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Estimation of undrained behavior of sand from self-boring pressuremeter tests 

Estimation du comportement d’un sable non draine a I’aide de tests pressiometriques
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ABSTRACT: An analytical procedure for estimation of undrained behavior of sand using self-boring pressuremeter data has been proposed. 

Data from two sites have been analyzed following the procedure to predict the mechanical behavior of axially symmetric elements. For 

validation of the procedure the predicted axisymmetric response was compared with the triaxial test data on undisturbed (frozen) samples.

RESUME: Une procedure analytique a ete proposee pour estimer le comportement d’un sable non draine utilisant les donnees recueillis

i  l’aide d’un pressiometre auto-foureur. Des donnees provenant de deux sites ont ete analysees suivant cette procedure afin d’estimer le 

comportement mecanique d’Elements axi-symetriques. Pour verifier la procedure proposee, ces resultats axi-sym6triques furent compares 

aux resultats d’ essais triaxiaux effectues sur des Echantillons non-pertub6s (gelEs).

1 INTRODUCTION

Empirical procedures have been proposed for obtaining 

undrained strength of cohesionless materials from index tests, e.g., 

Piezocone Penetration Test (CPTU) and Standard Penetration Test 

or SPT (e.g., Stark and Mesri, 1992). However a majority of the 

correlations upon which these procedures are based are rather 

imprecise. Consequently, the success of these procedures have 

been limited. A procedure for estimating the undrained monotonic 

response of sand is proposed here based on inverse modeling of 

self-boring pressuremeter tests (SBPMT). An elastoplastic stress- 

strain model is used in the analyses. To illustrate the proposed 

procedure, an estimate of model parameters has been derived from 

SBPMTs at two sites. Axisymmetric element response is then 

computed from these parameters. The results are compared with 

the triaxial test data on undisturbed sample from the same sites to 

validate the procedure.

2 MODELING ELASTIC STRESS-STRAIN BEHAVIOR

For isotropic elastic material, the strain increment is given by

dV  = Dijkie dokj' = (C.jkiT1 dV (1)

where ou' is the effective Cauchy stress and D^" is the elastic 

compliance tensor. The elastic stiffness tensor, C^', is given by

2 g (l +v) qij'qki^

1-5 o'2

(2)

where 6̂  represents Kronecker delta, £=a '{dE/do '}/E and 

ot'=[(l-2v)okl'2/3+2(l+v)J2]05. The Poisson’s ratio, v, is a model 

parameter. The secant Young’s modulus, E, for a hyperelastic 

material can be expressed as (Lade and Nelson, 1987)

E = KEPA
I.

+ 6
1 +v

l - 2 v  p i
A

(3)

where Kg (the elastic Young’s modulus number), 1% (elastic 

exponent) are model parameters and PA is the atmospheric 

pressure. The invariants I, and J2 are given by

I, = °u'. h  = I." -  3 b  ^ e r e  I, = { (o ^  )2 -  o..' o .') 12 (4)

The value of the exponent nE varies over a very narrow range 

of 0.23 to 0.26 for a number of sands. A value of 0.2 can be 

assumed for the Poisson’s Ratio for many sands irrespective of the 

void ratio. Parameter KE mainly depends on soil type and the state 

of packing. The appropriate in-situ estimate of Kj can be found 

from shear wave velocity measurements from seismic CPTU and 

a reasonable knowledge of in-situ state of stress for young 

uncemented sand. To account for the influence of the state of 

packing on E, the value of Kj is updated during the deformation 

process in proportion with (2.17-e)2/(l+e). Typical values of some 

of the model parameters can be found in Table 1. Values for many 

other soils have been given by Lade and Nelson (1987).

