to varte edfects attempted to evaluate the impact of
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velocities higher than the standard (i.@>0.1 deg/s), thus observing viscous effects on the
measured resistance (e.g. Perlow and Richards T28ktensson [24], Biscontin and Pestana [25];
Schlue et al. [26]), which are not the subjecthaf present paper, since the constitutive laws adopt

in the poroelastic model does not account for theféects. Therefore, the model is restricted to
applications where partial drainage can be obsemsdally for velocities below 0.1 deg/s in low

permeability materials.

Model predictions presented herein were compareédeexperimental results presented by Roy
and Leblanc [3] on silty-clays, a low permeabilityaterial, in order to compare the resistance
developed during shearing and obtain the drainagditons for the field data, thereby validating th
poroelastic model application. The clay depositdenrstudy present low compressibility and a small
porosity for its granulometry range, with a voitisae smaller than 1.6 for all the samples taken.

The set of vane tests performed by Roy and LeHblahaere carried out in two distinct sites in
Canada, namely Saint-Alban and Saint-Louis de Bumss. The authors adopted five distinct
rotation rates of 0.014, 0.042, 0.084, 0.22 andi&@s, using a standard vane apparaiis 65 mm
and H =130 mm) at a depth of 12 meters. According to the @wsthundrained conditions were
achieved forw = 0.22 deg/s, since the smallest torque was recorddusrcondition. For lower shear
rates, the resistance increased significantly dygattial drainage effects, while for shear ratasve
0.22 deg/s, the torque measured also presenteti@ase related to rheological effects.

In order to conduct the numerical simulagioiine constitutive parameters adopted for theysoro
medium were evaluated through empirical correlai@ince the author’s data lack of more realistic

values. The small strain shear modul@ was estimated from the correlation proposed by
Jamiolkowsky et al. [27], while the initial valué the Poisson coefficient was adopted/gs=0.2. A

friction angle @ equal to 26° was assumed, classically represeatafi soft clay deposits, whereas

the magnitude of the cohesiari was calibrated from the lowest torque measuredsidered in
undrained conditions.

A grain bulk moduluX, =10 GPa was adopted, as recommended by Djeran-Maigt&asc-

Barbier [28] for the computation of Biot coefficteland Modulus. The initial stress state was
considered isotropic and computed for the deptiidfmeters, while the radius of influence was

calibrated by several numerical simulationsaas 5R. A hydraulic conductivityk =10° m/s was
assumed, considered to be in the range of low ity soils (Schnaid [5]). The parameters
adopted in the numerical simulations for Roy antl&ec [3] data are summarized in Table 1.

Table 1. Constitutive parameters adopted in Roylaatdanc [3] simulations.

Value
Paramete Sain-Alban Sain-Louis de Bonsecou
@ (deg) 26 26
c' (kPa 11.7( 11.9(C
Uy max (KPQ) 64.04 68.85
G, (MPa) 45.85 24.39
Vo 0.2 0.2
b 0.99¢ 0.99¢
M (GPa) 4.17 3.46
E et 1.26910° 2.53410°
k (m/s) 10° 107
g, =0,,=0,, (kPa) 89.33 96
e 1.0C 1.5¢
alR 5 5
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The results of drainage degrék" =1 - obtained through the model simulation are
0,max

presented as a function of the rotational velonitymalized by the hydraulic conductivity/ k for

both sites under study in Figure 4(a), with botinfgoand full lines computed from the poroelastic

model, since the standard vane apparatus doedlowtfar pore pressure measures. As can be seen,
the behavior transition from drained to partiallpided are observed far/ k close to10?, while the

transition for partially drained to undrained féf k=10". The numerical results also sustain that the
standard vane velocity is suitable to achieve unddhaconditions * <5%) in this low permeability
material.

@® Saint Alban @® Experimental Results - Saint Alban

&  Saist Lopibdb Beneseaurs 4 Experimental Results - Saint Louis de Bonsecours

19 — Characteristic drainage curve 1.8 ~ = Numerical Results

0.8

Standard vane velocity

04 -

0.2 -

0 e e e N A ~rm 08 - e s — e -
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+00 1.0E4+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07
v/k v/k
(a) (b)

Figure 4. Variation of (a) normalized torque anyldtainage degree with v/k (experimental data after
Roy and Leblanc [3]).

