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Abstract

The Hardening Soil model, an elasto-plastic second-order hyperbolic isotropic harden-
ing model, in Plaxis has seen many applications in finite element analysis of various
earth structures. This technical note presents a protocol for determination of the model
parameters of the Hardening Soil model from a set of triaxial compression tests. The
technical note also describes details about how to determine the Mohr-Coulomb
strength parameters ¢ and ¢ for well-compacted fills (with and without cohesion), of
which the failure envelopes are typically curved. The motivation for preparing this
technical note came from a study on analysis of field-scale soil-geosynthetic compos-
ites in which the soil model and model parameters deduced from triaxial tests were able
to predict with very good accuracy “all” measured results of five field-scale soil-
geosynthetic composites under increasing applied vertical loads up to 1000 kPa (ap-
proximately five times the load level commonly used in design of reinforced soil bridge
abutments). The model parameters were determined by a well-defined protocol. The
protocol should be of value to researchers and engineers who use the soil model for
sophisticated finite element analysis and design of earth structures.

Keywords Hardening Soil model - Model parameters - Plaxis - Finite element analysis -
Mohr-Coulomb strength parameters - Curved failure envelope
1 Introduction

Determination of model parameters in a soil model is usually a critical component
when performing stress-deformation analysis of earth structures by the finite element
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methods. The Hardening Soil (HS) model, an elasto-plastic second-order hyperbolic
isotropic hardening model, in Plaxis (2002) has seen many applications in sophisticated
finite element analysis of different earth structures (e.g., Morrison et al. 2006; Obrzud
2010; Surarak et al. 2012; Ruiz 2015; Gaur and Sahay 2017; Skels and Bondars 2017).
This technical note describes a protocol for determination of the model parameters of
the Hardening Soil model based on a set of triaxial compression tests. The technical
note also describes details about how to determine the Mohr-Coulomb strength param-
eters ¢ and ¢ for well-compacted fills, of which the failure envelopes are typically
curved.

The motivation for preparing this technical note came from a study on the
behavior of soil-geosynthetic composites (Wu et al. 2018). The soil model and
model parameters successfully predicted, with very good accuracy, “all” measured
results of five field-scale soil-geosynthetic composites under increasing applied
vertical loads up to 1000 kPa (approximately five times the load level commonly
used in design of reinforced soil bridge abutments). The model parameters were
determined by a well-defined protocol. The protocol should be of value to
researchers and engineers who use the HS model for sophisticated finite element
analysis and design of earth structures.

2 The Hardening Soil Model and Model Parameters

Plaxis is a finite element computer program coded for analysis of stresses and defor-
mation of geotechnical engineering problems (Plaxis 2002). Plaxis is equipped with
various features to accommodate many important aspects of complex geotechnical
structures. The features include higher-order elements for improved computational
accuracy, automatic generation of finite element meshes with options for global and
local mesh refinement, tension-only structural elements for simulation of geosynthetics,
joint elements to simulated interface behavior between dissimilar materials, multiple
soil models to simulate stress—deformation characteristics of soils of different levels of
sophistication, updated Lagrangian analysis to account for large deformation and
displacements, staged-construction algorithm to simulate sequential construction oper-
ation, and a convenient post-processor to facilitate interpretation of load—displacement
relationships, stress and strain paths, stress—strain diagrams, and time—settlement
relationships.

The Hardening Soil (HS) model is among a handful of soil models available
in Plaxis. It is an elasto-plastic second-order hyperbolic isotropic hardening
model developed by Schanz et al. (1999). The model computes deformation
as the sum of elastic strain and plastic strain. It is capable of simulating key
characteristics of soils, except hysteretic or cyclic mobility. The Hardening Soil
model comprises a set of mathematical equations to describe the constitutive
law of soils. The constitutive equations have been presented in detail in the
Plaxis Material Models Manual (Plaxis 2002). Experiences gained by the users
have indicated that the Hardening Soil model is capable of simulating soil
behavior very accurately under complicated stress paths. The model parameters
needed for the Hardening Soil model can be determined by a set of the
conventional triaxial compression tests performed on the soil. Table 1 shows
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a summary of all the parameters of the Hardening Soil model. A brief descrip-
tion of each parameter and the laboratory tests needed to determine each
parameter are also given in the table.