Table 1. Elastic Model Parameters 

Sand type DR, % KE nE

Fraser
River

Syncrude

38
50

65
43

3 MODELING

IR R E V E R S IB L E  

DEFORMATION 

The irreversible883 0.25

1100 0.25 behavior in distortion is 

740 0 25 °ften modeled by 
390 0.25 adopting a loading

---------------------------------------------- surface that has an

appearance similar to a 

cone in the principal stress space with its apex at the origin. Since 

the conical loading surface opens out along the hydrostatic axis, 

the distortion mechanism does not predict irreversible deformation 

in isotropic compression. Such a deformation is usually much 

smaller than that in a distortional loading. However, since in the 

problem of our interest - cylindrical cavity expansion - the mean 

effective stress may increase significantly, the irreversible 

deformation due to isotropic loading needs to be accounted for. 

Towards this, a second loading surface is introduced. For isotropic 

materials, the loading surface for isotropic compression takes a 

spherical shape in the principal effective stress space and is 

sometimes called the “cap”. The plasticity mechanisms for
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distortion and isotropic compression are assumed to be mutually 

non-interactive and of the strain hardening type.

3.1 A M odel fo r  Distortional Behavior o f  Isotropic Materials 

The Spatial Mobilized Plane (SMP) is defined in such a manner 

that at the intersection of this plane and the plane normal to the 

principal direction “k” of the effective stress tensor, the ratio, (o(i)'- 

Oq'+Oq'), is maximized (Nakai and Matsuoka, 1983). The 

direction cosines, a;, of a unit normal to the SMP with respect to 

the principal directions are given by

incremental relationship between the principal strain and the 

effective stresses is obtained. Transformation of the strain 

increment tensor in the principal stress space, de^ (= de(l)‘ 6 )̂, to 

the coordinate axes using de^ = N^de^* yields

de..1 Dgki" dou' ( 12)

where represents the direction cosine of the principal direction 

“i” with respect to the j-th coordinate.

ai = /V T ^ O ffl7) ( 5 )

where a&' are the principal values of a~. The third invariant of the 

effective stress tensor, I3, is equal to the determinant of o '̂. The 

normal (oSMP) and the shear (tSMP ) components of the effective 

stress tensor on this plane and the ratio oSMP to t SMP, T| (often 

referred to as the stress ratio), are given by

(6)

Constant T) lines represent the loading surfaces, i.e., yielding occurs 

when chydOjj'dĉ ' sO. Assuming the particles are mobilized to the 

maximum extent on the average along the SMP, it follows from 

micro mechanical considerations that

n = - M ^ smp^ Y smpW ( 7 )

where deSMP and dySMP are the components of de(i)* normal and 

parallel to the SMP. dê *, denotes the principal values of the strain 

increment of the mechanism for distortional plasticity, des\  k  and 

are model parameters. Assuming a hyperbolic relationship 

between and T| the instantaneous slope, Gpp (= dr)/dySMP), can 

be calculated from (Salgado, 1990)

G p t  =  G P I ( 1  - R p ^ / i ^ ) 2

^ sp ( ° sm? ^ a ) P O ~ ^
(8)

3.2 Modeling Inherent Anisotropy

The model parameters A. and n are not affected by the inherent 

anisotropy (Nakai and Matsuoka, 1983). Studies also suggest that 

the quantity r|F may not be significantly affected by inherent 

anisotropy (see, e.g., Been and Jefferies, 1985). Thus, Eq. (8) only 

needs to be modified to capture inherent anisotropy. Following 

modification to Eq. (8) is used in this study

g pt  = Gpi ( i - R Fn /n F)2

= nAKsp(°SMp/PA)npO - I W n F ) 2
(13)

where the multiplier nA depends on 0 (the angle between the 

depositional direction and the normal to the SMP) and an 

additional model parameter, mA, as follows for O°s0s 45° (for 

0s45°, nA=l)

=  1 -  ( m A -  1 )  ( 2 c o s 2 0  -  1 ) (14)

In computation the variation in Gpr due to the change in the value 

of 0 is neglected over a single time step. This assumption may not 

lead to a significant error for small time steps.

