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1 NorSand Model (saturated)

NorSand is a critical-state sand model with an image pressure Pim controlling the yield
surface size. The formulation documented here follows the critical-state interpretation
summarized by Jefferies and Been (2016), with the state parameter as a governing variable
for sand behaviour in the sense of Been, Jefferies, and Hachey (1991). This page documents
the input syntax, the mathematical formulation used by the NorSand UMAT in this codebase,
and the currently packaged Norsand FALCON mini.

11 Syntax

This model is configured in % Materials as a user-defined mechanical material. Use QUMAT:
with category Mechanical and pass the parameters as name=value pairs.
Example (log CSL):

@QUMAT: path/to/NorSandModelUMAT.cpp path/to/NorSandModelUMAT.hpp Mechanical
\

CSLForm=0 Gref=20000 Pref=100 nG=0.6 Nu=e.10 \

Gamma=1.115 LambdaCSL=0.076 Patm=100 \

Mtc=1.40 N=0.30 Xtc=2.50 He=30 Hpsi=200 \

R=1.0 S=1 P_min=1e-6 FTOL=1e-6 \

CustomVariable=Pim

Example (power CSL):

@UMAT: path/to/NorSandModelUMAT.cpp path/to/NorSandModelUMAT.hpp Mechanical
\

CSLForm=1 Gref=20000 Pref=100 nG=0.5 Nu=0.15 \

Ca=0.90 Ch=0.14 Cc=0.15 Patm=100 \

Mtc=1.28 N=0.30 Xtc=4.60 He=100 Hpsi=625 \

R=1.2 S=1 P_min=1e-6 FTOL=1e-6 \

CustomVariable=Pim

For readability, examples are wrapped across multiple lines; in input files you should
write the full QUMAT : directive on a single line.

1.2 Material parameters

Parameters are passed as name=value pairs in the QUMAT: line.
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Table 1. Material parameters

Symbol Keyword in input Units Required Description

- CSLForm - v/ CSL form selector
(o log, 1 power).

Gref Gref stress v Shear modulus
reference value.

Pret Pref stress / Reference pres-
sure for G(p).

ng nG - v Shear modulus
exponent.

v Nu - / Poisson’s ratio.

r Gamma - /* Log CSL intercept
(only if CSLForm=
0).

A LambdaCSL - /* Log CSL slope
(only if CSLForm=
).

C, Ca - /* Power CSL inter-
cept (only if cSL
Form=1).

Cp Cb - e Power CSL coeffi-
cient (only if CSL
Form=1).

C. Cc - /* Power CSL expo-
nent (only if CSL
Form=1).

Patm Patm stress / Normalizing pres-
sure for power
CSL.

M, Mtc - v/ Triaxial-
compression CSL
ratio.

N N - / Operating ratio
parameter.

X;e Xtc - v/ Dilation limit pa-
rameter.

Hy He - v Hardening param-
eter.

Hy Hpsi - / Hardening param-
eter.
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Symbol Keyword in input Units Required Description

R R - v OCR helper for
initialization (must
satisfy R>=1).

- S - v Softening flag (o

or 1).
Prin P_min stress / Numerical
lower bound
for pressure-
dependent terms.
- FTOL - / Yield-surface tol-
erance.
* “Required” depends on CSLForm.

1.24 Optional integration controls

These keys are optional. If omitted, the UMAT defaults are used.

Keyword in input Default Description

IntegrationScheme 0 Exposed option for the
standalone examples; o
uses the explicit adaptive
scheme.

STOL 1e-4 Local integration error tol-
erance for explicit adaptive
substepping.

DTMIN 1e-3 Minimum adaptive substep
size (in (0,1]).

MaxSubsteps 200 Maximum substeps for sub-
stepping schemes.

MaxNewtonIter 200 Maximum Newton itera-
tions.

ExternalCompressionSign -1 -1 = compression nega-

tive in the host (FALCON
default), +1 = compression
positive.

artemisdvlp.com
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1.3 Custom state variables

Declare custom variables using CustomVariable= in the QUMAT: line.

Name Required Meaning

Pim recommended Image pressure controlling the
yield surface size.

1.4, Stress invariants

Let o be the effective stress tensor using FALCON's sign convention (tension positive). Define:

om = %tr(a), sS=0 — oyl

]2 = %8 S, ]3 = det(s)

The deviatoric stress magnitude (UMAT output column q) is

q=+3k20

and the mean pressure used in all NorSand equations is

pP=—0m

The Lode angle 6 € [~ /6, /6] is computed from J,, J; (standard definition; see MohrModel
for the invariant conventions used across the manual). The work-conjugate invariant setting
used by NorSand is consistent with the formulation discussed by Resende and Martin (1985).

