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Appendix A: Procedure for cutting process 

 



 



 

 
  



 

 

 

 

 

 

 

 

Appendix B: Bone remodelling model A 
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C Subroutine for changing the bone density based on the loading history
C Stress and E-modulus is taken every step, based on this the E-modulus is altered

C October 2018
C Nick Wassenberg

C Algorithm-equations are based on model from Shitong Luo,1 Xingquan Shen,1 Xin Bai,1 
Jing Bai,2 Jianning Han,1 and Yu Shang1
C as presented in their paper: 'Validation of material algorithms for femur remodelling 
using medical imaging data

C First need to define the initial conditions
C We can only update the E-modulus after we obtain strain from the first step
C Do this with subroutine SDVINI

      SUBROUTINE SDVINI(STATEV,COORDS,NSTATV,NCRDS,NOEL,NPT,
1 LAYER,KSPT)

C
      INCLUDE 'ABA_PARAM.INC'
C
      DIMENSION STATEV(NSTATV),COORDS(NCRDS)

C Define the initial E-modulus
      STATEV(1) = 18070

C     Define the initial Stress Stimulus signals for each loading scenario (x3)
      STATEV(2) = 0
      STATEV(3) = 0
      STATEV(4) = 0
C     Define initial stimulus signal

      STATEV(5) = 0

C     Testing
      statev(6) = 0
      statev(7) = 0
      statev(8) = 0
      statev(9) = 0
      statev(10) = 0
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      statev(11) = 0
      statev(12) = 0
      statev(13) = 0
      statev(14) = 0
      statev(15) = 0
      statev(16) = 0
      statev(17) = 0
      statev(18) = 0

      RETURN
      END

C Now that we have the initial variables, UMAT subroutine is used to define the bone 
material parameters

C The E-moudulus is updated after every 3rd loading step (1 day)

      SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,bone,
3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,JSTEP,KINC)

C

      INCLUDE 'ABA_PARAM.INC'

C Creating dimension arrays of properties 

      CHARACTER*80 bone
      DIMENSION STRESS(NTENS),STATEV(NSTATV),

1 DDSDDE(NTENS,NTENS),
2 STRAN(NTENS),DSTRAN(NTENS),
3 PROPS(NPROPS),s(3),ps(3)

C Initialising variables

      INTEGER trif,tr,ti,tf,lstr

      REAL modulus, nu, bulkmod, shearmod, lambda, rl1, rl2,rl3,m,B,
1 wzero, dE, maxmag, tstep, maxprin, minprin

C nu is the poissons ratio, entered as mechanical constant in Abaqus
C From E and u, calculate bulkmodulus, shearmodulus and lambda

      modulus = statev(1)

      nu = props(1)
      bulkmod = modulus/(3*(1-2*nu))
      shearmod = modulus/(2*(1+nu))
      lambda = bulkmod-2*shearmod/3

C Defining the C tensor, a 6x6 matrix (ni by ni)

C First put lambda on all locations in top left 3x3 matrix, then replace diagonals
C with approproiate terms
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      do k1 =1,ndi
       do k2=1,ndi
          ddsdde(k2,k1) = lambda
       enddo

       ddsdde(k1,k1) = 2*shearmod+lambda
      enddo

C The bottom left and top right 3x3 submatrix are filled with zeros
C This is default, not needed to define this
C All that is left is the bottom right 3x3 submatrix.
C This is filled with values for u on the diagonal

      do k1=ndi+1,ntens
          ddsdde(k1,k1) = shearmod
      enddo

C Initalize zero stress at start
      do k1=1,ntents
          stress(k1)=0.0
      enddo

C Now that C matrix is known, define stress
C This is a 6x1 matrix, defined as current stress + increase in stress
C increase in stress is calculated by multypling Jacobian with increase in strain
      do k1=1,ntens
          do k2=1,ntens
          stress(k2) = stress(k2) + ddsdde(k2,k1)*(stran(k1)+dstran(k1))
          enddo
      enddo