3.3 Modeling Irreversible Deformation in Isotropic Compression 

To evaluate the component of plastic strain, de^, due to 

isotropic compression, an associated plasticity model proposed by 

Lade (1977) for isotropic materials is used. The loading surface 

for this formulation is given by

f  = I 2 
* c 1 ■2*2

— t — / a., a.. 
y u ( 1 5 )

where Gp, is the initial slope of the r|-YSMP curve, r i^  is the 

asymptotic value of stress ratio approached as ySMP increases. K̂ p, 

rip and Rp are model parameters. The stress ratio at failure, %, is 

assumed to depend on I1F, the first invariant of the effective stress 

tensor at failure, as follows

’If  = nFi - An lo g {I1F/(3 P A)} ( 9 )

where %, and At| are model parameters. From Eqs. (7) and (8)

d e sMP =  ( H  - n ) / ( * G „ ) d T i (10)

Assuming the principal directions of des‘ and os' to be the same, 

the direction cosines of deSMP can be calculated from Eq. (5). 

Assuming further that dySMP and t SMP are coaxial, de(i)* can be 

calculated from

d e (i) a i {  d e SMP +  d Y SM p ( ° j  _  ° S M p ) ^ T SMP }  / ,  n

= ai/GIT{(|i-T i)/A + (o i, - o SMP)/*SMF}dii (

The relationship essentially represents a family of spherical surfaces 

in the effective principal stress space. Section of the loading 

surfaces for the distortion (AOB) and consolidation mechanisms 

(AB) in triaxial plane are shown schematically in Figure 1. 

Abbreviations “TXC” and “TXE” are used to denote triaxial 

compression and extension, respectively. It can be shown that the 

plastic strain increment, de^, can be found from

d€$

Eqs. (1), (12), 

increment.

Cp

2fCPA

p - 1

a<c afc 

do..' d o '
■ do. (16)

Differentiating r| from Eq. (6) and substituting into Eq. (11), an Figure 1.

(16) are added together to calculate the total strain

Loading 
Surface in 
Distortion

Isotropic
Compression

Loading Surfaces
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3 .4 Plastic Mode! Parameters

Two triaxial compression, one triaxial extension, and two 

isotropic compression on undisturbed samples are needed for an 

adequate characterization of a granular deposit at a certain depth. 

Such an elaborate laboratory testing program is seldom feasible. 

Available information often include data from undrained laboratory 

element tests on undisturbed samples or in-situ self-boring 

pressuremeter tests, which are not conventionally used in 

calibration of constitutive models. Although such data may not 

provide necessary and sufficient information for model calibration, 

they can nevertheless be used if reasonably precise information 

about the bounds of values of the model parameters is available. 

Existing information on the approximate values of the plastic 

model parameters is summarized below.

Examination of isotropic consolidation tests shows that the 

parameter, C, is mainly affected by the relative density, D„, and 

grain compressibility. The exponent, p, on the other hand, is 

affected primarily by grain compressibility and is rather insensitive 

to the state of packing. Since the model does not recognize 

inherent anisotropy in isotropic loading, it is not expected to 

capture the effect of sample fabric for a stress path aligned with the 

hydrostatic axis. A relationship is proposed in Figure 2 between 

parameter C and D,,, which can be used in the absence of more 

precise information. Parameter p admits a value of 0.9 for granular 

materials with medium compressibility, while p=0.65 for highly 

compressible soils.

Guidelines for selecting approximate values of X, |i, t|F1, At|, 

Rf, nP and mA from a minimal material specific information are as 

follows. Once the approximate values of these parameters are 

identified, model calibration simplifies greatly because iteration 

over the remaining model parameter, KSP, is only necessary to fit 

the model to data.

