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1. Introduction

The commonly used finite element (FE) programs LS-DYNA, Abaqus, and EPIC
allow researchers to implement their own custom material models. The model is
implemented as a FORTRAN subroutine that interfaces with the FE solver. In a
simplified description, the FE solver supplies the user subroutine with information
at the current time increment. The user subroutine must then calculate essential
quantities for the time step and pass these back to the FE solver. The specific
quantities that are calculated vary between the different FE programs but include,
at a minimum, the stress after the current time increment and the updates to any
relevant state variables.

The details of the interface between the FE solver and the user subroutine differ
between LS-DYNA and Abaqus, whereas Abaqus and EPIC follow similar
conventions. Therefore, user subroutines that had originally been developed to be
used in Abaqus/EPIC cannot be directly used as-is in LS-DYNA. Additional
complications arise from there being two different types of user subroutines in
Abaqus, the UMAT and VUMAT (vectorized UMAT). These two types also have
different interfaces and formulations. In summary, there are (1) the custom material
model in LS-DYNA, referred to here as the “LS-DYNA umat,” and (2) the custom
material models in Abaqus/EPIC, referred to as the Abaqus “UMAT” and
“VUMAT.”

We previously published a technical report describing a computational framework
developed for FE simulation of ultra-high-molecular-weight polyethylene
(UHMWPE) films based on crystal-plasticity deformation and subsequent shear
delamination failure mechanisms (Alexander et al. 2023). That report compared FE
simulations between a sub-mesoscale (SMS) model and an elemental macroscale
(EMS) model. All simulations were run in LS-DYNA. However, the EMS model
had originally been developed by Becker (2019) as an Abaqus/EPIC UMAT.
Therefore, we developed a code, referred to as a “wrapper,” to be able to run the
EMS UMAT model in LS-DYNA.

The wrapper has utility to the broader research community by providing a
framework for using custom material models in LS-DYNA that had originally been
developed to be run as a UMAT in Abaqus/EPIC. The wrapper was initially
developed only to be used for the EMS UMAT model. To run the EMS model
(which was written for Abaqus) in LS-DYNA, the wrapper supplies the UMAT
with the deformation gradient from the end of the previous time step and the
deformation gradient at the end of the current time step. The latter was supplied by
setting the IHYPER flag in LS-DYNA to 1, and the former was supplied by saving



the deformation gradient at each time step into the state variables. In Abaqus, input
and output to the UMATS are in the current configuration. Accordingly, the EMS
UMAT was also developed for input variables in the current configuration. Using
the EMS UMAT in LS-DYNA required the IORTHO flag to be set to 0 in order for
LS-DYNA to also provide input variables in the current configuration.

The wrapper could be used for other material models written for Abaqus UMATs,
since UMATS in Abaqus are in general required to input and output in the current
configuration. Users wishing to apply the wrapper for a different UMAT other than
the EMS model may need to explicitly assign additional parameters based on what
is used within their specific Abaqus UMAT. Here, we provide details for using the
wrapper to run UMATSs in LS-DYNA in the current configuration. The code for the
wrapper is provided in Appendix A.

2. Overview

The wrapper is a FORTRAN subroutine called UMAT42V and acts as a LS-DYNA
umat (overall concept is summarized in Fig. 1). Appendix A provides the wrapper
code. For each time step, LS-DYNA supplies variables to the wrapper at the current
time step, including the stress and strain increments, state variables, and material
properties. The first part of the wrapper converts these variables from the LS-
DYNA convention to the Abaqus convention. The wrapper then calls the Abaqus
UMAT, referred to here as UMAT ABAQUS. The Abaqus UMAT calculates the
stress and updates any history variables as it would when running normally in
Abaqus/EPIC. The wrapper then converts the stress and history variables back to
the LS-DYNA convention.

The wrapper has several write statements that write to terminal output. For
example, in the first cycle, the wrapper writes out all the material properties that
were specified in the LS-DYNA input file, enabling the user to confirm the setup.
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STEP 11: LS-DYNA continues with its calculations from t1=> t2.

Fig.1  Summary of wrapper concept. Only the key inputs and outputs at the various levels
are included here to help with visualization.

3. Stepwise Directions to Use the Wrapper

3.1 Ensure Abaqus UMAT Meets Specifications of the Wrapper

Figure 2 shows the form that the wrapper expects for the header of UMAT ABAQUS.

] SUBROUTINE UMAT ABAQUS (STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
1 STRAN,DSTRAN,TIME,DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME ,
1 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS, DROT, ENEWDT,
1 CELENT,FO0,F,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)

IMPLICIT NONE

C Argument variables
REAL*S CMNAME
INTEGER KINC, KSPT, KSTEP, LAYER, NDI, NOEL, NPROPS, NPT, NSHR
INTEGER NSTATV, NTENS
REAL*Z CELENT, COORDS(2), DDSDDE (NTENS,NTENS), DDSDDT (NTENS)
REAL*S FO(2,3), F(3,2), DPRED(L), DROT(3,3)
REAL*S DRPLDE (NTENS), DRPLDT, DSTRAN(NTENS), DTEMP, DTIME, PNEWDT
REAL*J PREDEF (1), PROPS(NPROPS), RPL, SCD, SPD, SSE
REAL*S STATEV (NSTATV), STRAN(NTENS), STRESS(NTENS), TEMP, TIME(2)