C Writing the C matrix  for checking in debugging  

C Top left 3x3 matrix
C      WRITE(7,*) 'IND1-1',ddsdde(1,1) 
C      WRITE(7,*) 'IND1-2',ddsdde(1,2)
C      WRITE(7,*) 'IND1-3',ddsdde(1,3)

C      WRITE(7,*) 'IND2-1',ddsdde(2,1)
C      WRITE(7,*) 'IND2-2',ddsdde(2,2)
C      WRITE(7,*) 'IND2-3',ddsdde(2,3)

C      WRITE(7,*) 'IND3-1',ddsdde(3,1)
C      WRITE(7,*) 'IND3-2',ddsdde(3,2)
C      WRITE(7,*) 'IND3-3',ddsdde(3,3)

C Bottom right 3x3 matrix
C      WRITE(7,*) 'IND4,4',ddsdde(4,4) 
C      WRITE(7,*) 'IND4,5',ddsdde(4,5)
C      WRITE(7,*) 'IND4,6',ddsdde(4,6)

C      WRITE(7,*) 'IND5,4',ddsdde(5,4)
C      WRITE(7,*) 'IND5,5',ddsdde(5,5)
C      WRITE(7,*) 'IND5,6',ddsdde(5,6)

C      WRITE(7,*) 'IND6,4',ddsdde(6,4)
C      WRITE(7,*) 'IND6,5',ddsdde(6,5)
C      WRITE(7,*) 'IND6,6',ddsdde(6,6)
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C Writing material values for checking in debugging
C      WRITE(7,*) 'nu',nu
C      WRITE(7,*) 'modulus', modulus
C      WRITE(7,*) 'bulkodulus', bulkmod
C      WRITE(7,*) 'shearmodulus', shearmod
C      WRITE(7,*) 'lambda', lambda
C      WRITE(7,*) 'porosity', statev(1)
C      WRITE(7,*) 'NSTATV', NSTATV

C Bone remodeling algorithm
C sprinc obtains maximal principal values
C Apply max strain according to step 1,2 or 3.

          rl1 = 300
          rl2 = 5
          rl3 = 3000
          m = 4
          B = 400000
          wzero = 0.0025

C boundhigh = 0.0198
C boundlow =  0.0162

          if (noel.lt.9999999999) then
              do k1=1,ntens
                  s(k1)=stress(k1)
                  statev(15) = s(1)
                  statev(16) = s(2)
                  statev(17) = s(3)
                  statev(18) = s(4)
                  statev(19) = s(5)
                  statev(20) = s(6)
              enddo

              lstr = 1
              call sprinc(s,ps,lstr,ndi,nshr)

              if (abs(ps(1)).ge.abs(ps(2))) then
                  maxmag = ps(1)
              else
                  maxmag = ps(2)
              endif

              tstep = abs((real(jstep))/3-int(jstep/3))
              if ((tstep.gt.0.2).and.(tstep.lt.0.5)) then
                  statev(2) = rl1*(abs(maxmag)**m)
                  statev(6) = abs(maxmag)
                  statev(7) = maxmag   
              else if ((tstep.gt.0.5).and.(tstep.lt.0.8)) then       
                  statev(3) = rl2*(abs(maxmag)**m)
                  statev(9) = abs(maxmag)
                  statev(10) = maxmag    
              else if (tstep.lt.0.2) then
                  statev(4) = rl3*(abs(maxmag)**m)
                  statev(12) = abs(maxmag)
                  statev(13) = maxmag
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              endif

              strtot  = statev(2) + statev(3) + statev(4)

              w = ((strtot)**(1/m))/modulus
              statev(5) = w

              if (w.ge.0.00275) then
                  dE = B*(statev(5)-0.00275)
              else if ((w.lt.0.00275).and.(w.gt.0.00225))