A. and fi: Nakai and Matsuoka (1983) showed that Eq. (7) does not 

depend on void ratio or sample fabric and is affected only by soil 

type. Hence X and n, can be evaluated from a suitable drained 

element test, e.g., triaxial or plane strain, on reconstituted 

specimens. Table 2 summarizes some values of X and p. 

nFI and Ar|: In TXC, T| relates to the mobilized effective stress 

friction angle, <(>', by

T) = 2^tan(J>'/3 (17)

From an examination of a large number of triaxial tests on several 

types of sand, Bolton (1986) proposed a correlation between (4>'r  

<f>cv). relative density and I1F) where <(>'F is the peak effective stress 

friction angle. Values of the steady state friction angle, 4>cv, which 

primarily depends upon mineralogy, has been reported in the 

literature for many types of sand (see, e.g., Salgado, 1990;

IQOrr— .̂............1......:...... :..... i ■-.......I......i..
: v Crushed Granite T Pointed Rock 
; O Fraser River Sand Material
- o Glass Beads ■ Sacramento R. Sand
•  Ottawa Sand □ Toyoura Sand

20 40 60 80 100 
Dr, %

Figure 2. Parameter “C” for Dilatational Mechanism

Sasitharan et al., 1994). The correlation proposed by Bolton can 

thus be used to estimate of T|f i and Ar| from a knowledge of D„.

The angle of internal friction measured in a laboratory element 

test allowing drainage is usually higher than the corresponding 

value from an undrained test. Since r| relates directly to the peak 

friction angle in triaxial compression via Eq. (17), model 

parameters r|FI and Ar| are expected to be depend upon the 

drainage condition. Examination of a number of laboratory 

element test data on several sands leads to the following 

relationship (the square of the correlation between the two 

variables, R1 = 0.94)

(rip ’lev) Undrained 0 . 4 6 ( T ] f  T1CV) Orained (18)

Table 2. X and p for Some Sands

Sand Type X

Erksak 0.83 0.30

Fraser River 0.77 0.39

Hilton Mines 0.80 0.40

Ottawa C l09 0.85 0.26

Syncrude 0.85 0.29

Ticino 0.87 0.33

Toyoura 0.90 0.27

The quantity, is

obtained using instead 

of <|>' in Eq. (17). 

Estimates of r|F1 and At| 

pertinent to a certain 

drainage condition can be 

obtained by modifying the 

correlation suggested by 

Bolton according to Eq. 

(18).

RF and nP: Rf primarily 

depends on DR. Since the 

parameter governs the 

magnitude of irreversible 

distortion at peak stress 

ratio, which in turn is not 

significantly affected by sample fabric and stress path, the effect of 

stress path and fabric on Rf is expected to be minimal. Experience 

with the use of a similar model (Srithar, 1994) appears to indicate 

that RF admits a value of about 0.75 for very dense cohesionless 

soils and a value near unity for very loose deposits. In the absence 

of material specific information, for an approximate estimate of Rf , 

linear interpolation is used in this study setting Rf=l .0 at D„=0 and 

Rf=0 .75 at Dr= 100%. Previous experience with the distortion 

mechanism used in this study (Salgado, 1990; Srithar, 1992) 

indicate that np ranges between -0.3 and -0.6 for many sands. In 

this study, a number of laboratory triaxial tests on several sands 

could be simulated using nP=-0.5.

mA: Analysis of a large number of laboratory triaxial tests on 

undisturbed samples indicates that a value of 2.0 is typical for 

deposits formed in a hydraulic deposition process such as 

spigotting of mine tailings or fluvial deposition of channel sands.

4 UNDRAINED ELEMENT BEHAVIOR FROM SBPMT 

Two cavity expansion tests performed at Massey Tunnel (a 

Holocene channel deposit of Fraser River Sand) and J-Pit (a 

deposit spigotted Syncrude Sand) were analyzed as plane strain 

problem. The original effective vertical stress, ov', was assumed to 

be 2o,,', where oh'is the original horizontal effective stress. For the 

deposit at J-Pit 15,^30% while at Massey Tunnel DR=50%. For J- 

Pit and Massey Tunnel <}>„ of 28° and 32° was assumed. These 

tests were conducted using a monocell self-boring pressuremeter 

with a length to diameter ratio of about 6. A finite difference 

computer code (FLAC version 3.2, Cundall, 1993) was used in the 

analyses. Large strains were accommodated in the computation by 

updating the nodal coordinates during the deformation process. 