Fig.2  Form of the header for the Abaqus UMAT that the wrapper expects



Figure 2 shows that the wrapper expects the UMAT ABAQUS header to include 37
total variables. Normally in Abaqus, all 37 variables could be used in the UMAT
for calculations, as could be seen in standard Abaqus documentation. However, the
present wrapper only assigns values to the specific variables that were necessary
for using the EMS UMAT. The wrapper assigned values to 13 variables: STRESS,
STATEV, DSTRAN, DTIME, NDI, NSHR, NTENS, NSTATV, PROPS, NPROPS,
DROT, F0, and F. The remaining 24 variables are declared in UMAT42V but never
explicitly assigned values before being sent to the UMAT ABAQUS. Therefore, an
Abaqus UMAT, using this wrapper as-is, should not use these variables for its
calculations. Appendix B lists all 37 of the UMAT ABAQUS argument variables
with additional information regarding the 13 that were explicitly assigned values
by the wrapper.

3.2 Compile LS-DYNA to Use the Wrapper

General information on compiling LS-DYNA in order to use a LS-DYNA umat has
been previously documented by Hampton et al. (2022). Users should be aware that
the present wrapper was developed with a LS-DYNA distribution that used double
precision variables by default. Appendix C provides an example of how this can be
confirmed.

In LS-DYNA, vectorized user material models are included in the source file
“dyn2lumatv.f”. LS-DYNA organizes this source file as a series of
subroutines. Each subroutine has a title in the format: UMATxxV, where xx is a
number between 41 and 50. In the original source file from LS-DYNA, each
subroutine is simply a placeholder or example. The present wrapper was written to
take the place of the subroutine titled UMAT42V.

The following steps should be executed prior to compiling LS-DYNA in order to
use the Abaqus UMAT by means of the wrapper:

1) Completely remove the default UMAT42V subroutine that LS-DYNA
provides as a placeholder in the dyn21lumatv.f source file.

2) The present wrapper with accompanying utility subroutines was saved in a
file called “wrapper. for”, which is provided in Appendix A. The user
needs to add the wrapper. for file to the same directory as the LS-
DYNA dyn2lumatv.f source file.

3) Add the following statement to the dyn2lumatv. f source file:

include ‘wrapper.for’



This statement must be added at a location that is outside the scope of any
of the subroutines in the source file. For example, it could be added to the
very top of the file. Or it could be added between the end of the UMAT41V
subroutine and the start of the UMAT 4 3V subroutine, taking the place of the
UMAT42V subroutine that was deleted in Step 1.

4) The wrapper assumes that the Abaqus UMAT is a subroutine titled
UMAT ABAQUS (see Fig. 2). Furthermore, the wrapper assumes that the
UMAT ABAQUS subroutine, together with any additional custom
subroutines that the Abaqus UMAT calls, is saved in a file called
“umat abaqus.for”. The user needs to add the umat abaqus.for
file to the same directory as the LS-DYNA dyn2lumatv.f source file.

3.3 Set Up LS-DYNA Input (Keyword) File

The LS-DYNA simulation is set up through the input file, also referred to as the
keyword file (k-file). After compilation as described in the previous section,
elements can be assigned the UMAT ABAQUS material model through the
*MAT USER DEFINED MATERIAL MODELS keyword, abbreviated here as
*MAT USER. This section describes how to specify this keyword.

The keyword consists of at least three data cards (lines). The first two data cards
contain different variables related to the settings for the material model. Then, the
user lists the material properties in the subsequent data cards, using as many as
needed to list all of the material properties. It is easier to set up the *MAT USER
keyword by first listing the material properties before specifying the settings in the
first two data cards. Therefore, this user guide starts by describing the material
property data cards before describing the first two data cards.

3.3.1 Specify Material Properties Starting from the Third Data Card

The user lists material properties to be read by LS-DYNA starting on the third data
card. The material properties listed in these data cards include the following:

« First and second properties: estimates for the bulk and shear moduli for the
custom user material model. LS-DYNA requires that estimates for the bulk,
K, and shear, G, moduli of the custom user material be specified as material
properties in the *MAT USER keyword: “All user-defined material models
require bulk and shear moduli for transmitting boundaries, contact
interfaces, rigid body constraints, and time-step calculations” (ANSYS
2023a, Appendix A).



We recommend that these estimates be determined from the stiffness matrix
of the material. Additional information regarding how to calculate the
stiffness matrix for different classes of materials has been provided in

Alexander and Weerasooriya (2021). We recommend the estimates be
determined from the components of the stiffness matrix, C;; as

K = max (€11, €22, C33)
(D
G = maX(C44, 655, 666)'
The maximums are used to provide conservative estimates for the time step
calculation. The present wrapper assumes that K and G are listed as the first
two material properties. The user can choose which comes first and second.

o Third property: the number of state variables used in the Abaqus UMAT.
This number is an integer variable called NSTATV.

« Fourth property: the number of material properties used in the Abaqus
UMAT. This number is an integer variable called NPROPS.

. Fifth and subsequent properties: values for the material properties used in
the Abaqus UMAT.