Table 1 Soil model parameters and laboratory tests needed for determination of parameters for the Hardening
Soil model (modified after Plaxis (2002)))

Parameter Description and test needed to determine the parameter

ef
E5
Ercf

oed

ef
Eu

174

Vur

pref

Description: Secant stifthess to describe plastic straining due to primary deviatoric loading at a
selected reference pressure

Test needed to determine the parameter: Drained triaxial compression tests

Description: Secant stiffness to describe plastic straining due to primary compression at a selected
reference pressure

Test needed to determine the parameter: Primary loading in oedometer tests (default value
suggested by Plaxis: ™, =~ E&T)

oed

Description: Stiffness to describe elastic unloading/reloading behavior at a selected reference
pressure

Test needed to determine the parameter: Unloading/reloading in triaxial compression tests (default
value suggested by Plaxis: ER'=3E%T)

Description: (Effective) cohesion

Test needed to determine the parameter: Drained triaxial compression tests loaded to failure

Description: (Effective) friction angle

Test needed to determine the parameter: Drained triaxial compression tests loaded to failure

Description: Angle of dilation

Test needed to determine the parameter: Drained triaxial compression tests with measurement of
volume change

Description: Elastic Poisson’s ratio

Test needed to determine the parameter: Unloading/reloading in triaxial compression tests (default:
v =0.2)

Description: Power of a power law used to describe the level of stress dependency of soil stiffness

Test needed to determine the parameter: Typical range of value: 0.5 <m < 1; default value
suggested by Plaxis: m=0.5 (m =1 for logarithmic stress dependency (as in soft clay); m =0.5
in Norwegian sands and silts)

Description: Reference pressure, introduced to make parameter m independent of units used for
stresses: Eoeq = Eoeq (0/p™)™

Test needed to determine the parameter: None (default: pef = 100 kPa, the atmospheric pressure)

Description: failure ratio, Ry= (0/-03)gilure/ (010 3)ultimate

Test needed to determine the parameter: Drained triaxial compression tests (default value
suggested by Plaxis: Ry=0.9)
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3 Protocol for Determining Model Parameters of the Hardening Soil
Model

Wau et al. (2018) have shown that the finite element analysis performed by using the
Hardening Soil model in Plaxis is capable of giving excellent simulation of five field-
scale experiments of soil-geosynthetic composites. The experiments were conducted
under well-controlled conditions at the Turner-Fairbank Highway Research Center of
the Federal Highway Administration (Wu et al. 2013). The angular gravelly soil
employed in the experiments is used an example in this technical note. The model
parameters for the Hardening Soil model were determined from stress—strain and
volume change relationships obtained from a set of drained triaxial compression tests,
shown in Fig. 1.

The protocol presented below describes how exactly to determine the key parameters

of the Hardening Soil model, including (a) plastic soil stiffness parameters E% and E™,
ref

(b) elastic soil stiffness parameter £,

(c) angle of dilation  and elastic unloading-
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Fig. 1 Drained axial compression triaxial test results of the example soil: a stress—strain curves, and b volume
change curves (negative value of volumetric strain is indicative of compressive strain)
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reloading Poisson’s ratio v, and (d) Mohr-Coulomb strength parameters ¢ and ¢
(especially for well-compacted soils). In the following sub-sections, these key parameters
are described. For two other soil parameters in Table 1, namely, the stress-dependency
power parameter (m) and failure ratio (Ry), use of default values suggested by Plaxis is
recommended for well-compacted granular fills. For the elastic soil stiffness parameter
(E™)) and elastic unloading-reloading Poisson’s ratio v, either the procedure described
below or the default values suggested by Plaxis can be used.