Figure 4(b) presents the normalized torquéC,, as a function of thev/k, where C,

corresponds to the torque at undrained conditiaits, the line obtained numerically and the points
experimentally. It can be seen that the numericaliptions were able to capture the trend of
increasing resistance with a reduction in the shasg of the experimental data. Although the
velocities required to achieve fully drained coiwlis may be too slow to be adopted in field vane
tests, the model predicts a drained torque valiyz approximately 1.85 times higher than the

undrained one.

It should be pointed out that even though thedhjbiore pressure distribution was validated for
a=35R, the adoption of a smaller radius of influencesnse reasonable for the problem of a vane
inclusion in the soil mass, since cylindrical irgihns (e.g. driven piles and piezocones) disturb a
larger soil mass than the four-bladed geometreffield vane, as its cross-sectional area corretgpo
to approximately 7.5% of a circle are of the sanmaengter.

4 Parametric Analysis

One of the main advantages of preserving semi-toalytreatment of the poromechanics
governing equations in the simplified poroelastiodel is to allow for intensive parametric studies.
this sense, a parametrical analysis concerninghthia parameters of the porous medium is conducted,
in order to assess the effects of the extent ddentce zone, soil stiffness and strength in theoies!
torque and drainage degree.
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4.1 Impact of influenceradius size

The radius of influence is a fundamental input tfeg numerical model since it determines the
distance affected by the initial excess pore pressuwduced due to the cylinder insertion. Thus,
numerical simulations with the ratia/ RD{5,10,1$ were conducted with a rigid cylinder of
R=32.5 mm, adopting a theoretical material wigh= 25, ¢'=1 kPa, G, =25 MPa, v, =0.2,
e=1 and hydraulic conductivity ok =10 m/s, typical of intermediate permeability soils.

The results for drainage degree and normalizedutoiurves obtained through the numerical
model are presented in Figure 5(a) and (b), resedt As can be seen, the radius of influence size
affects both the drainage and torque curves. Iregénundrained condition is achieved for higher
velocities in materials with a smaller influencalites, i.e., the dissipation occurs faster for lower
values ofa/ R. It can also be noted that the standard rate oé vatation (uw=0.1 deg/s) is not
sufficiently fast to achieve undrained conditionghis intermediate permeability material, irredjpexc
to the radius considered.

1.2 2
—— afR=2
«—= afR=5
— a/R=15

0.8

0.4

0.2

C/Cuo

16

14

12

0 T T T T T T —
16-02  1E-01  1E+00  1E+01  1E+02  1E+03  1E+04  1E+05  1E+06
v/k

(a)

1
1E+07  1E-02

08

T T T T T T T T
1E-01 1E+00  1E+01  1E+02  1E+03  1E+04  1E+05  1E+06

v/k
(b)

1E+07

Figure 5. (a) Drainage degree and (b) normalizeglicurves for materials varying the radius of
influence size.

As can be seen by the torque curves in Figure 3iie)ratio between drained and undrained
torques increases from 1.75 fa/R=2 to 1.97 for a/ R=15. Additional simulations not
presented herein demonstrate that an asymptotie Valachieved for values @/ R higher than 15,
demonstrating that the influence radius size htike leffects on changes in torque attributed to
drainage effects.

4.2 Influenceof initial shear modulus G,

The influence of the initial stiffness of the seoibs evaluated through a series of numerical
simulation varying the initial shear modulus in tage of 5 to 100 MPa within a theoretical materia
with ¢ =25°, c'=1 kPa, v, =0.2, e=1, k=10"m/s and a fixed influence radius aff R=5.

The results are presented in Figure 6, where ibeaseen that both the drainage degree and mabilize
torque are little affected by the magnitude@f. Again it can be seen as expected that the stndar
vane velocity does not ensure undrained conditoitife materials considered.
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1.2 - 2=
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v/k v/k
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Figure 6. (a) Drainage degree and (b) normalizeglimcurves for materials varying initial shear
modulus.