Based on the above, the total number of material properties listed in the
*MAT USER keyword, referred to here as NPROPS DYNA, is calculated as

NPROPS_DYNA = NPROPS + 4. (2)

The user needs to list all of these material properties in the *MAT USER keyword

using as many data cards as necessary. Each card holds eight material properties. If
NPROPS DYNA is not a multiple of 8, then empty positions on the last card are

filled with 0’s.

3.3.2 Specify Variables in the First Two Cards of the Keyword

The first two data cards (lines) of this keyword contain different variables related
to LS-DYNA settings for proper execution of the material model. The specific
values required for each of these variables in order to use the wrapper are described
below. In this list, only the values required by the wrapper for each variable are
described. The user is referred to the LS-DYNA Keyword User’s Manual, Volume
II (ANSYS 2023b) for additional information regarding each variable and its
specific meaning.

o MID: a material identifier. The user must choose a value that is different
from any other material used in the simulation.



RO: must be set to the mass density of the material model in consistent units.

MT: must be set to 42 to match the title of the wrapper subroutine, which
was UMAT42V.

LMC and LMCA: must be calculated by the user based on the number of
material properties listed in the *MAT USER keyword, calculated as
NPROPS DYNAin Eq. 2. Appendix D provides further details on how LMC
and LMCA are determined by NPROPS DYNA. In summary, if
NPROPS DYNA < 48:

LMC = NPROPS DYNA and LMCA = 0. (1)
If NPROPS DYNA >48:
LMC =48 and LMCA = NPROPS DYNA-48. (2)

NHV: must be set to NSTATV + 9. NSTATV is the number of state variables
used in the Abaqus UMAT. It was also listed as the third material property
sent to LS-DYNA, as noted in Section 3.5.1. Appendix E provides
additional information regarding the use of state variables by the wrapper.
The information provided in Appendix E is particularly important if the user
wants to visualize state variables during postprocessing.

TORTHO: must be set to 0. This causes LS-DYNA to send the variables to
the wrapper in the current global coordinate system rather than a local
coordinate system. The wrapper needs the variables in the global coordinate
system because UMATSs in Abaqus are written for the global coordinate
system.

IBULK and IG: these indicate the location of the estimates for the bulk
and shear modulus, K and G from Eq. 1, within the listing of material
properties as described previously. The present wrapper assumes that K and
G are listed in the first two slots for material properties. The user can choose
which comes first and second.

IVECT: must be set to 1. The present wrapper is written as a vectorized user
material model rather than as a serial material model. The TVECT=1 flag
indicates this to LS-DYNA.

IFATIL: must be set to 0 because the present wrapper does not include
capability for elements to be deleted based on a failure criterion.



o ITHERM: determines if LS-DYNA sends temperature information to the
user material model. We have been using TTHERM=0. The wrapper does
not explicitly handle any temperature variables.

o TIHYPER: must be set to 1 in order for LS-DYNA to pass the deformation
gradient at the end of the current timestep. Appendix E provides additional
information.

. IEOS: is for equation of state. We have been using TEOS=0.

4. Verification Using Single Element Simulations

The implementation of the wrapper was verified by running single element
simulations in LS-DYNA using the EMS UMAT material model by means of the
wrapper. Analogous simulations were then run in ALE3D directly using the EMS
UMAT material model. Numerical outputs from LS-DYNA and ALE3D were
compared.

Figure 3 describes the boundary conditions for the single element simulations. All
four nodes on the bottom surface were displacement-constrained in the X, y, and z
directions. All four nodes on the top surface were displacement-constrained in the
y and z directions.

ORIGINAL CONFIGURATION FINAL DEFORMED CONFIGURATION

Cube,
side length=100mm

.

Fig.3  Simple shear boundary conditions used for single element simulations in LS-DYNA
and ALE3D to verify wrapper by comparing numerical outputs

Details regarding the EMS model have been previously provided by Becker (2019)
and additionally in Alexander et al. (2023). The model includes a crystal plasticity
framework consisting of a single slip system. The slip system was defined by two
vectors: the normal to the slip plane and the slip direction. In the reference
configuration, these two vectors were referred to as NORMO and MO, respectively.
The corresponding vectors in the deformed configuration were NORM and M1.



The first set of single element simulations modeled the slip system with
NORMO0=[0,0,1] and M0=[1,0,0]. The stress in the 1-3 direction at the end of the
simulation was compared. The stress from LS-DYNA deviated by 0.04% from the
ALE3D computation.

The second set of simulations modeled the slip system rotated by 30° relative to the
x-axis such that NORMO=[-sin(30),0,cos(30)] and M0=[cos(30), 0, sin(30)]. All
six components of stress were compared. The stress from LS-DYNA deviated from
the ALE3D computation by less than 0.02%. In addition, the vectors NORM and
M1 were compared. The LS-DYNA computation deviated by less than 0.002%
from ALE3D.

5. Limitations of Using Wrapper for Other Abaqus UMATs

The present wrapper is limited by the assumed form of the Abaqus UMAT header
(Fig. 2). The latest versions of Abaqus have replaced the KSTEP integer variable
with an array called JSTEP. The wrapper assumes the material model is isothermal
and is written for 3-D simulations. Shells and UMATS coded for 2-D would require
modification. In addition, the wrapper is limited by only assigning values to 13 of
the 37 variables in the header. An Abaqus UMAT that uses any of the other 24
variables, which are not explicitly assigned in the wrapper, in its calculations will
not work with the present form of the wrapper. The user will need to make additions
to the present wrapper by explicitly assigning values to these variables.