1            then
                  dE = 0
              else if (w.le.0.00225) then
                      dE = B*(w-0.00225)

              endif

              if ((jstep.ne.1).and.(tstep.lt.0.2)) then
                  modulus = modulus + dE
                  statev(1) = modulus
              endif

              if (statev(1).gt.18070) then
                  statev(1) = 18070
              endif

              if (statev(1).lt.50) then
                  statev(1) = 50
              endif

              if (modulus.gt.13028) then
                  por = 1-(modulus**(1/5.74)/(23440**(1/5.74)))
              else
                  por = 1-(modulus**(1/1.33)/(14927**(1/1.33)))
              endif

              statev(18) = por

      endif

      RETURN
      END



 

 
 

 

 
Appendix C: Bone remodelling model B 
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C Subroutine for changing the bone density based on the loading history
C Strain is taken after each step and porisity is calculated based on equations.
C Based on the E-modulus, the BMD is altered, which can be used to identify stress 
shielding regions.

C October 2018
C Nick Wassenberg

C Algorithm-equations are based on mechanistic model from J. Hazelwood, R. bruce 
Martin, Mark M Rashid and Juan J. Rodrigo
C As presented in their paper 'A mechanistic model for internal bone remodeling 
exhibits different dynamic responses in disuse and overload'

C Sharevars to define global array value to average porosity and stimulus signal

      module shareVars
          Dimension por_save_array(10000)
          Dimension dp_save_array(10000)
      end module shareVars

C First need to define the initial conditions
C We can only update the E-modulus after we obtain strain from the first step
C Do this with subroutine SDVINI

      SUBROUTINE SDVINI(STATEV,COORDS,NSTATV,NCRDS,NOEL,NPT,
1 LAYER,KSPT)

      use shareVars
C
      INCLUDE 'ABA_PARAM.INC'
C
      DIMENSION STATEV(NSTATV),COORDS(NCRDS)

C Define the initial porosity
      STATEV(1) = 0.044321 

C Define minimal strain for step 1,2 en 3 (3 loads are used)
      STATEV(2) = 0
      STATEV(3) = 0
      STATEV(4) = 0

C Mechanical stimulus: zero in beginning
       STATEV(5) = 0

C Damage, initial value in beginning
        STATEV(6) = 0.03662944

C Amount of bone building is zero in beginning: Amount of BMU for building 
        STATEV(7) = 0

C Amount of bone removal is zero in beginning: Amount of BMU for removing 
       STATEV(8) = 0

C The activation frequency of the BMU: How many BMU's are crteaed per time unit
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C We want to make sure we define this value for whole timeduration (55) in the 
remodelling cycle

      DO k=9,NSTATV
          statev(k) = 0.00670
      ENDDO

      RETURN
      END

C Now that we have the initial variables, UMAT subroutine is used to define the bone 
material parameters

C The E-moudulus is updated after every loading step

      SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,bone,
3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,JSTEP,KINC)

C
      use shareVars

      INCLUDE 'ABA_PARAM.INC'

      integer R,Nel
      real dec

C Creating dimension arrays of properties 

      CHARACTER*80 bone
      DIMENSION STRESS(NTENS),STATEV(NSTATV),

1 DDSDDE(NTENS,NTENS),
2 STRAN(NTENS),DSTRAN(NTENS),
3 PROPS(NPROPS),s(3),ps(3),
4 por_save_matrix(200,200), por_summed_matrix(200,200),
5 por_avg_matrix(200,200), stress_save(10,10,10),
6 por_avg_array(40000),
7 por_summed_array(40000),
8 dp_save_matrix(200,200), dp_summed_matrix(200,200),
5 dp_avg_matrix(200,200),
6 dp_avg_array(40000),
7 dp_summed_array(40000)

C Initialising variables

      INTEGER trif,tr,ti,tf,lstr,index

      REAL kb,kc,kd,kr,nf,nr,nfexist,nrexist,doo,sa,modulus,nu,
1 tstep,minprin,rl1,rl2,rl3,phi,shearmod,bulkmod,lambda,samax,
2 q,pi,fs,dt,facur,famax1,famax2,fao,rc,rh,dexist,area,ddotform,



