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Introduction

Purpose: 
2DFD_DVS is designed for numerical simulation of seismic wave propagation in 2D heterogeneous structures with planar free surface due to linear double-couple source or linear single force or plane-wave incidence.

The code also allows 1D simulations for local 1D models defined by the distributions of material parameters along each vertical grid line. This feature is reasonable if one is interested in comparing 2D modeling versus local 1D modeling for the same structural model.
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Short description:

2DFD_DVS is designed for the finite-difference simulation of seismic wave propagation and seismic ground motion in 2D heterogeneous viscoelastic structures with a planar free surface. The computational algorithm is based on the explicit heterogeneous finite-difference scheme solving equations of motion in the heterogeneous viscoelastic medium with material discontinuities. The scheme is 4th-order accurate in space and 2nd-order accurate in time. The velocity-stress scheme is constructed on a staggered finite-difference grid. The computational region is an area of a rectangle with the top side representing a planar free surface, and bottom, left and right sides representing either non-reflecting boundaries or planes of symmetry. Different types of non-reflecting boundaries can be chosen on different sides of the computational region. A uniform rectangular spatial grid is used to cover the computational region. The upper part of the medium is heterogeneous, the lower part of the medium is homogeneous. The rheology of the medium corresponds to the generalized Maxwell body (GMB-EK). This makes it possible to account both for spatially varying quality factors of the P and S waves and for arbitrary Q(ω) law. The wavefield is excited either by a plane wave vertically propagating from the homogeneous halfspace or by a linear source (double couple or single force).
Input files

2DFD_DVS requires these input files:

· an auxiliary file containing just the name of the current computation,

· an input file with controlling parameters for the computation,

· a file containing elastic parameters and densities describing types of material cells

· a file containing anelastic parameters describing types of material cells
· a file containing spatial distribution of material cell types
· a file containing parameters specifying a type of the wavefield excitation including source time function.
Auxiliary file 'HF2DFDDVS'
The file type is ASCII and contains the following variable:

	Name  of  Variable
	Type
	Description

	JOBNAME
	A17
	The name of the current computation. This name is taken as a basis for constructing names of other input and output files.


Input data file 'JOBNAME.IN'

The file type is ASCII and contains several controlling variables assembled in eight namelists. The file also contains positions of receivers.
NAMELIST  /NAMES/
MO_FILE_NAME,    Q_FILE_NAME ,  
JM_FILE_NAME,   SR_FILE_NAME 
	Name  of  Variable
	Type
	Description

	MO_FILE_NAME
	A20
	The name of the file containing elastic parameters and densities describing types of material cells. 
This file is one of the output files of the model preparation code 2DModel.

	Q_FILE_NAME
	A20
	The name of the file containing anelastic coefficients describing types of material cells. 

This file is one of the output files of the model preparation code 2DModel.

	JM_FILE_NAME
	A20
	The name of the file containing spatial distribution of material cell types in the spatial grid. 

This file is one of the output files of the model preparation code 2DModel.

	SR_FILE_NAME
	A20
	The name of the file containing parameters specifying a type of the wavefield excitation including source time function.


NAMELIST  /KEYS/

KEY_TLV,  KEY_TLD,  KEY_SNV,  KEY_SND,  KEY_CONT,

                                           KEY_SH,  KEY_1D  

	Name  of  Variable
	Type
	Description

	KEY_TLV
	logical
	.TRUE.:
Output files in ASCII format are generated. They contain particle velocities for a sequence of time levels at specified receivers.

.FALSE.: The output files are not generated.

	KEY_TLD
	logical
	.TRUE.:
Output files in ASCII format are generated. They contain displacements for a sequence of time levels at specified receivers.
.FALSE.: The output files are not generated.

	KEY_SNV
	logical
	.TRUE.:
Output files in binary format are generated. They contain snapshots of the particle velocities in the model.

.FALSE.: The output files are not generated.

	KEY_SND
	logical
	.TRUE.:
Output files in binary format are generated. They contain snapshots of the displacements in the model.

.FALSE.: The output files are not generated.

	KEY_CONT
	logical
	.TRUE.:
Continuation file is generated.

.FALSE.: Continuation file is not generated.

	KEY_SH
	logical
	.TRUE.:
Computation of SH case.

.FALSE.: Computation of P-SV case.
default:   .FALSE.

	KEY_1D
	logical
	.TRUE.:
Computation of 1D case: 1D computation is performed for each vertical grid line – a distribution of material parameters along each grid line defines a local 1D model. 
.FALSE.: Computation of 2D case.
default:   .FALSE.