More information on these sites and test procedures can be found 

in Byme et al. (1995). The procedure involves fitting the model by 

varying KSP manually until a reasonable match between the 

computed and observed material response is obtained. The 

remaining parameters were obtained from the guidelines provided 

in the preceding section. The results of the exercise is shown in 

Figure 3. The cavity strain, £g, which is defined as the radial
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Ee,%

Figure 3. Simulation of SBPMT

deformation at the cavity wall divided by the original radius of the 

cavity, is plotted against the corresponding effective cavity 

pressure in the figure. The depth of SBPMTs are also indicated in 

the figure. Model parameters obtained from the inverse modeling 

are listed in Table 3. A Poisson’s ratio of 0.2 was used and mA was 

set equal to 2.0. Values of parameters C and p were 0.0006 and

0.9, respectively. Using the results, the undrained triaxial behavior 

of Syncrude tailings and Fraser River sand is estimated (shown as 

broken lines in Figure 4).

Table 3. Model Parameters from SBPMT

Site k e A. At i KSP Rf

J-Pit 450 0.85 0.29 0.69 0.05 150 0.93

Massey 720 0.77 0.39 0.52 0.01 240 0.92

Undisturbed samples were extracted via ground freezing from 

locations adjacent to the SBPMTs and triaxial compression and 

extension tests were conducted in the laboratory. Tests on samples 

with relative densities at consolidation, DRC, similar to those 

pertaining to the SBPMTs are shown in Figure 4. The samples 

were anisotropically consolidated to ow'=2ota'. Subscripts “c”, 

“h” and “v” are used to denote consolidation, vertical, and 

horizontal, respectively. Other details on these tests are 

summarized in Table 4. Except for the pore water pressure 

response in TXC for the sample from J-Pit, the performance of the 

proposed procedure for model calibration from inverse modeling 

of SBPMT appears to be reasonable. It may therefore be 

suggested that in an elaborate analysis of an earth structure, the 

mechanical behavior of the material over a wide strain range can be 

estimated from well conducted SBPMTs. The success of such an 

attempt however is expected to depend upon (a) whether the 

constitutive model is capable of simulating the observed material 

behavior, and (b) existence of a reasonable a-priori knowledge 

about the appropriate bounds of values of the model parameters.

5 CONCLUSIONS

A stress-strain model is proposed in this study for frictional 

materials with inherent anisotropy. A detailed guideline for the 

selection of appropriate values of a majority of model parameters 

is also provided. Necessary and sufficient data are seldom

Table 4. Particulars of Triaxial Tests

Site Test No. e t e MAX|/

®MIN kPa

Test

J-Pit FS5C1B31 0.811 0.930/ 44 TXE

FS5C1B32 0.804 0.550 44 TXC

Massey M94F6C7A 0.914 1.102/ 124 TXE

M94F6C5B 0.908 0.715 117 TXC

Figure 4. Predicted and observed triaxial behavior

available for calibration of a stress-strain model such as that 

described earlier. In such a situation, the constitutive model can be 

reasonably calibrated utilizing the guidelines and available test data. 

A procedure is suggested for calibrating the model from self-boring 

pressuremeter data. The procedure was validated by comparing 

the computed triaxial response with model parameters back figured 

from SBPMTs with the observed laboratory behavior of 

undisturbed samples. The proposed method based on inverse 

modeling of SBPMT can be useful in the assessment of static 

liquefaction potential; a problem in which the traditional empirical 

procedures based on in-situ tests such as SPT and CPTU have not 

been very successful.
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