4.3 Influenceof friction angle ¢

The influence of material's resistance is evaludtgdugh a parametrical analysis of the soil
friction angle. Thus, simulations on a theoretio@terial with ¢ [14 20, 25, 3$ in a material with
fixed propertiesc' =1 kPa, G, =25 MPa, v, =0.2, e=1, k=10" m/s anda/ R=5. Figure 7
presents the results obtained for drainage degréearmalized torque. It can be seen by Figure 7(a)
the material’s resistance presents little influenoethe characteristic drainage curves, with steong
materials dissipating faster the pore pressurés tbserved that the velocity required to produce
undrained shearing is of about 100 times fastar tha standard vane rotation.

12 3 -
Standard vane velocity 258 Standard vane velocity .

: w= 2.8 - 1 ok 2

) | — =30" | — @=30°
2.6 - | — (p=35"

0.8

C/Cuo

0.4

0.2 q

0 T T T T T T e 0.8 T T T
1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

v/k v/k
(a) (b)

Figure 7. Effects of the soil friction angle on {@ characteristic drainage curves and (b) nozedli
torque.

From Figure 7(b) it is evident that the frictiongém affects the ratio between drained to undrained
torques, mainly due to the fact that volumetri@isis are induced by vane rotation in the drained
regime, which affect the local soil shear streraytd thus the mobilized torque at drained conditions
(Dienstmann et al. [11]). Figure 8 presents theiltesof the normalized torqu€,;/C,, as a
function of tang for ¢ values ranging from 5 to 45° and initial stresse$50, 300 and 500 kPa. As
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is observed, this ratio is not too sensible ofittigal effective stress, being the results lowsart 3 for
all cases observed. For the analysis developegirdtio can be approximated in the interval prodose
by the following function:

Cor/ Cip :g[1+ tanf( r¢)] withr, ::71 tag (19)

Which can be used as a guideline to estimate thénman error in a field vane test in the case
that the test is performed under fully drained Gtiowis.

3 -
2.75

2.5

o', =150 kPa

] ® o';=300kPa
"L"E 5 W o,=500kPa
J Co/Cyp = 1.5{1 + tanh[1.75 tan(y)]}
R? = 0.995
1.75
1.5 +
1.25
1 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
tan ¢

Figure 8. Drained to undrained torque ratio asnation of the friction angle.

5 Application of the poroelastic model to field vane test in zinc mining tailings

An interest case study is the interpretation ofdfieane tests conducted in silty soils such as
mining tailings. This material usually presents iatermediate permeability, a high degree of
heterogeneity and silty particle size as a consempu®f its hydraulic disposal process, with often
leads to partially drained behavior during vanetstesonducted at the standard velocity. These
behavioral characteristics were observed by Hldrk#n zinc mining tailings from a deposit in Juiz
de Fora, Minas Gerais, Brazil.

In his work, Hlenka [7] performed a series of vdasts on a zinc tailing dam, adopting three
different rotation rates¢p=0.017, 0.1 and 1.0 de() in three different clusters (PZC01, PZCO02,
and PZCO03) at three depths (2, 4 and 6 metersprhédry characterization of the material shows that
the tailing is predominantly composed of silt paes (83% on average), presenting a high specific
gravity ranging from 3.28 to 3.37 g/cm3. The sddoademonstrates high values of void ratio (
3.4<e< 6.8) as a result of its high moisture conteB0fo<w, < 210%). According to the author
results, the hydraulic conductivity is equal to2[10" m/s, in the range of intermediate permeability
soils.

In addition to the laboratory investigation, seismiezocone tests (SCPTU) were conducted in
all the clusters evaluated, allowing for directemssnent of, values. The parameters adopted in the
simulations are described in Table 2, where theesbf friction angle were evaluated from conestest
whereas the values @f were adjusted numerically following the proceddescribe in section 3. The
radius of influencea was considered &R following the calibration in clay materials since other
data provided could be used to estimate its mag@aitu
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Table 2. Parameters adopted for the Hlenka [7] nadte