1.5 Elastic law

NorSand uses pressure-dependent isotropic elasticity:

G(p) = Gret (maX(P imin, P) ) "

Pref
21+ v)
K(p) = m G(p)

The elastic stiffness matrix in Voigt form is the standard isotropic tensor:
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Aet2p Ao e 0 0 0]
de Aet2 A 0 0 0
peo | e Ae Aet21 0 0 o he=K-2G, j=G
0 0 g0 0
0 0 0 u O
0 0 0 0 p

1.6 Critical state line (CSL) and state parameters

NorSand supports two CSL forms. Let e be the void ratio and define the CSL void ratio e.(p).
This critical-state framing follows the standard critical-state soil mechanics basis of Schofield
and Wroth (1968) and its NorSand interpretation in Jefferies and Been (2016).

1.61 Log CSL (CSLForm=0)
e.(p) =T — A In(max(Ppin, p))
with A from LambdaCSL.

1.6.2 Power CSL (CSLForm=1)

maX(Pmina P) > c
Patm

ec(P) =Cy—Cp (

Define the (current) state parameter

Y =e—elp)

and the image state parameter (evaluated at Pim)

wi =€— ec(pim)

1.7 Lode-angle dependent critical friction ratio

The Lode-angle dependent critical friction ratio is

Mtc T
M(0) = M, (1 T3 cos(%@ + 4))

We denote M, = M(9).
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1.8 Mapped dilation limit parameter
NorSand maps X;. to a pressure-dependent limit parameter =:

Xtc
1- A(Pim) Xtc/Mtc

—
- —
— —

where:

- for log CSL: A(pim) = A (constant),
« for power CSL:

A(pim) =

__de =Gy C <maX(P min, Pim))cﬁ
dln P p=pim Patm

1.9 Operating friction ratio and dilatancy

Let

(e

The operating friction ratio M; depends on M., ¥;, and =. The state dependence of dilatancy
and operating stress ratio follows the NorSand developments summarized by Jefferies and
Been (2016), with the loose-side dilatancy discussion tied to Li and Dafalias (2000) and the
general-stress-state form of the operating critical friction ratio tied to Jefferies and Shuttle
(2011).

Dense side (y; < 0):

NE=
M, =M, 1+MtCI//,'

Loose side (y/; > 0):
« default (extended Dafalias form):

NZ=
M; = M, <1—Ml//i)

tc

- optional loose-side switch (Taylor-Bishop): if you input Mtc < e in the UMAT parameters,
the implementation uses M; = M, for ; > 0. This branch corresponds to the Taylor-Bishop
style dissipation interpretation discussed by Bishop (1950) and later NorSand summaries.

The plastic dilatancy function is

DpzMi_U
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110 Yield function

The NorSand yield function is (compression-positive p > 0 form):

f(o, pme)=q—nyp
with the yield stress ratio

Pim
ryy:Mi<1+ln< » ))

The stress state is:

- elastic if f < FTOL
- plastic if f > FTOL

111 Plastic potential and flow rule (stress-dilatancy form)

The UMAT uses a stress—dilatancy flow rule consistent with:

de?
p—r
deq
where:

c e = el + el + el

- the implementation uses &) = /' /3 as the p-conjugate strain invariant,
- and def = dA (because af/dq = 1).
Accordingly, the plastic potential gradient is constructed so that:

ag _Dy oy _,

ap 3 aq

112 Hardening law for Pim
NorSand evolves the image pressure with plastic shearing. The use of Pim as an image stress

and the associated hardening structure follow the NorSand presentation in Jefferies and
Been (2016).

. _ ,p
Pim = Biso &q

The state-dependent hardening modulus is
H=Hy—Hy ¢
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and the hardening limit stress is

Pmx = P €Xp <_]\)/I(lttcc ¢>

where M;,. is the operating friction ratio evaluated at triaxial compression (0 = /6).
The base hardening term is:

P M;
Bisopase = H| — mx — Pim
b (p,-m) ( Mw) (Pmx = Pim)

1121 Optional softening term (S)

If S=1, a softening term is applied for undrained loading paths when D, > 0. In this implemen-
tation, the UMAT detects that branch from a near-zero imposed volumetric strain increment,
rather than from a separate user-defined drainage flag:

n K
Ssoft = @ (M) (P) DP Pim

w=1- A(P) Xtc/Mtc

with

and A(p) evaluated at the current pressure p (constant for log CSL; local slope for power
CSL).
The final hardening term used by the UMAT is:

Biso = Biso,base - Ssoft
112.2 Consistency hardening modulus
The scalar hardening modulus appearing in the consistency condition is:

_of dpim _ P\ 4
KP_ O Pim da - (Mlpim>Blso

113 Integration options

The standalone NorSand examples documented here use the explicit adaptive integration
path. The exposed control is IntegrationScheme = o, together with STOL, DTMIN, and Max
Substeps.
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144 Initialization and post-equilibrium conditioning (Pim)

After initialization (or after a geostatic/body-force equilibrium update), the stress state and
void ratio may not be consistent with the currently stored Pim. The NorSand UMAT conditions
Pim so the current stress state lies on or inside the yield surface.

« If Pim is missing, it is initialized from the current stress state and then enlarged using R
(OCR helper).
- If Pim is present, it is only increased if needed (never shrunk).

This prevents starting a step from an overstressed state and avoids abrupt numerical
corrections at the first constitutive update.

145 FALCON mini

The packaged mini tool id is Norsand. It lives under mini_tools/Norsand.

1151 How to run

falcon --mini-root /path/to/UMATLIB_FALCON/falcon_minis --mini-tool Norsand
--mini-input
/path/to/UMATLIB_FALCON/falcon_minis/Norsand/cases/TXD_dense_log_explicit

These examples are taken from the NorSand validation sets documented in the PLAXIS
NorSand manual (Reference 7) and are provided here as packaged FALCON mini cases. The
case families cover drained triaxial, undrained triaxial, and undrained direct simple shear
(UDSS) loading paths, using the corresponding NorSand parameter sets for the logarithmic
and power-form CSL examples.

Common material bundles used by the packaged examples:

Bundle Used by Constitutive parameters
Log CSL bundle TXD/TXU log CSL, UDSS S=0, CSLForm=0, Pref=100,
UDSS S=1 Gref=20000, NnG=0.6, Nu=

0.1, Gamma=1.115, Lambda

CSL=0.076, Patm=100, Mtc=
1.40,N=0.30, Xtc=2.50, H

©=30, Hpsi=200, R=1.0

artemisdvlp.com 1 AD FALCON API
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Bundle

Used by

Constitutive parameters

Power CSL bundle

TXU power CSL

CSLForm=1, Pref=100,
Gref=20000, nG=0.5, Nu=0.
15, Ca=0.90, Cb=06.14, Cc=
0.15, Patm=100, Mtc=1.28,
N=0.30, Xtc=4.60, Ho=100,
Hpsi=625, R=1.2

Bundled validation examples:

Validation family

Packaged cases

Purpose

TXD, log CSL

TXU, log CSL

TXU, power CSL

UDSS, log CSL, S=0

UDSS, log CSL, S=1

cases/TXD_dense_log_
explicit/input.txt,
cases/TXD_loose_log_
explicit/input.txt
cases/TXU_dense_log_
explicit/input.txt,
cases/TXU_loose_log_
explicit/input.txt
cases/TXU_dense_pow_
explicit/input.txt,
cases/TXU_loose_pow_
explicit/input.txt
cases/UDSS_dense_log_
Se_explicit/input.txt,
cases/UDSS_loose_log_S
o_explicit/input.txt
cases/UDSS_dense_log_
S1_explicit/input.txt,
cases/UDSS_loose_log_S
1_explicit/input.txt

Dense and loose drained
triaxial examples with loga-
rithmic CSL.

Dense and loose undrained
triaxial examples with loga-
rithmic CSL.

Dense and loose undrained
triaxial examples with
power-form CSL.

Dense and loose UDSS ex-

amples with S=o.

Dense and loose UDSS ex-
amples with S=1.

115.2 Input syntax

input.txt uses whitespace-delimited Key Value pairs, for example:

Drainage Undrained

pe 250.0
psie -0.12
dEpsAxial -2e-4

artemisdvlp.com
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/mini_tools/Norsand/cases/TXD_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXD_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXD_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXD_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_pow_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_pow_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_pow_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_pow_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S1_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S1_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S1_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S1_explicit/input.txt
artemisdvlp.com
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nSteps 1000
CSLForm o

The main driver selector is Drainage.

Artemis Dev

Drainage value

Meaning in the standalone mini

Drained

Undrained

Axisymmetric drained triaxial loading with

solved radial strain.