6. Conclusion

The present wrapper can be directly used to run LS-DYNA simulations with the
EMS material model for UHMWPE that was originally developed by Becker for
use in Abaqus/EPIC. In addition, this user guide describes the steps to use the
present wrapper to run LS-DYNA simulations with other UMATSs that were
originally developed for Abaqus or EPIC, provided that the UMAT header conform
to Fig. 2 and that the UMAT performs all calculations using the 13 variables that
are specifically assigned values by the wrapper in its present form. Finally, the
present wrapper could be extended to more generalized Abaqus UMATS by adding
additional variable assignments within the wrapper for any other variables needed
by the Abaqus UMAT.
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ASSUMES THAT UMAT ABAQUS.FOR CONTAINS THE ABAQUS UMAT
AND ANY UTILITY SUBROUTINES THAT THE ABAQUS UMAT USES
include 'umat abaqus.for'

subroutine umatdlv (cm,dl,d2,d3,d4,d5,d6,sigl,8ig2,
sig3,sig4d,sig5,sigé,epsps,hsvs,1ft,11t,dtlsiz,capa,
etype,tt,temps,failels,nlga,crv,nnpcrv,cma,gqnat,elsizv,idelev,
reject)

implicit none

include "nlgparm'
include 'nhisparm.inc
include 'bk06.inc’'
ineclude 'iounits.inc’

v

REAL* " cm(¥*) ,dl (%) ,d2 (*) ,d3(¥%) ,d4 (%) ,d5(¥) ,d&(*),

& sigl(*),sig2(*),sig3(*),sigd(*),s1g5(*),sig6(*),

& epsps(*) ,hsvs(nlga,*) ,dtlsiz(*),temps(*),crv(lgl,2,*) cma(*),
& failels(*),qmat(nlqg,>,3) ,elsizv(¥*)

integer nnpcrv(¥)

integer*s idelev(¥)

character*s ctype

logical failels,reject

DECLARATIONS FCR ABAQUS VARIABLES

FIRST, PARAMETERS WHICH MUST BE CONFIRMED BY THE USER:

INTEGER, PARAMETER :: NTENS = &6, NDI = 3, NSHR =
INTENS = number of independent stress components
INTEGER, DIMENSION(!) :: elems to print = (/ 1/) !information for these elements

will be printed.

THESE NEXT VARIABLES DEAL WITH THE MATERIAL PROPERTIES AND STATE VARIABLES

Explanation:

NPROPS 3 total number of material properties used in the Abaqus UMAT
NSTATV J total number of state variables used in the Abagqus UMAT
totalNumProps 3 total number of material properties that user provides

values for

@
@
for

'Y O 0 G 6 G

to the *MAT USER keyword in LS-DYNA
It is assumed that the material properties that the user provides values

in the *MAT USER keyword have the following order:
Positions 1 and 2 = estimates for bulk/shear moduli
Position 3 = NSTATV
Position 4 = NPROPS
Starting at Position 5 user starts listing all the material

roperties used in the Abagqus UMAT.

INTEGER, PARAMETER :: start Abaqus props = ©
lindex within CM array indicating start of material properties to send
to Abagus UMAT
lassumes that remaining indices within CM array only contain material
properties to send to Abagus UMAT.
integer numOtherProps !number of properties in CM array that are not properties to
send to Abagus UMAT
integer totalNumProps !total number of properties listed in *MAT USER keyword
INTEGER, PARAMETER :: CM ARRAY CUTOFF = 48
Imaximum value of material properties that can all be contained in the
LS-DYNA array called CM.
lif totalNumProps .LE. CM ARRAY CUTOFF, all the material properties are
in the array CM.
lotherwise, the remaining properties (totalNumProps - CM ARRAY CUTOFF)
are in array CMA.
|According to LS-DYNA Manual: CM ARRAY CUTOFF = 48 if IORTHO=0
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| CM ARRAY CUTOFF = 40 if
IORTHO=1

INTEGER, PARAMETER :: DIMPROPS = 100, DIMSV = J
. These are only estimates used to dimension the PROPS and STATEV arrays
below:
n DIMPROPS is an estimate for NPROPS, and DIMSV is an estimate for
NSTATEV
e These estimates would need to be increased if NPROPS>100 or
NSTATEV>100
C
C OTHER ABAQUS VARIABLES

INTEGER KINC, KSPT, KSTEP, LAYER, NCEL, NPT, NSTATV, NPROPS
REATA( CMNAME

REAT*C CELENT, COORDS(Z), DDSDDE(NTENS,NTENS), DDSDDT(NTENS)
REAL*C FO(3,3), F(3,2), DPRED(1), DROT(3,2)

REAL*C DRPLDE(NTENS), DRPLDT, DSTRAN(NTENS), DTEMP, DTIME, PNEWDT
REAL*% PREDEF(1), PROPS(DIMPROPS), RFL, SCD, SPD, SSE

REAL*S STATEV(DIMSV) , STRAN(NTENS), STRESS(NTENS), TEMP, TIME(Z)