PzCO01 PzCoO: PzCO:
Parameter 2m 4m 6m 2m 4m 6m 2m 4m 6m
@ (deg 31 31 31 32 32 32 35 35 35

c' (kPa 0.4C 0.6C 2.0C 2.31 4.42 9.6: 4.4C 4.8¢ 11.1%

Upmax (KPB) 399 660 1075 4.08 8.82 13.46 2.75 6.60 11.24
G, (MPa  6.0¢ 3.2¢ 4.0¢ 314 34 246 771 111F  12.2¢

v, 0.2
b 1.00‘ 1.00 1.00‘ 1.00‘ 1.00 1.0({ 1.0F 1.(10 1.00
M (GPa  12.€ | 10.2 | 9.8¢ | 11.0¢ | 9.9¢ | 10.3¢ | 10.2¢ | 11.5¢ | 8.31
k (m/s) 20107
o, (kPa) 4.46} 8.96‘ 14.5&1 5.51 11.9’2 18.’2 3.?8 8.F4 .0515
e 6.91 | 497 | 4.6° 5.5¢ 4.71 5.0z 4.97 5.9¢ 3.5(
a/R 5

Figure 9 presents the model predictions togethdr thie field vane test results for each cluster,
where the symbols correspond to experimental datilewthe continuous lines to numerical
predictions. It can be seen that despite some f@ntpmainly at the depth of 6 meters, the proposed
simulations reproduced the experimental resultk vaasonable agreement.

The complete characteristic drainage obtained bgns@f the poroelastic numerical simulations
is presented in Figure 10(a). According to the ltesthe standard rate of rotation, equivalent to a
normalized velocity ofv/ k =2.8400G is not sufficiently fast to ensure undrained ctinds of
shearing. It can be seen that, due to the clustetsrogeneities, the angular velocity required to
produce undrained behavior ranges from 0.6 to Fsdeghile drained conditions of shearing are
expected for rotation velocities ranging fr@fl0™ to 0.017 deg/s.

PZC01 PZC02 PZC03
C(N.m) C(N.m) C(N.m)
20 30 40

0 5 10 15 0 5 10 15 20 25 30 0 10
L L I Io

W Exp. 1deg/min W Exp. 1 deg/min
® Exp. 6deg/min @® Exp. 6deg/min
A Exp. 60 deg/min 14 A Exp. 60 deg/min
Num. 1 deg/min
Num. 6 deg/min
«—— Num. 60 deg/min

@® Exp. 6deg/min
A Exp. 60 deg/min
Num. 6 deg/min

——— Num. 60 deg/min Num. 1 deg/min

Num. 6 deg/min

24 ’\ 2 4 == Num. 60 deg/min 2

Depth (m)
E=
1
,">/ :
=Y
1

(a) (b) ©

Figure 9. Numerical and experimental torque prafalestations (a) PZCO01, (b) PZC02 and (c) PZC03
(experimental data after Hlenka [3]).

The normalized torque curves obtained numericaltypsesented in Figure 10(b) as a function of
v/ K. Due to the heterogeneities mentioned above,ndistC/ G, ratios are predicted for each
cluster and depth, with the drained torq@g, ranging from 1.23 to 2.24 times the undrained
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counterpaurt.
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Figure 10. Numerical results of (a) characteridt@minage curves and (b) normalized torque as a
function of zinc mining tailings.

6 Conclusions

The present paper describes the application ofnéinear poroelastic model to the interpretation
of drainage conditions and developed torque duat@tional shearing tests under monotonic loading,
such as vane tests. The main features of the mamliporoelastic model are presented, following by a
function for the initial pore pressure distributionorder to better represent the hydraulic boupdar
conditions involving the problem. It is shown thhe model is able to compute the pore pressure
dissipation in the medium around a rotating cylmdeaking possible to identify the rate effects
taking place in intermediate permeability soils.

The model was then validated by results of vanis itedow permeability soils. It can be seen that
the trend of increasing resistance with a reductibthe shear rate was captured by the numerical
results with reasonable agreement. For the dalgzmuk the standard vane rotation rate proved to be
suitable to ensure undrained conditions of sheada@xpected in these materials.

A parametrical analysis was conducted varying tlennparameters of the poroelastic model,
demonstrating that the ratio between drained ardfaimed torque is mainly affected by the soll
resistance, as the stiffness and radius of inflael@nonstrate little effects in this output.

The model predictions are applied to experimengsults of field vane tests in zinc mining
tailings, an intermediate permeability material.his been shown that the standard rate of vane
rotation is not suitable to reach undrained coodgiin this material, which would require higher
velocities depending on the station and depth aedlylt is concluded that the nonlinear poroelastic
model presented shows itself a good tool for evalgalrainage conditions.
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