Axisymmetric constant-volume triaxial load-
ing, or UDSS-style loading if dGammaxy !=

0.

Mini inputs used by the packaged cases:

Driver and loading controls:

Required / choices /

Input key Used by defaults Meaning

CaseName all cases Optional; label only  Driver case label.

Drainage all cases Required; choices Selects drained or
Drained / undrained loading.
Undrained

po all cases Required in pack- Initial mean effec-
aged cases tive stress.

psie all cases Required in pack- Initial state param-
aged cases eter relative to the

CSL.
dEpsAxial, nSteps  all cases Required in pack- Axial strain incre-

dGammaXxyY

SchemeTag

Initialization
MethodFlag

artemisdvlp.com

UDSS-style cases
all packaged exam-
ples

all packaged exam-
ples

13

aged cases

Optional; e.0 for
triaxial examples

Optional; pack-
aged examples use
explicit
Optional; 1, 2, 3

ment and number of
loading steps.
Engineering shear
increment used by
the UDSS examples.
Integration label
used by the example
inputs.

Per-step override
for the UMAT integra-
tion scheme.
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Input key

Required / choices /

Used by defaults Meaning

OutFile

Optional; pack-
aged examples use
stress_results.
csv

all cases Output CSV name.

Initialization rules used by the packaged mini inputs:

If StressxX, StressYY, or StressZZ is provided, the driver uses the direct-stress initial-
ization path and reads VoidRatio directly.

Otherwise, the driver initializes from pe and psioe, computes the CSL void ratio at pe, and
setse_o = e_c(p_o) + psi_e.

psie is therefore an initialization input, not a history variable.

VoidRatio is the actual state variable carried during the run.

Pim is a custom variable because it is an internal history variable that must be stored
and updated from step to step.

The same Pim initialization logic is part of the UMAT interface itself: if Pim is not supplied,

the UMAT initializes it from the current stress state and void ratio before constitutive updates.
In FEM workflows, this is the same mechanism used after initialization or after equilibrium/-
gravity updates when the current stress state must remain admissible with respect to the

stored image pressure.
NorSand constitutive parameters:

Required / choices /

Input key Used by defaults Meaning
CSLForm all cases Required; choices @  Selects logarithmic
= log, 1 = power or power-form criti-
cal state line.
Pref, Gref, nG, Nu all cases Required in pack- Elastic stiffness pa-
aged cases rameters.
Gamma, LambdaCSL all cases Required in pack- Critical state line
aged cases parameters.
Ca, Cb, Cc all cases Required in pack- State-parameter
aged cases and image-stress
controls.
artemisdvlp.com 14 AD FALCON API
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Input key Used by

Required / choices /
defaults

Meaning

Patm, Mtc, N, Xtc, Ho, all cases
Hpsi, R, S

P_min, FTOL all cases

Required in pack-
aged cases

Optional; driver safe-
guards if omitted

Core NorSand con-
stitutive parameters
controlling stress ra-
tio, image hardening,
and dilatancy.
Numerical safe-
guards for low pres-
sure and admissibil-
ity tolerance.

115.3 Hydromechanical assumptions

The packaged NorSand mini is an effective-stress mechanical driver:

- there is no intrinsic unsaturated constitutive coupling

- there is no suction or retention update

« drained and undrained differences come entirely from the loading constraint and the

evolving NorSand state variables

So the mini is best read as a state-parameter sand model for triaxial effective-stress
response, not as a hydraulic or unsaturated soil driver.

115.4 Sample input

Dense drained logarithmic-CSL example Path: mini_tools/Norsand/cases/TXD_dense_

log_explicit/input.txt

CaseName TXD_dense_log
Drainage Drained

po 250.0

psie -0.12

dEpsAxial -2e-4

nSteps 1000

OutFile stress_results.csv
CSLForm o

Pref 100.0

Gref 20000.0

Nu 0.1

Gamma 1.115

LambdaCSL 0.076

Mtc 1.40

Ho 30.0

artemisdvlp.com
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/mini_tools/Norsand/cases/TXD_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXD_dense_log_explicit/input.txt
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Hpsi 200.0

This packaged case is the baseline dense drained NorSand example.