...1-12\0-1\100X100bereik20(Dis0p06)stimulus\DONEPARAMETRIC.for 3

114
115
116
117
118
119

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
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3 ddotrep,dcurrent,fadivsa,fa,ab,ac,qb,qc,phc,qnet,dp,maxprin,
4 maxmag, weightA, weightB, wd_x, wdt_y, avg_factor,dist, infl, 
5 dp_avg

C R is the parameter defining the k-values
C Nel determines the amount of elements (In this case only 100, since we apply it to 

the cubic shape model) 
C (100x100 elements = 40.000 elements)
C Dec is the value for D (Determines Spatical Decay)
      R = 5
      Nel = 200
      dec = 0.06

C Lt : less then
C Defining equations for cortical and cancellous bone (relation with porosity)

      IF (statev(1).lt.0.097267787) then
          modulus = 23440*(1-statev(1))**5.74

      ELSE
          modulus = 14927*(1-statev(1))**1.33

      ENDIF

C nu is the poissons ratio, entered as mechanical constant in Abaqus
C From E and u, calculate bulkmodulus, shearmodulus and lambda
      nu = props(1)
      bulkmod = modulus/(3*(1-2*nu))
      shearmod = modulus/(2*(1+nu))
      lambda = bulkmod-2*shearmod/3

C Defining the C tensor, a 6x6 matrix (ni by ni)

C First put lambda on all locations in top left 3x3 matrix, then replace diagonals
C with approproiate terms

      do k1 =1,2
       do k2=1,2
          ddsdde(k2,k1) = lambda
       enddo

       ddsdde(k1,k1) = 2*shearmod+lambda
      enddo

C The bottom left and top right 3x3 submatrix are filled with zeros
C This is default, not needed to define this
C All that is left is the bottom right 3x3 submatrix.
C This is filled with values for u on the diagonal

      do k1=3,4
          ddsdde(k1,k1) = shearmod
      enddo

C Initalize zero stress at start
      do k1=1,4
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          stress(k1)=0.0
      enddo

C Now that C matrix is known, define stress
C This is a 6x1 matrix, defined as current stress + increase in stress
C increase in stress is calculated by multypling Jacobian with increase in strain
      do k1=1,4
          do k2=1,4
          stress(k2) = stress(k2) + ddsdde(k2,k1)*(stran(k1)+dstran(k1))

          enddo
      enddo

C Writing the C matrix  for checking in debugging  

C Top left 3x3 matrix
C      WRITE(7,*) 'IND1-1',ddsdde(1,1) 
C      WRITE(7,*) 'IND1-2',ddsdde(1,2)
C      WRITE(7,*) 'IND1-3',ddsdde(1,3)

C      WRITE(7,*) 'IND2-1',ddsdde(2,1)
C      WRITE(7,*) 'IND2-2',ddsdde(2,2)
C      WRITE(7,*) 'IND2-3',ddsdde(2,3)

C      WRITE(7,*) 'IND3-1',ddsdde(3,1)
C      WRITE(7,*) 'IND3-2',ddsdde(3,2)
C      WRITE(7,*) 'IND3-3',ddsdde(3,3)

C Bottom right 3x3 matrix
C      WRITE(7,*) 'IND4,4',ddsdde(4,4) 
C      WRITE(7,*) 'IND4,5',ddsdde(4,5)
C      WRITE(7,*) 'IND4,6',ddsdde(4,6)

C      WRITE(7,*) 'IND5,4',ddsdde(5,4)
C      WRITE(7,*) 'IND5,5',ddsdde(5,5)
C      WRITE(7,*) 'IND5,6',ddsdde(5,6)

C      WRITE(7,*) 'IND6,4',ddsdde(6,4)
C      WRITE(7,*) 'IND6,5',ddsdde(6,5)
C      WRITE(7,*) 'IND6,6',ddsdde(6,6)