3.1 Plastic Soil Stiffness Parameters E%' and £"f

Plastic soil stiffness parameters Egcof and E{frf, also referred to as Esy and E,, for
simplicity, at a selected confining pressure can be determined from triaxial compression
test results, as presented in Fig. 2. Using the triaxial compression test results shown Fig.
1, for a reference pressure of 100 kPa, the plastic soil stiffness parameters E5) and E, at
03=35 kPa (5 psi) and 210 kPa (30 psi) are determined by the procedure seen in
Table 2. Considering confining pressures of 0 to 210 kPa (0 to 30 psi) as a prevailing
range of design loads for the given soil-geosynthetic composites, the average values of
model parameters at o3 =35 kPa, 105 kPa, and 210 kPa (5 psi, 15 psi, and 30 psi,
respectively) were selected for determination of the model parameters. The average

values are determined as E5i = 63,400kPa and E™ = 476,000 kPa.

3.2 Elastic Soil Stiffness Parameter £’

oed

Figure 3 illustrates how to determine soil stiffness parameter Ef)zfd from results of an

oedometer test. In the absence of oedometer test of the soil, Plaxis suggests using a
simple correlation for determination of £}, namely, £, = E%I.

3.3 Angle of Dilation i and Elastic Poisson’s Ratio v/,

The angle of dilation y (with a “dilation cut-off”’) can be determined from the volume
change curve obtained from drained triaxial tests, as shown in Fig. 4. The elastic

Deviatoric Stress
G6,-03

N

Corresponding to
reference pressure

(as determined
from the failure
criterion)

~
=

Axial Strain g,

Fig. 2 Determination of soil model parameters Es) and E,, from triaxial compression test results (modified
after Plaxis (2002))
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Table 2 Detailed calculations for determination of £ and E* at o3 = 35 kPa (5 psi) and 210 kPa (30 psi),
with reference pressure = 100 kPa (the atmospheric pressure)

At o3 = 35 kPa (5 psi)

Peak deviatoric stress = 620 kPa (90 psi); 50 % deviatoric stress = 310 kPa (45 psi); 50 % axial
strain = 0.9 %; therefore,

310
Tef = ——— =
E’ = 5505 = 34500(kPa)

Although E;ﬁf = Esrgf is suggested by Plaxis, experiences with settlement of shallow foundation
on granular soil indicate: E// = (5 ~ 10)E5rgf; take E1¢/ ~ 7.5E5rgf,
Er = 75EL = 7.5 x 34,500 = 259,000 (kPa)
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2,500

’ Confining Pressure
1 —+— 35kPa

1,500

1,000 /

%)
=3
S
=

Deviatoric Stress (kPa)

v
=]
S

0 2 4 6 8 10
Axial Strain (%)

At o3 =210 kPa (30 psi)

Peak deviatoric stress = 1630 kPa (257 psi); 50 % deviatoric stress = 886 kPa (128.5 psi); 50 %
axial strain = 0.96 %; therefore,

ref _ 886
507 0.0096

= 92,300 (kPa)

Er =~ 75EL or Epef = 75EL = 7.5 % 92,300 = 692,000 (kPa)

(Note to publisher: continue on the next page)
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Fig. 3 Determination of soil model parameter E:ffd at a selected reference pressure from oedometer test results

&
(modified after Plaxis (2002))

Poisson’s ratio 1,,, on the other hand, can be estimated by the initial part of the volume
change curve, see Fig. 4.

The average values of the model parameters v and v, at o3=35 kPa (5 psi) and
210 kPa (30 psi) using the volume change curves shown Fig. 1 can be taken as the
input model parameters. The detail calculations of 1, from the drained triaxial test result
at o3 =35 kPa (5 psi) and 210 kPa (30 psi) are shown in Table 3. The average values of
w and v, were determined to be y=19° and v, =0.375. Three different values of v,
were examined: 0.1, 0.2, and 0.375. It was found that the v, values had little effect on
the volume change curve. However, the stress—strain curve associated with v,;=0.2
(default value in Plaxis) was somewhat “smoother” than those of the other two v,
values. It is recommended that the model parameter v, be determined by (a) comparing
simulated volume change curves with the measured curves by using values of vy,
ranging from 0.1 to 0.4 to determine the best v, value, or (b) adopting the default
value of v, =0.2.