C
C DECLARATIONS FOR LOCAL VARIABLES
integer km, i, j, iCount
NSTATV = NINT(cm(2))
NPROPS = NINT(cm(1))
numOtherProps = start Abagus props-1
totalNumProps = NPROPS+numOtherProps
s
C CHECK NSTATV AND NPROPS AGAINST DIMENSIONS OF PROPS AND STATEV

if (NPROPS .GT. DIMPROPS) then
write(iotty,*) 'ERROR: NPROPS LARGER THAN ',
s 'DEFAULT SIZE OF PROPS ARRAY'
write(iotty,*) 'NPROPS: ', NPROPS
write(iotty,*) 'DEFAULT SIZE: ', DIMPROPS
write(iotty,*) 'INCREASE DIMPROPS ON LINE 56 IN WRAPPER.FOR'
STOP
endif
if (NSTATV .GT. DIMSV) then
write(iotty,*) 'ERROR: NSTATV LARGER THAN ',
* "DEFAULT SIZE OF STATEV'
write(iotty,*) 'NSTATV: ', NSTATV
write(iotty,*) 'DEFAULT SIZE: ', DIMSV
write(iotty,*) 'INCREASE DIMSV ON LINE 56 IN WRAPPER.FOR'
STOP
endif
C***************************************************************************

e

6
<
C VARIABLES THAT ARE THE SAME FOR ALL ELEMENTS:
TIME(L) = tt ltotal simulation time
TIME () = t%
DTIME = dtlsiz{l) ldelta time (increment step size)
if (totalNumProps .LE. CM ARRAY CUTOFF) then
do i = start Abaqus props, totalNumProps
PROPS (i=-numOtherProps) = cm(i)
enddo
else
do i = start Abaqus props, CM ARRAY CUTCFF
PROPS(i-numOtherProps) = cm(i)
enddo
do i = CM ARRAY CUTOFF+1, totalNumProps
PROPS (i-numOtherProps) = cma(i-CM ARRAY CUTOFT)
enddo
endif
&
G
@
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118 & CYCLE THRCUGH THE ELEMENTS IN THE BLOCK

120 ELEMENTCYCLE: do km = 1ft, 11t

121 &

122 & DEBUG PRINTING

123 if (ncycle .EQ. 0) then

124 if (ANY(elems to print == idelev(km))) then

125 write(iotty,*) Yhkhkhhkkhhhhhdhbrdrrbhkhbbhhrrhdrdbrhdbrrabrdritbir?
126 write(iotty,*) 'CYCLE: ', ncycle

127 write (iotty,*) 'CURRENT TIME: ', TIME(1)

128 write (iotty,*) ', DTIME

129 write(iotty,*) 'PROPERTY CHECK: '

130 do i = start Abaqus props,totalNumProps

131 write(iotty,*) 'PROPS : ', i=-numOtherFrops ,
132 * PROPS (1-numOtherProps)
133 if (1 .LE. CMﬁARRAYiC?UTOFF) then

134 write(ioctty,*) 'CM : ", 1 , acm(i)

135 else

136 write(iotty,*) 'CMA : ', i , cma(i-CM ARRAY CUTOFF)
137 endif

138 endde

139 endif

140 endif

141 @

142 ® STRESS/STRAIN

143 i Note that component ordering is different:

144 ® ABRQUS: T 52888 12 5 155 28

145 @ LS—-BYNEE 11 :20,88:12,258; 51

146 STRESS (1) = SIG1(km)

147 STRESS () = SIG2(km)

148 STRESS () = SIG3(km)

149 STRESS (1) = SIG4(km)

150 STRESS(5) = SIG6(km) |ATTENTION TO CHANGED ORDER
151 STRESS(0) = SIG5 (km) |ATTENTION TO CHANGED ORDER
152 @

183 DSTRAN (1) = dl1(km)

154 DSTRAN(2) = d2(km)

155 DSTRAN () = d3(km)

156 DSTRAN (1) = dd4d (km)

157 DSTRAN () = do(km)

158 DSTRAN (=) = db5(km)

159 @

160 2 STATE-DEPENDENT VARIABLES:

161 do i = 1, NSTATV

162 STATEV (i) = hsvs(km,1)

163 enddo

164 @

165 & LOAD DEFORMATION GRADIENT AT END OF CURRENT TIMESTEP:
166 iCount =

167 do 1 = 1,2

168 do J = 1,2

169 F(j,1) = hsvs{km,NSTATV+“+iCount)

170 Ieunt = dCaunt+l

171 enddo

172 enddo

173 s

174 . LOAD: DEFORMATION, (GRADIENT AT END OF PREV.IOUS TIMESTEP
175 . AND

176 . SAVE DEFORMATION GRADIENT AT END OF CURRENT TIMESTEP
177 iCount =

178 do 1 = 1,3

179 do § = 1,2

180 FO(j,1i) = hsavs(km,NSTATV+iCount)

181 hsve(km,NSTATV+iCount) = F(j,1)

182 iCount = iCount+]

183 enddo

184 enddo

14
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244
245
246
247
248
249

250

C BeR THE FILIRST BYGLE:
8 OVER-RIDE FO AND SET IT TC IDENTITY MATRIX
if (ncycle .EQ. 0) CALL identityMat (FO)