C Writing material values for checking in debugging
C      WRITE(7,*) 'nu',nu
C      WRITE(7,*) 'modulus', modulus
C      WRITE(7,*) 'bulkodulus', bulkmod
C      WRITE(7,*) 'shearmodulus', shearmod
C      WRITE(7,*) 'lambda', lambda
C      WRITE(7,*) 'porosity', statev(1)
C      WRITE(7,*) 'NSTATV', NSTATV

C Bone remodeling algorithm
C sprinc obtains maximal principal values
C Apply max strain according to step 1,2 or 3.
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          if (noel.lt.9999999999) then
              do k1=1,ntens
                  s(k1)=stran(k1)+dstran(k1)
              enddo
              lstr =2

              call sprinc(s,ps,lstr,ndi,nshr)
              if (abs(ps(1)).ge.abs(ps(2))) then
                  maxmag = ps(1)
              else
                  maxmag = ps(2)
              endif

C Loading rates for 3 load cases:
              rl1 = 3000
              rl2 = 112
              rl3 = 1

C Determine maxmag based on the step
          tstep = abs((real(jstep))/2-int(jstep/2))
              if ((tstep.gt.0.2).and.(tstep.lt.0.7)) then
                  statev(2) = 2*maxmag
              else if (tstep.lt.0.1) then
                  statev(3) = 2*maxmag
              endif

! Relative weighting between the 2 loading scenarios (only applied for validation 
step)            

 !             weightA = 0.5
 !             weightB = 1-weightA

C Exponent for damage formation equation
              q=4

C Specify pi, repair speciality factor and time step
              pi = 3.1415926535897932385
              fs = 5.0
              dt = 8

C Current day activation frequency (the population amount of refilling and resorbing 
bmu)

              facur = statev(9)
C The maximum activation frequency (not more bmu can be present)
              famax1 = 0.50
              famax2 = 1.15
C The maximum specific area
              samax = 4.1905
C The activation frequency at equilibirum (very small bone modelling)
              fao = 0.00670
C Area constants  
              rc = 0.095
              rh = 0.020
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C Damage in equilibirum is low (doo). existing damage at beginning is the same as 
equilibirum

              doo=0.03662944
              dexist = statev(6)

C Coefficients for damage formation equation
C              kd= 1088
              kd= 100000

              kr= -1.6
              kb= 65000000000
              kc = 0.000000016000

C Tr = Time needed for resoptiv phase
C Ti = time for reversal phase of modelling cycle
C tf = Time for refilling phase of modelling cycle
C trif = Total time for remodelling

              tr = 3
              ti = 1
              tf = 8
              trif = tr+ti+tf

C Define the amount of BMU at the start
C This is equal to the activation frequency (at the start) x time of modelling cycle

              if(jstep.eq.1) then
                  statev(7) = fao*tf
                  statev(8) = fao*tr
              endif

C Put the amount of BMU (refilling and resobring) into a variable
              nfexist = statev(7)
              nrexist = statev(8)

C Update porosity after 1 loading cycle (so after step 3 everytime)
C Calculate damage potential
C Calculate rate of damage formation
C Calculate rate of damage repair
C Calculate current day damage
C Store current day damage as state variable

              if ((jstep.ne.1).and.(tstep.lt.0.2)) then

                  phi = weightA*((abs(statev(2)))**q)*rl1+weightB 
1                *((abs(statev(3)))**q)*rl2

                  statev(5) = phi

                  if (statev(1).le.0.20) then
                      area = pi*rc**2
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                  else
                      area=0.5*pi*rc**2
                  endif

                  ddotform = kd*phi
                  ddotrep = dexist*facur*area*fs

                  dcurrent = dexist+(ddotform-ddotrep)*dt

                  if (dcurrent.ge.1000000) then
                      dcurrent = 1000000
                  endif

                  statev(6) = dcurrent

C Update the current activation frequency
C Calculate the specific surface area

                   fadivsa=(fao*(famax1/samax))/(fao+(famax1-fao)
1                *exp(kr*famax1*(dcurrent-doo)/doo))