&y -~ Dilatancy cut-off OFF
=
‘s .-~ Dilatancy cut-off ON
=
> o W .
(3 Maximum Porosity Reached
=
ey
)
£
=
=
>
12 205 : : %
1 Axial Strain

Maximum Compressive
Volumetric Strain

Fig. 4 Determination of dilation angle y and unloading-reloading (elastic) Poisson’s ratio 1, by the initial part
of volume change curve obtained from drained triaxial tests
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Table 3 Detail calculations for determination of 1, from drained triaxial test result at o3 =35 kPa (5 psi) and
210 kPa (30 psi)

As shown below, at g3= 35 kPa (5 psi) the range of dilation angle is 12° to 30°; at o3 = 210 kPa
(30 psi), the range of dilation angle is 14° to 26°.

o
2N

o
-
|

Confining Pressure
—+— 35kPa
—&— 210 kPa

o
I

S
o
|

Volumetric Strain (%)
=]
i

&
IS

Axial Strain (%)
o3 =35 kPa (5 psi)
Maximum volumetric strain = - 0.1 % (compressive strain)
Axial strain = 0.5%
1-2v 01

T—E;Vurzo.‘l-o

o
o

o
i
|

Confining Pressure
—+— 35kPa
—— 210 kPa

L

o

|

o
o
|

e
=

Volumetric Strain (%)
5% -
|

Axial Strain (%)

o3 =210 kPa (30 psi)
Maximum volumetric strain = - 0.3 % (compressive strain)
Axial strain = 1.0%
1-2v_ 03 035
1 10 W

=
=N

S
=
|

L

Confining Pressure
—+— 35kPa
—@— 210 kPa

=1
o gyt

S
o
|

o
o

Volumetric Strain (%)
¥
|

Axial Strain (%)

3.4 Mohr-Coulomb Strength Parameters ¢ and ¢

The Mohr-Coulomb strength parameters ¢ and ¢ are, respectively, the intercept
and the angle of the Mohr-Coulomb failure envelope. For loose sands and
normally consolidated clay (i.e., non-prestressed clay), the Mohr-Coulomb failure
envelope can usually be approximated by a straight line, and the values of strength
parameters ¢ and ¢ can be determined rather easily from the failure envelope.
Alternatively, the ¢ and ¢ values can be determined by using a p—g diagram as
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Fig. 5 Determination of ¢ and ¢ by the p—¢q diagram

shown in Fig. 5. The p—¢ diagram approach usually gives a more consistent c-¢»
values as it is less dependent on individual judgments.

Mohr-Coulomb failure envelopes for heavily compacted soils are typically a con-
cave downward curve (i.e., the tangent slope decreases with increasing normal stress).
The denser the soil, the more curved the failure envelope tends to be. Figure 6 shows
the Mohr-Coulomb failure envelope of the soil under consideration at confining
pressures ranging from 35 kPa (5 psi) to 760 kPa (110 psi). Note that the failure
envelope in Fig. 6 was constructed by assuming ¢=0. A rule-of-thumb in basic soil
mechanics is pertinent here: when the ¢-value is large, a small c-value goes a long way!
In this case, ¢ is very large (well over 40°); therefore, it is very important to determine
if the assumption of ¢ = 0 is appropriate. To that end, there is no substitute to physically
feel the soil sample. If the soil is cohesive (i.e., sticky when wet) and the fines content
(percent passing the 75-um sieve) is significant (say, less than 5% to 10% by weight),
¢#0 should be used. Otherwise, the assumption that c=0 as depicted in Fig. 6 is
deemed acceptable.