&

£ CALCULATE ROTATION INCREMENT
CALL CALC DROT FROM DEFGRAD(EO,F,DROT)

s

£ CALL THE EXTERNAL UMAT (CONTAINED IN THE UMAT ABAQUS.FOR FILE):
CALL UMAT ABAQUS( STRESS, STATEV, DDSDDE, SSE, SPD, SCD,
& RPL, DDSDDT, DRPLDE, DRPLDT, STRAN, DSTRAN, TIME, DTIME,
& TEMP, DIEMP, PREDEF, DPRED, CMNAME, NDI, NSHR, NTENS, NSTATV,
& PROPS, NPROPS, COORDS, DROT, PNEWDT, CELENT, FO, F,
& NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

C

C CONVERT OUT THE TWO VARIABLES WHICH MUST BE SENT BACK TO LS—-DYNA:

s (1) STRESS:
SIG1(km) = STRESS(1)
SIG2(km) = STRESS(Z)
SIG3(km) = STRESS(3)
SIG4 (km) = STRESS(4)
) IATTENTION TO CHANGED ORDER
) IATTENTION TO CHANGED ORDER

SIGS(km) = STRESS(6
SIG6(km) = STRESS (-

& (2) STATE-DEPENDENT VARIABLES USED BY EXTERNAL UMAT:
do i = 1, NSTATV
hsvs(km,1) = STATEV (i)
enddo
C

END DO ELEMENTCYCLE
end subroutine umatd2v
C*-}c*-k*-k-k-k-k*-}c*-}c*-k*-k*-k-k*-}c*-}c*-k*-k*-k*-k*-k*-k-k-k-k*-k*-k*-k*-k*-k*-k***********************s

C

C CALCULATE ROTATION INCREMENT (DROT) USING DEFORMATION GRADIENTS
c (ALGORITHM FROM R BECKER SEP2022)
¢

C*-}c*-k*-k-k-k-k*-k*-k*-k*-k*-k-k***-}c*-k*-k*-k*-k*-k*-k-k-k-k*-k*-k*-k*-k*-k*-k*-k*********************s
subroutine CALC DROT FRCM_DEFGRAD(FO,F,DROT)
implicit none
| DECLARATIONS FOR ARGUMENTS:

REAL*-, intent(in) i B33 B8 3

REAL*Z, intent(out) 28 DROT(34:3)

| LOCAL DECLARATIONS:

REAL*S :: defGrad increment(3,3), defGrad midstep(Z,7)
REAL*Z :: defGrad midstep inv(3,2)

REAL*Z :: velocityGrad midstep(2,3),spin increment(3,3)
REAL*S :: identity(3,3)

REAL*Z :: firstParenthesis(3,2), firstParenthesis inv(3,3)
REAL*Z :: secondParenthesis(3,3)

REAT *( v testMatb(3,3)

INTEGER :: T

|
lincrement in deformation gradient
defGrad increment = F=-FO
IMid-step deformation gradient
defGrad midstep = FO0+0.5d0*defGrad increment
!
|CALCULATE VELOCITY GRADIENT AT MID-STEP CONFIGURATION
! (1) Find inverse of mid-step deformation gradient
CALL a33inverse(defGrad midstep,defGrad midstep inv)
! (2) Velocity gradient (x delta time) at mid-step configuration:
velocityGrad midstep =
3 MATMUL (defGrad increment,defGrad midstep inv)
|
LSETN TIMES DELTA T:
spin increment = U, 0dl¥(velocityGrad midstep-
e TRANSPOSE (velocityGrad midstep))
|
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Appendix B. Variables from Abaqus UMAT Heading That Are
Used in Elemental Macroscale Material Model
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Figure 2 in the report provided the form that the present wrapper requires for the
Abaqus UMAT header. The figure shows that there were 37 total variables in the
header.

The wrapper was developed for the specific use case of the elemental macroscale
(EMS) material model developed by Becker.! This appendix provides information
on which of the 37 variables are used within the EMS material model. Knowing
which variables were used within the EMS material model can aid the user in
understanding how to adapt the present wrapper to a more generalized use case.

All 37 variables are listed below. Variables listed in red font are specifically
assigned values within the wrapper and can be used in calculations within the
Abaqus UMAT. The single variable listed in blue font, DDSDDE, is calculated
within the EMS material model for use in implicit codes. However, the present form
of the wrapper does not use this variable in any way, and its value is never sent
back to LS-DYNA. The remaining variables listed in black font are not used in the
EMS material model and are never explicitly assigned values within the wrapper.
Variables listed with parentheses are arrays, with dimensions as indicated by the
parentheses. Variables without parentheses are scalars.