NAMELIST  /CONTROLDATA/

MT1,  MT2,  IPAS1,  MX,  MZ,  LHOM,  LIN3,  DT
	Name  of  Variable
	Type
	Description

	MT1,  MT2
	integer
	The computations are performed from the time level MT1 until the time level MT2. If MT1 >2, the displacement and particle velocity values for the previous time levels have to be read in from the files.

	IPAS1
	integer
	If IPAS1 = 1, then the displacement and/or particle-velocity values at each time level are stored for specified receivers.

If IPAS1 = 2 (3,...), then the displacement and/or particle-velocity values at each second (third,...) time level are stored for specified receivers.
default:  1

	MX
	integer
	Total number of the grid cells in the x-direction in the grid. (Only grid positions with the z-component of displacement are used in the 1st grid cell.)

	MZ
	integer
	MZ+1 = total number of the grid cells in the z-direction in the grid. (The surface grid cell is labeled number 0.)

	LHOM
	integer
	The vertical grid index of the first grid plane of the homogeneous part of the model.

	LIN3
	integer
	The vertical grid index of the grid plane at which the plane wave is generated. It has to satisfy condition 
LIN3 > LHOM + 5.

	DT
	real
	The time step 
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 in seconds. It has to satisfy the stability condition for the 4th-order staggered grid VS FD scheme, i.e. 
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 is the local P-wave velocity and 
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 is grid spacing.


NAMELIST  /ATTEN/
FRJMAX, FRANGE

This namelist relates to inclusion of the realistic model of attenuation based on rheology of the generalized Maxwell body GMB-EK.

	Name  of  Variable
	Type
	Description

	FRJMAX
	real
	The upper limit of the frequency range in which the anelastic coefficients 
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 law (the constant 
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 law can be implemented upon request). It should be larger (less than one order) than the maximum frequency 
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 up to which the computation should be sufficiently accurate. The value is in Hz.

	FRANGE
	real
	This variable determines the frequency range for the attenuation in which the anelastic coefficients [image: image15.wmf]l
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 should fit the Futterman 
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 law.  FRANGE = 3, e.g., means frequency range 
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NAMELIST  /NONREF/
OMG,  WB,  KTLE,   KTRI,   KTRE,   KTFR,   KTBO
This namelist relates to the nonreflecting boundaries of the grid. Several types of the nonreflecting boundaries are included.
	Name  of  Variable
	Type
	Description

	OMG
	real
	The dominant frequency in Hz at which artificial reflections should be suppressed more than at other frequencies.

	WB
	real
	The weight coefficient [image: image18.wmf]b

 for the Higdon and Liu-Archuleta types of nonreflecting boundary. It has to satisfy condition 
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	KLCH
	integer
	The time level at which the left plane of symmetry is switched off for the specified type of the nonreflecting boundary. The plane of symmetry is suitable for propagating of the incident plane wave.

	KRCH
	integer
	The time level at which the right plane of symmetry is switched off for the specified type of the nonreflecting boundary. The plane of symmetry is suitable for propagating of the incident plane wave.

	KTLE,   KTRI,   KTBO
	integer
	The key determining type of the left, right, and bottom boundary of the grid:
    = 0: 
rigid boundary
    = 1: 
Higdon        

    = 2: 
Reynolds, maximum attenuation set for the P wave

    = 3: 
Reynolds, maximum attenuation set for the S wave

    = 4: 
Peng & Toksoz, maximum attenuation set for the P waves for perpendicular displ. components

    = 5: 
Peng & Toksoz, maximum attenuation set for the S waves for perpendicular displ. components

    = 6: 
Emmerman & Stephen, max. attenuation set for the P waves for perpendicular displ. components

    = 7: 
Emmerman & Stephen, max. attenuation set for the S waves for perpendicular displ. components

	THPPLE, THPPRI,

THPPBO, THSSLE,

THSSRI, THSSBO


	real
	parameters of the Peng & Toksoz nonreflecting boundary


NAMELIST  /TXT/

TEXT

	Name  of  Variable
	Type
	Description

	TEXT
	A20
	An arbitrary alphanumeric text (e.g., describing the computation).


NAMELIST  /HMOD/

H, CODEN, COVP, COVS
	Name  of  Variable
	Type
	Description

	H
	real
	The grid spacing in the grid in meters. The minimum wavelength that is to be propagated sufficiently accurately has to be properly sampled. Usually modelers take 6 grid spacings per minimum wavelength in the modeling of earthquake ground motion. Because, however, the effect of the grid dispersion is cumulative with an increasing travel distance, one has to be careful in choosing sufficient number of grid spacing per minimum wavelength in the model, that is, sufficiently small value of the grid spacing. If 6 grid spacings is chosen, than the upper estimate of the frequency, up to which the simulation can be considered as sufficiently accurate using the 4th-order VS FD scheme, is 
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 is the minimum velocity in the model and 
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 is a grid spacing. Obviously, these estimates do not account for the cumulative effect of the grid dispersion!