                   if (dcurrent.lt.doo) then
                      fadivsa=(fao/samax)*(dcurrent/doo)
                   endif

                   sa=((((28.8*statev(1)-101)*statev(1)+134)*statev(1)
1                     -93.9)*statev(1)+32.3)*statev(1)

                   if (phi.lt.0.000000000005) then
                    fadivsa=fadivsa+(famax2/samax)/(1+exp(kb*(phi-kc)))
                   endif

                   fa=fadivsa*sa       
                   statev(100) = fa
C Update the activation frequency of previous time steps. Than the activation 

frequency of the new time step can then be compared
C to the activation frequency of the previous time step, to determine the increase. 
C Day 1 means 1 day ago, day 6 means 6 days ago etc.
C One we obtain a value for a new step, this is added to day 1 (statev(9)). Then 

every other value needs to move to one day furthery away

                  do k1 = trif+9,10,-1
                      statev(k1) = statev(k1-1);
                  enddo

                  statev(9) = fa

C If a low porosity is present, other area is specified. This changes bone filling
C properties 
                  ac = area

                  if (statev(1).le.0.20) then
                      area = pi*(rc**2-rh**2)
                  endif

                  ab = area
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C Amount of bone added per day per BMU
                  qb = ab/tf
                  statev(90) = qb

C Amount of bone removed per day per BMU
                  qc = ac/tr
                  statev(91) = qc

C Less bone remodelling on trabecular surfaces which are not enough loaded
C                  if (statev(1).gt.0.20) then
                      if (phi.lt.0.000000000005) then
                      qb = (0.5+0.5*phi/0.000000000005)*ab/tf
                  endif
C              endif

C Calculating the amount of refilling BMU for current day
              nf=nfexist+(statev(tr+ti+9)-statev(trif+9))*dt

C Calculating the amount of resorbning BMU for current day
              nr=nrexist+(statev(9)-statev(tr+9))*dt

C Make sure these amounts can not be equal to zero=/0
              if (nf.lt.0.0) then
                  nf=0.0
              endif
              if (nr.lt.0.0) then
                  nr=0.0
      endif

               statev(92) = nf
               statev(92) = nr
C Store the amount of BMU's as statevector

              statev(7)=nf
              statev(8)=nr

C Calculate netto ammount of bone added for the day

              phc=0.04432132964
              qnet=(qb*nf)-(qc*nr)
              if (statev(1).le.0.20) then
                  qnet=(qb*nf)-(1-phc)*(qc*nr)
              endif

              statev(94)  = (qb*nf)
              statev(95)  = (qc*nr)
              statev(96) = qnet

C Update the porosity

              dp=-qnet*dt
!              statev(1)=statev(1)+dp

C The following code is to average the stimulus signal for every element
C Based on the surrouding elements
C We can identify 8 regions in this case: middle, top-left, top-middle, top-right, 

left-middle,
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C middle,middle, middle right, bottom left, bottom middle, bottom right.

                  ! Save in array based on location of element number
                  dp_save_array(noel) = dp

                  ! Convert from matrix to array (for individual stimulus signal)
                  do k1 =1,Nel
                      do k2=1,Nel
                          index = k2+((k1-1)*Nel)
                          dp_save_matrix(k2,k1) = dp_save_array(index)
                      enddo
                  enddo      

               !! Convert from matrix to array (for summed stimulus signal)
                do k1=1,Nel
                    do k2=1,Nel
                        dp_summed_matrix(k2,k1) = 0
                    enddo
                enddo
                ! Convert from matrix to array (for avg stimulus signal)
                do k1=1,Nel
                    do k2=1,Nel
                        dp_avg_matrix(k2,k1) = 0
                    enddo
                enddo

C             Creating summed matrix of dp 
               do p1=1,Nel
                   do p2 = 1,Nel
                      IF (p1.gt.R .AND. p2.gt.R. AND.