. STRESS(NTENS)
o INTENT=IN/OUT

o “Passed in as the stress tensor at the beginning of the increment and

must be updated in this routine to be the stress tensor at the end of

the increment.”?

o Component ordering: 11,22,33,12,13,23
« STATEV(NSTATV)

o INTENT=IN/OUT

o State variables
. DDSDDE(NTENS,NTENS)

o INTENT=OUT
. SSE

! Becker R. Investigation of slip kinematics in an ultra-high molecular weight polyethylene
(UHMWPE) laminar composite model. DEVCOM Army Research Laboratory (US); 2019 Dec.
Report No.: ARL-TN-0985. https://apps.dtic.mil/sti/pdfs/AD1087651.pdf

2 Abaqus. SIMULIA user assistance 2023. Dassault Systémes; 2023.

17
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o NOT USED
SPD

o NOT USED
SCD

o NOT USED
RPL

o NOT USED
DDSDDT(NTENS)

o NOT USED
DRPLDE(NTENS)

o NOT USED
DRPLDT

o NOT USED
STRAN(NTENS)

o NOT USED
DSTRAN(NTENS)

o INTENT=IN

o “array of strain increments™”

o Component ordering: 11,22,33,12,13,23
TIME(2)

o NOT USED
DTIME

o INTENT=IN

o Delta time
TEMP

o NOT USED
PREDEF(1)

18



o NOT USED
DPRED(1)

o NOT USED
CMNAME

o NOT USED
NDI [integer]

o “Number of direct stress components.”> Hard-coded in wrapper to
be 3, for a full 3-D model.

NSHR [integer]

o “Number of engineering shear stress components.”? Hard-coded in
wrapper to be 3, for a full 3-D model.

NTENS [integer]
o INTENT = IN (used for dimensioning arrays)

o “Size of the stress or strain component array (NDI+NSHR).”? The
number of direct stress components plus the number of engineering

shear stress components. This is currently hard-coded in the wrapper
to be 6.

NSTATYV [integer]

o INTENT =1IN

o “number of solution-dependent state variables™?
PROPS(NPROPS)

o INTENT =1IN

o “user-specified array of material constants™?

o LS-DYNA equivalents are CM and CMA
NPROPS [integer]

o INTENT =1IN

o Number of material constants (dimension of PROPS)

COORDS(3)
o NOT USED

19



DROT(3.3)
o INTENT=IN

o “Rotation increment matrix. This matrix represents the increment of
rigid body rotation of the basis system in which the components of
stress and strain are stored. It is provided so that vector- or tensor-
valued state variables can be rotated appropriately [but] stress and
strain components are already rotated by this amount before UMAT
is called.”?

PNEWDT
o NOT USED
CELENT
o NOT USED
F0(3,3)
o INTENT =IN
o “Deformation gradient at the beginning of the increment.””
F(3,3)
o INTENT=IN
o “Deformation gradient at the end of the increment.””

NOEL, NPT, LAYER, KSPT, KSTEP, KINC [integers]
o NOT USED

20



Appendix C. Confirming Double Precision in LS-DYNA
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The present wrapper was compiled using a double precision distribution of LS-
DYNA. Variables within subroutines were automatically double precision if they
were not explicitly declared as a different type. Figure C-1 provides example code
that could be added to UMAT42V to confirm double precision. Figure C-2 shows
output from the write statements when using a double precision distribution of LS-
DYNA.

C CONFIRMATION OF DOUBLE PRECISION
C TEST A is never declared

REAL*Z TEST B

REAL*4 TEST C

TEST A =
TEST B =

TEST C =

write (iotty,*) 'kind(TEST A) = ', kind(test A)
write (iotty, ) TEST A

write (iotty,*) 'kind(TEST B) = ', kind(test B)
write(iotty,l0) TEST B

write (iotty,*) 'kind(TEST C) = ', kind(test C)
write (iotty, ) TEST C

FORMAT (£31 )

Fig. C-1 Example of code to add to the wrapper to confirm that the LS-DYNA distribution is
running in double precision. Expected outputs from the write statements are provided in Fig.
C-2.

kind (TEST A) = 8
0.12345678901234567736988623210
kind (TEST B) = 8
0.12345678901234567736988623210
kind (TEST C) = 4
0.12345679104328155517578125000

Fig. C-2 Expected output from the write statements shown in Fig. C-1 when using a double-
precision distribution of LS-DYNA. Highlighted portions show errors relative to the variable
assignments in Fig. C-1.
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Appendix D. Determining LMC and LMCA: Length of the Arrays
of Material Properties in LS-DYNA
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LS-DYNA stores material properties in two different arrays called CM and CMA.
The *MAT USER DEFINED MATERIAL MODELS keyword requires the user to
specify the LMC and LMCA, which are the lengths of CM and CMA. This appendix

provides additional background information to supplement the directions provided
in Section 3.5.2 for calculating ZLMC and LMCA.

The total number of material properties that are specified in the k-file was
calculated in Section 3.5.1 as NPROPS DYNA. LS-DYNA has a threshold value,
referred to here as X. If NPROPS DYNA < X, all material properties are stored in
an array called CM. If NPROPS DYNA > X, the first X number of material
properties are stored in CM, and the remaining properties are stored in an array
called CMA.

The value of X depends on the value of the TORTHO variable in the *MAT USER

keyword (reference volume II of the LS-DYNA manual).! The present wrapper
requires that TORTHO be set to 0. Therefore, the threshold is X=48.

I ANSYS. LS-DYNA keyword user’s manual. Version R14.0. ANSYS; 2023b Feb 24. (Material
models; Vol. II).
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Appendix E. The Use of State Variables by the Wrapper,
Including How Deformation Gradients Are Stored
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The *MAT USER DEFINED MATERIAL MODELS keyword requires the user to

specify the number of state variables (also referred to as history variables) required
for the material model, NHV. Section 3.5.2 notes that NHV is calculated as

NHV=NSTATV +9, (E-1)

where NSTATV is the number of state variables used in the Abaqus UMAT. The
reasoning for Eq. E-1 is due to the storage of the deformation gradient. This
appendix provides additional information about how state variables are used by the
wrapper, specifically how the deformation gradients are stored.