	CODEN
	real
	Density in the homogeneous part of the model.

	COVP
	real
	Velocity of the P waves in the homogeneous part of the model.

	COVS
	real
	Velocity of the S waves in the homogeneous part of the model.


NAMELIST  /SNAP/

MTS, IPAS2

Included only if  KEY_SNV = .TRUE. or KEY_SND = .TRUE.
	Name  of  Variable
	Type
	Description

	IPAS2
	integer
	If IPAS2 = 1, then the displacement and/or particle-velocity values at each time level are stored.

If IPAS2 = 2 (3,...), then the displacement and/or particle-velocity values at each second (third,...) time level are stored.

	MTS
	integer
	Maximum time level for which the displacement and/or particle velocity are stored.


NAMELIST  /REC/

MR

	Name  of  Variable
	Type
	Description

	MR
	integer
	The number of receivers.


At the end of the file MR integer triplets in the free form specify grid indices of the receivers:
  IREC (J), LREC (J) ;   J = 1, MR

	Name  of  Variable
	Type
	Description

	IREC(J)
	integer
	The grid index in the x-direction of the J-th receiver. 

	LREC(J)
	integer
	The grid index in the z-direction of the J-th receiver.


Input data file SR_FILE_NAME
The file type is ASCII and contains the parameters of the point sources. The file is opened in the code as follows:
OPEN ( 16, FILE = SR_FILE_NAME, FORM = 'FORMATTED', STATUS='OLD' )

READ (16,*) NSIG, INC
	Name  of  Variable
	Type
	Description

	NSIG
	integer
	Type of wavelet

= 1: Kupper  wavelet

= 2: Ricker  wavelet

= 3: Gabor   wavelet

= 4: Berlage wavelet

= 5: zero-phase Ricker wavelet

= 6: derivative of the zero-phase Ricker wavelet

	INC
	integer
	Type of the wave

= 0: incident P wave (only if KEY_SH = .FALSE.)
= 1: incident S wave

= 2: vertical body force  (linear source perpendicular to the vertical xz-plane)
= 3: horizontal body force  (linear source perpendicular to the vertical xz-plane)
= 4: double-couple source (linear source perpendicular to the vertical xz-plane)


The other data is read by
IF ( NSIG .EQ. 1 ) READ (16,*)   TP

Kupper wavelet is defined as
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IF ( NSIG .EQ. 2 ) READ (16,*)   TP,                      TS

              

Ricker wavelet is defined as
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TP is the dominant period, TS = 1.1 TP, the impulse is defined in the interval 
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IF ( NSIG .EQ. 3 ) READ (16,*) GAMA,          FREQ,  PSI, TS

                        
Gabor wavelet is defined as
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[image: image27.wmf]2
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;  FREQ is (for certain values of GAMA and PSI) the dominant frequency, GAMA controls the width of the impulse envelope, 
TS = 0.45 GAMA / FREQ, the impulse is defined in the interval 
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IF ( NSIG .EQ. 4 ) READ (16,*) GAMA,          FREQ, ZETA, TS

                        
Berlage wavelet is defined as
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TS = 1.6 GAMA / FREQ
IF ( NSIG .EQ. 5 ) READ (16,*)  ETA, EPSILON, FREQ,       TS

                        
zero-phase Ricker wavelet is defined as
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IF ( NSIG .EQ. 6 ) READ (16,*)   TP,          FREQ,       TS

                        
derivative of the zero-phase Ricker wavelet is defined as
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IF (  INC .EQ. 2 .OR. INC .EQ. 3 ) READ (16,*) ISR, LSR

IF (  INC .EQ. 4 )   THEN

                            READ (16,*) ISR, LSR

                            READ (16,*) M0, DIP
END IF
	Name  of  Variable
	Type
	Description

	ISR
	integer
	The x-direction grid index of the point source.

	LSR
	integer
	The z-direction grid index of the point source.

	M0
	real
	The scalar seismic moment.

	DIP
	integer
	Dip of the fault plane. In the PSV problem the implementation of double-couple source is possible only when strike = Pi/2 and rake = Pi/2.


Input data file MO_FILE_NAME
The file type is binary and contains the elastic parameters and densities describing types of material cells. This file is one of the output files of the model preparation code 2DModel. The data is read by 
READ ( 14 ) JMNUM
	Name  of  Variable
	Type
	Description

	JMNUM
	integer
	The number of material cell types.