1                    p1.le.(Nel-R). and. p2.le.(Nel-R)) then ! inner side of the
 cube

                          avg_factor = ((R*2)+1)*((R*2)+1)
                          do k1 =-R,R
                              do k2=-R,R             
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                      dp_summed_matrix(p2,p1) = 

1                                dp_summed_matrix(p2,p1) + 
2 dec*dp_save_matrix(p2+k2,p1+k1) ! Sum every 
element

                                      ! with the values of the surrounding elements
                              enddo
                          enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

else if(p2.gt.(Nel-R)) then ! Here we define the left side of 
the cube

                          if(p1.lt.R+1) then ! top-left corner
                              wd_x = Nel-p2
                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -wd_y,R
                                      do k2 = -R,wd_x
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                                      infl = exp(-dist/dec)     
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

else if(p1.ge.(R+1). AND. p1.le.(Nel-R)) then ! middle-
left side

                              wd_x = Nel-p2
                              avg_factor = ((R*2)+1)*((wd_x+R)+1)
                                  do k1 = -R,R
                                      do k2 = -R,wd_x
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p1.gt.(Nel-R)) then ! bottom-left corner
                              wd_x = Nel-p2
                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
                                      do k2 = -R,wd_x
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                          endif
else if(p2.lt.(R+1)) then ! Here we define the right side 

of the cube
                          if(p1.lt.(R+1)) then ! top-right corner
                              wd_x = p2-1
                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -wd_y,R
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
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                                  dp_avg_matrix(p2,p1) = 
1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

else if(p1.ge.(R+1). AND. p1.le.(Nel-R)) then ! middle-
right side

                              wd_x = p2-1
                              avg_factor = ((R*2)+1)*((wd_x+R)+1)
                                  do k1 = -R,R
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p1.gt.(Nel-R)) then ! bottom-right corner
                              wd_x = p2-1
                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                          endif

                          else if(p2.ge.(R+1) .and. p2.le.(Nel-R) .and.
1                     p1.gt.(Nel-R)) then ! Here we define the middle bottom

                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
                                      do k2 = -R,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p2.ge.(R+1) .and. p2.le.(Nel-R) .and.
1                     p1.lt.(R+1)) then ! Here we define the middle top

                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
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                                  do k1 = -wd_y,R
                                      do k2 = -R,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         dp_summed_matrix(p2,p1) = 

1                                   dp_summed_matrix(p2,p1) +
2                                   dec*dp_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  dp_avg_matrix(p2,p1) = 

1                            dp_summed_matrix(p2,p1)/
2                            avg_factor

                      endif

                   enddo
               enddo

C Going back from matrix to array (for dp averaged)
                  do k1 =1,Nel
                      do k2=1,Nel
                          index_rev = k2+((k1-1)*Nel)
                          dp_summed_array(index_rev) = 

1                    dp_summed_matrix(k2,k1)
                      enddo
                  enddo

                  dp_avg = dp_avg_array(noel)
                  statev(95) = dp_avg

              statev(1)=statev(1)+dp_avg

C Update the porosity with averaged value

              if (statev(1).ge.0.95) then
                  statev(1) = 0.95
              endif

              if (statev(1).le.0.0) then
                  statev(1) = 0.0
              endif
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              IF (statev(1).lt.0.097267787) then
              modulus = 23440*(1-statev(1))**5.74

              ELSE
              modulus = 14927*(1-statev(1))**1.33

              ENDIF

              statev(100) = modulus

              if(jstep.gt.58) then

                  por_save_array(noel) = statev(1)

                  do k1 =1,Nel
                      do k2=1,Nel
                          index = k2+((k1-1)*Nel)
                          por_save_matrix(k2,k1) = por_save_array(index)
                      enddo
                  enddo

C                statev(80) = por_save_matrix(45,88)
C                statev(81) = por_save_array(17445)   

C             Initialising with zeros                  

                do k1=1,Nel
                    do k2=1,Nel
                        por_summed_matrix(k2,k1) = 0
                    enddo
                enddo

                do k1=1,Nel
                    do k2=1,Nel
                        por_avg_matrix(k2,k1) = 0
                    enddo
                enddo

C             Creating summed matrix  
               do p1=1,Nel
                   do p2 = 1,Nel
                      IF (p1.gt.R .AND. p2.gt.R. AND.