Companion validation inputs Representative companion cases:

mini_tools/Norsand/cases/TXD_loose_log_explicit/input

mini_tools/Norsand/cases/TXU_dense_log_explicit/input.
mini_tools/Norsand/cases/TXU_loose_log_explicit/input.
mini_tools/Norsand/cases/TXU_dense_pow_explicit/input.
LIxt

mini_tools/Norsand/cases/UDSS_dense_log_Se_explicit/input.
mini_tools/Norsand/cases/UDSS_dense_log_Si_explicit/input.
mini_tools/Norsand/cases/UDSS_Tloose_log_Se_explicit/input.
mini_tools/Norsand/cases/UDSS_loose_log_Si_explicit/input.

mini_tools/Norsand/cases/TXU_loose_pow_explicit/input

115.5 Output files and columns

Each packaged case writes stress_results.csv.

Xt

txt
txt
txt

Artemis Dev

txt
txt
txt
txt

Out

put file Produced by Main use

str

ess_results.csv all packaged runs

Main output written by the

standalone mini.

Primary columns:

Output column Meaning

eps_xX, eps_yy, eps_zz, eps_xy, SXX, Syy, Strain and stress components.

$zz, SXy

P, q Mean and deviatoric stress invariants.
voidRatio Void ratio.

Pim Image stress / hardening variable.
iplas Plastic loading indicator.
PlasticStrainIncXX to PlasticStrain Cumulative plastic-strain components
IncXY where the case writes them.

The following example inputs are also provided under docs/Falcon_inputs/norsand/:

artemisdvlp.com 16
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/mini_tools/Norsand/cases/TXD_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_log_explicit/input.txt
/mini_tools/Norsand/cases/TXU_dense_pow_explicit/input.txt
/mini_tools/Norsand/cases/TXU_loose_pow_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_dense_log_S1_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S0_explicit/input.txt
/mini_tools/Norsand/cases/UDSS_loose_log_S1_explicit/input.txt
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Case

Explicit

TXU dense (log CSL)

TXU loose (log CSL)

TXD dense (log CSL)

TXD loose (log CSL)

UDSS dense (log CSL, S=0)
UDSS dense (log CSL, S=1)
UDSS loose (log CSL, S=0)
UDSS loose (log CSL, S=1)
TXU dense (power CSL)
TXU loose (power CSL)

TXU_dense_log_explicit.txt
TXU_loose_log_explicit.txt
TXD_dense_log_explicit.txt
TXD_loose_log_explicit.txt
UDSS_dense_log_So_explicit.txt
UDSS_dense_log_S1_explicit.txt
UDSS_loose_log_So_explicit.txt
UDSS_loose_log_S1_explicit.txt
TXU_dense_pow_explicit.txt
TXU_loose_pow_explicit.txt

The plots in the next section are generated directly from the bundled explicit NorSand
mini cases and follow the same layout as the PLAXIS manual validation figures.

116 Results

The figures below are produced directly from the bundled explicit NorSand mini cases.

Dense and loose drained and undrained triaxial cases for the logarithmic CSL bundle (pe
= 250 kPa).

Dense and loose UDSS cases with S=o and S=1 for the logarithmic CSL bundle (pe = 250
kPa).

Dense and loose undrained triaxial cases for the power-form CSL bundle (pe = 200 kPa).

117 Applications and limitations

- Best suited to state-parameter sand behavior in monotonic and cyclic effective-stress
problems, especially dense-loose response comparisons.

« Appropriate for uncoupled and effective-stress-based coupled analyses when the hy-
draulic side is defined separately.

« It is not an intrinsic unsaturated constitutive law. The current packaged mini covers
effective-stress triaxial and UDSS-style validation paths only.

118 References
1. Been, K., Jefferies, M. G., and Hachey, . (1991). The critical state of sands. Géotechnique,

£1(3), 365-381.
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Falcon_inputs/norsand/TXU_dense_log_explicit.txt
Falcon_inputs/norsand/TXU_loose_log_explicit.txt
Falcon_inputs/norsand/TXD_dense_log_explicit.txt
Falcon_inputs/norsand/TXD_loose_log_explicit.txt
Falcon_inputs/norsand/UDSS_dense_log_S0_explicit.txt
Falcon_inputs/norsand/UDSS_dense_log_S1_explicit.txt
Falcon_inputs/norsand/UDSS_loose_log_S0_explicit.txt
Falcon_inputs/norsand/UDSS_loose_log_S1_explicit.txt
Falcon_inputs/norsand/TXU_dense_pow_explicit.txt
Falcon_inputs/norsand/TXU_loose_pow_explicit.txt
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Figure 1: NorSand TXU/TXD results
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Figure 2: NorSand UDSS results
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Figure 3: NorSand power CSL results
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