The wrapper provides the deformation gradient from the end of the previous
timestep, F 0, and the deformation gradient at the end of the current time step, F, to
the Abaqus UMAT. To our knowledge, LS-DYNA does not provide F0. Therefore,

the wrapper stores the nine components of F0 at the end of the state variable array.

LS-DYNA can provide F, but the user must specifically request this by setting the
THYPER variable in the keyword to THYPER=I1. Then, LS-DYNA appends the nine
components of F to the end of the array of state variables, after the NHV state
variables.

In summary, the state variable array that LS-DYNA supplies to the wrapper and
that the wrapper sends back to LS-DYNA has the following structure:

. First are the state variables that are specifically used within the Abaqus
UMAT. The number of these variables is NSTATV.

« Next are the nine components of FO (NSTATEV+1 to NSTATEV+9).
« Finally are the nine components of F (NSTATEV+10 to NSTATEV+18).

Knowledge of this ordering is important if the user wants to visualize the state
dependent variables during postprocessing.

Table E-1 lists the history variables that used by Alexander et al.! to run in LS-
DYNA the EMS UMAT that had been developed earlier by Becker.? The EMS
UMAT required NPROPS=24 state variables. Therefore, NHV was 33 by Eq. E-1.
Finally, since IHYPER=I, the total number of state variables was 42.

' Alexander SL, Becker R, Weerasooriya T. An experimental-computational framework for
UHMWPE films based on deformation and failure mechanisms: general approach and application
to off-axis shear loading. DEVCOM Army Research Laboratory (US); 2023 Oct. Report No.: ARL-
TR-9811.

2 Becker R. Investigation of slip kinematics in an ultra-high molecular weight polyethylene
(UHMWPE) laminar composite model. DEVCOM Army Research Laboratory (US); 2019 Dec.
Report No.: ARL-TN-0985. https://apps.dtic.mil/sti/pdfs/AD1087651.pdf.
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Table E-1 List of the history variables in LS-DYNA array for using EMS UMAT?

Number
(position in  Variable name Description
array)

The first 24 state variables are specific to EMS UMAT.?> Wrapper sends only these first 24 to the EMS
UMAT.

1 SIGM(1) Matrix Cauchy stress: xx
2 SIGM(2) Matrix Cauchy stress: yy
3 SIGM(3) Matrix Cauchy stress: zz
4 SIGM(4) Matrix Cauchy stress: xy
5 SIGM(5) Matrix Cauchy stress: zx
6 SIGM(6) Matrix Cauchy stress: yz
7 SSTRAN Integrated interlaminar shear strain
8 EPSP Effective plastic strain in the matrix
9 KEEP Calculated on exit from EMS UMAT
10 SS Sound speed to set the time step
11 ERODSTR Erosion strain
12 PLACE
13 NORM (1) Normal to fiber plane, current configuration
14 NORM (2) Normal to fiber plane, current configuration
15 NORM (3) Normal to fiber plane, current configuration
16 M1(1,1) Direction of 1% fiber, current configuration
17 M1(2,1) Direction of 1% fiber, current configuration
18 M1(3,1) Direction of 1% fiber, current configuration
19 STRCHO (1) Max. stretch for fiber #1
20 STRCHO (2) Max. stretch for fiber #1
21 STRCH (1) Current fiber stretch for fiber #1
22 STRCH (2) Current fiber stretch for fiber #1
23 FFLAG (1) Integrated damage for fiber #1
24 FFLAG (2) Integrated damage for fiber #1

Remaining state variables are used to hold FO and F. Wrapper extracts FO and F as separate arrays.
25 FO(1,1) Deformation gradient at end of previous time increment
26 FO(2,1) Deformation gradient at end of previous time increment
27 FO(3,1) Deformation gradient at end of previous time increment
28 FO(1,2) Deformation gradient at end of previous time increment
29 F0(2,2) Deformation gradient at end of previous time increment
30 F0(3,2) Deformation gradient at end of previous time increment
31 FO(1,3) Deformation gradient at end of previous time increment
32 F0(2,3) Deformation gradient at end of previous time increment
33 FO(3,3) Deformation gradient at end of previous time increment
34 F(1,1) Deformation gradient at end of current time increment
35 F(2,1) Deformation gradient at end of current time increment
36 F(3,1) Deformation gradient at end of current time increment
37 F(1,2) Deformation gradient at end of current time increment
38 F(2,2) Deformation gradient at end of current time increment
39 F(3,2) Deformation gradient at end of current time increment
40 F(1,3) Deformation gradient at end of current time increment
41 F(2,3) Deformation gradient at end of current time increment
42 F(3,3) Deformation gradient at end of current time increment
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List of Symbols, Abbreviations, and Acronyms

2-D/3-D two-dimensional/three-dimensional

EMS elemental macroscale

FE finite element

SMS sub-mesoscale

UHMWPE ultra-high-molecular-weight polyethylene
UMAT user-defined material model
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