1                    p1.le.(Nel-R). and. p2.le.(Nel-R)) then ! inner side of the
 cube

                          avg_factor = ((R*2)+1)*((R*2)+1)
                          do k1 =-R,R
                              do k2=-R,R             
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                      por_summed_matrix(p2,p1) = 

1                                por_summed_matrix(p2,p1) + 
2                                dec*por_save_matrix(p2+k2,p1+k1)

                              enddo
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                          enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

else if(p2.gt.(Nel-R)) then ! Here we define the left side of 
the cube

                          if(p1.lt.R+1) then ! top-left corner
                              wd_x = Nel-p2
                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -wd_y,R
                                      do k2 = -R,wd_x
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)     
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

else if(p1.ge.(R+1). AND. p1.le.(Nel-R)) then ! middle-
left side

                              wd_x = Nel-p2
                              avg_factor = ((R*2)+1)*((wd_x+R)+1)
                                  do k1 = -R,R
                                      do k2 = -R,wd_x
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p1.gt.(Nel-R)) then ! bottom-left corner
                              wd_x = Nel-p2
                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
                                      do k2 = -R,wd_x
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                          endif
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else if(p2.lt.(R+1)) then ! Here we define the right side 
of the cube

                          if(p1.lt.(R+1)) then ! top-right corner
                              wd_x = p2-1
                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -wd_y,R
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

else if(p1.ge.(R+1). AND. p1.le.(Nel-R)) then ! middle-
right side

                              wd_x = p2-1
                              avg_factor = ((R*2)+1)*((wd_x+R)+1)
                                  do k1 = -R,R
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p1.gt.(Nel-R)) then ! bottom-right corner
                              wd_x = p2-1
                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
                                      do k2 = -wd_x,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                          endif

                          else if(p2.ge.(R+1) .and. p2.le.(Nel-R) .and.
1                     p1.gt.(Nel-R)) then ! Here we define the middle bottom

                              wd_y = Nel-p1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -R,wd_y
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                                      do k2 = -R,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                          else if(p2.ge.(R+1) .and. p2.le.(Nel-R) .and.
1                     p1.lt.(R+1)) then ! Here we define the middle top

                              wd_y = p1-1
                              avg_factor = ((wd_y+R)+1)*((wd_x+R)+1)
                                  do k1 = -wd_y,R
                                      do k2 = -R,R
                                      dist = sqrt((k1**2) +(k2**2))
                                      infl = exp(-dist/dec)
                                         por_summed_matrix(p2,p1) = 

1                                   por_summed_matrix(p2,p1) +
2                                   dec*por_save_matrix(p2+k2,p1+k1)

                                      enddo
                                  enddo
                                  por_avg_matrix(p2,p1) = 

1                            por_summed_matrix(p2,p1)/
2                            avg_factor

                      endif

                   enddo
               enddo

C Going back from matrix to array (for averaged)
                  do k1 =1,Nel
                      do k2=1,Nel
                          index_rev = k2+((k1-1)*Nel)
                          por_avg_array(index_rev) = 

1                    por_avg_matrix(k2,k1)
                      enddo
                  enddo

C Going back from matrix to array (for summed)
                  do k1 =1,Nel
                      do k2=1,Nel
                          index_rev = k2+((k1-1)*Nel)
                          por_summed_array(index_rev) = 

1                    por_summed_matrix(k2,k1)
                      enddo
                  enddo
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                  por_final_averaged = por_avg_array(noel)
                  statev(98) = por_final_averaged   

                  por_final_summed = por_summed_array(noel)
                  statev(97) = por_final_summed

         endif
      endif

      endif

      RETURN
      END



 

 
 

 

 
Appendix D: Test data results 

 

 

 

 

 

 

 

 



 

 
 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 