_ 0 3= 760 kPa
)
[-¥
=
<
2
@ g5=480
A
@®
=
<
@
5 o3=210
g =105
g3=p5
0 210 675 1,185 1,760 2,985 4,250

Normal Stress (kPa)

Fig. 6 Curved Mohr-Coulomb failure envelope of the soil over confining pressures of 35 kPa (5 psi) to
760 kPa (110 psi)
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Fig. 7 The secant method for determination of strength parameter ¢ for ¢ =0 soil

If a soil possesses nonzero cohesion (c # 0), the value of “c” can be determined by
the Mohr circles at small confining pressures. When making a selection of confining
pressures for triaxial testing for soils that are suspected of nonzero cohesion, at least
two low values of confining pressure should be used (say, 35 kPa and 70 kPa, or 5 psi
and 10 psi). From the Mohr failure circles at the low confining pressures, the c-value
can be determined by sketching a straight line failure envelope tangent to the failure
circles.

Once the value of “c” is determined, the value of “¢” can be determined as described
below. Let us start by considering the case of c=0. A curved failure envelope over the
range of relevant stress would indicate that the ¢-value is not a constant and would vary
with the normal stress. Since nearly all finite element computer codes require that the
value of ¢ be a constant, an average value of ¢ over the applicable range of stress is
needed. A simple yet accurate average value of ¢ is the secant method. The method is
described below.

It can be shown mathematically that “the average rate of change of a curve is equal
to the slope of the secant line.” In other words, to determine the average tangent slopes
between any two points on a curve, one only needs to determine the slope of the secant
line connecting the two points. The secant method can be used to determine the average
¢-value of a curved Mohr-Coulomb failure envelope, as shown in Figs. 7 and 8, for ¢ =
0 soil and ¢ # 0 soil, respectively. The procedure for determination of the secant ¢-value
can be described in steps as:

//4 S ¢/v(‘am)

failure envelope

at failure, for estimated o ;or o,

two tests @ small o

Fig. 8 The secant method for determination of strength parameter ¢ for ¢ #0 soil
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Shear Stress (kPa)

c¢=70.3

0 3= 760 kPa

Mohr-Coulomb failure

envelope

Secant line for range of 7 5
between 0 and 210 kPa

for determination of c-value

1,760 2,985
Normal Stress (kPa)

Fig. 9 Determination of ¢ and ¢ of the example soil (a well-compacted gravelly soil)

il.
iii.

iv.

4,250

construct a smooth failure envelope that is tangent to all the failure Mohr circles

considered reliable

estimate the largest value of o3 (or o;) for the problem under consideration

sketch a failure circle that is tangent to the failure envelope for the estimated
largest value of o3 or ¢, (i.e., see Figs. 7 and 8);
determine the point of tangency of the failure circle determined in step (iii) on the

failure envelope and

determine the secant ¢-value, which is equal to the slope of a straight line
connecting the origin (for ¢=0) or the c-intercept (for ¢#0) with the point of
tangency determined in step (iv)

For the soil under consideration, the procedure for the determination of ¢ and ¢ is
depicted in Fig. 9. The c-value for the soil was determined by plotting the p—g diagram
for o3=35 kPa (5 psi) and 105 kPa (15 psi), as shown in Fig. 10, and represented by the
dashed line in Fig. 9. The c-value was determined to be 70.3 kPa (or 10.2 psi). Using the
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Mean Shear Stress , q (kPa)
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/.

q=0.770p + 44.788

i

a =44.788 ; tan ¢ =0.7701
¢= q/cos{sin”'(tan ¢ )} =70.3 kPa

T T T
200 400

T

T
600

Mean Normal Stress , p (kPa)

Fig. 10 Use of p—¢q diagram to determine c-value of the example soil

800
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Table 4 A summary of soil model parameters for the example soil

Material Material model Parameters and values

Soil (an angular  Hardening Soil model dry unit weight, yq =24 kN/m3; moist unit weight,
gravelly soil) (Schanz et al. 1999) ym =25 kKN/m3; cohesion, ¢ =70 kPa; angle of internal

friction, ¢ =48°; angle of dilation, w = 19°; soil stiffness
parameters (as defined in Plaxis 2002),
EX = 63,400kPa, £ = 476, 000kPa,
E™ = 63,400kPa; unloading-reloading Poisson’s ratio
v, = 0.2; failure ratio, Ry=0.9; stress-dependency power
parameter, m=0.5

800
~
a |
—_
2 600 o S
b 1 N S 16
£ = —+— Measured
Z i & 12| —e— Simulated[ T
g & 08 : ; ‘
= 400
R )
-2 E ‘
S _ jf g 0 ;
< g ‘
£ 200 =04 i
5 ] / T > 0 1 2 3 4
—+— Measured Axial Strain (%)
| —@— Simulated
0 T . —
0 2 4 6 8 10
Axial Strain (%)

Fig. 11 Comparison of simulated and measured stress—strain—volume change relationships at o3 =35 kPa
(5 psi)
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0 . F——F—
0 2 4 6 8 10
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Fig. 12 Comparison of simulated and measured stress—strain—volume change relationships at o3 =105 kPa
(15 psi) [note: measured volume change curve was not available at this confining pressure]
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Fig. 13 Comparison of simulated and measured stress—strain—volume change relationships at o3 =210 kPa
(30 psi)

o

procedure shown in Fig. 8, the secant ¢-value was determined as 48° (see Fig. 9). The soil
model parameters determined as the average value at o3 =35 kPa (5 psi), 105 kPa (15 psi),
and 210 kPa (30 psi) for the example soil are summarized in Table 4.

4 Validation of the Soil Model Parameters

With the soil model parameter values shown in Table 4, finite element analyses
were conducted to simulate stress—strain—volume change relationships of the
soil in drained triaxial compression tests at confining pressures of 35 kPa,
70 kPa, and 105 kPa (5 psi, 15 psi, and 30 psi). The simulated results were
compared with measured values. Figs. 11, 12, and 13 show the comparisons at
03=35 kPa (5 psi), 105 kPa (15 psi), and 210 kPa (30 psi), respectively.
Excellent agreement between simulated and measured values is seen. This suggests that
the soil model parameters deduced from results of triaxial tests by following the protocol
described in this technical note are indeed capable of simulating the behavior of soil
under triaxial compression testing conditions.

The soil model parameters were subsequently used to simulated the load—
deformation behavior in five 2.0 m (height) by 1.4 m (length) soil-
geosynthetic composite experiments in a plane strain condition. The five
experiments varied in reinforcement stiffness and strength, confining pressure,
and reinforcement spacing, and were subject to increasing vertical loads until
failure occurred. The analysis results and comparisons with measured results
have been presented elsewhere (Wu et al. 2018). The simulation was found to
be in very good to excellent agreement with “all” measured data, including
applied load vs. vertical displacements relationships, applied load vs. lateral
movement relationships, and internal displacement fields up to an applied load
of 1000 kPa (five times the typical design load) for all five field-scale
experiments.

@ Springer



68 Transportation Infrastructure Geotechnology (2020) 1:55-68

5 Concluding Remarks

This technical note describes a protocol for determination of the parameters for the
Hardening Soil model of an angular gravelly soil. It should be noted that the technical
note is presented to share the authors’ experience and should not be considered an
endorsement of the Hardening Soil model or Plaxis code. The protocol for determina-
tion of Mohr-Coulomb strength parameters ¢ and ¢ for well-compacted soils, of which
the failure envelopes are curved, is also described in detail. The soil model parameters
determined by the protocol were shown to give very good to excellent simulation of
“all” measured data of triaxial tests and five field-scale experiments under applied loads
up to 1000 kPa. The protocol is believed to be of value to researchers and design
engineers who employ the soil model to perform stress-deformation analysis of earth
structures.
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