   
READ  ( 14 ) ( DENU(JM1), DENW(JM1),                        &

                    LAM (JM1), MU  (JM1), MUXZ(JM1),             &                  
                                                JM1 = 1, JMNUM)

	Name  of  Variable
	Type
	Description

	DENU (I)
	real
	The volume arithmetic average of the density [kg/m3] at the grid position of the x-component of the particle velocity in the I-th material cell type.

	DENW (I)
	real
	The volume arithmetic average of the density [kg/m3] at the grid position of the z-component of the particle velocity in the I-th material cell type.

	MU (I)
	real
	The volume harmonic average of the torsion modulus [Pa] at the grid position of the diagonal stress-tensor components in the the I-th material cell type.

	LAM (I)
	real
	The Lame's elastic coefficient 'lambda' [Pa] at the grid position of the diagonal stress-tensor components in the I-th material cell type. 

	MUXZ (I)
	real
	The volume harmonic average of the torsion modulus [Pa] at the grid position of the xz- stress-tensor components in the the I-th material cell type.


Input data file Q_FILE_NAME
The file type is binary and contains the anelastic parameters describing types of material cells. This file is one of the output files of the model preparation code 2DModel. The data is read by 
    READ  ( 14 ) (YMU  (JM1,1:4), YLAM (JM1,1:4),                &

                  YMUXZ(JM1,1:4),                JM1 = 1, JMNUM)

	Name  of  Variable
	Type
	Description

	YLAM  (I, IFREQ)
	real
	The value of the anelastic coefficient corresponding to LAM(I) at the IFREQ-th relaxation frequency.

	YMU  (I, IFREQ)
	real
	The value of the anelastic coefficient corresponding to MU (I) at the IFREQ-th relaxation frequency.

	YMUXZ  (I, IFREQ)
	real
	The value of the anelastic coefficient corresponding to MUXZ (I) at the IFREQ-th relaxation frequency.


Input data file JM_FILE_NAME
The file type is binary and contains the spatial distribution of the material cell types in the spatial grid whose grid spacing is H. This file is one of the output files of the model preparation code 2DModel. The data is read by 
  OPEN ( 13, FILE   = JMH_FILE_NAME, FORM = 'UNFORMATTED',       &

             STATUS='OLD' )

  READ ( 13 )  JM

	Name  of  Variable
	Type
	Description

	JM  (I, L)
	integer
	The integer number specifying type of block in the (I,L)-th grid cell.


Output files

2DFD_DVS generates several output files depending on the input parameters:

· a log file containing the input parameters (as read by the program) and error messages,

· files containing particle-velocity values at specified receivers in the ASCII format if  KEY_TLV = .TRUE.,

· files containing displacement values at specified receivers in the ASCII format if  KEY_TLD = .TRUE.,

· files containing particle-velocity values in the binary format  if  KEY_SNV = .TRUE.,
· files containing displacement      values in the binary format  if  KEY_SND = .TRUE..

Log file 'JOBNAME.LOG'
The file type is ASCII and contains the input parameters read from file ‘JOBNAME.IN’. If there is some error in the computation the file also contains the error message.

If  KEY_TLD == .TRUE.

    REC_U.DAT   - ascii file containing values of the x-component of displacement at specified receivers at each IPAS1 time level, e.g.,

                1st column - time

                2nd column - displacement values at receiver 1

                3rd column - displacement values at receiver 2

                                        .

                (MR+1)th column - displacement values at receiver MR

    REC_W.DAT   - the same as REC_U.DAT but for the z-component

    REC_V.DAT   - the same as REC_U.DAT but for the y-component (in the SH case)
 REC_U0.DAT  - ascii file containing values of the x-component of displacement. (If a receiver is located at the free surface, the x-component value is obtained by extrapolation at the grid position of the z-component at the receiver. If a receiver is located below the free surface, the x-component value is obtained by interpolation at the grid position of the z-component at the receiver.)
    REC_W0.DAT  - the same as REC_W.DAT  

                  (because the z-component is not extrapolated)

    REC_V0.DAT  - the same as REC_V.DAT (in the SH case) 

                  (because this component is not extrapolated)

NOTE!  The order of receivers is read from JOBNAME.IN file!

If  KEY_TLV == .TRUE.

    REC_VU.DAT  - ascii file containing values of the x-component of particle velocity at specified receivers at each IPAS1 time level, e.g.,

                1st column - time

                2nd column - particle velocity values at receiver 1

                3rd column - particle velocity values at receiver 2

                                        .

                (MR+1)th column - particle velocity values at receiver MR

    REC_VW.DAT  - the same as REC_VU.DAT but for z-component of particle

                  velocity

    REC_VV.DAT  - the same as REC_VU.DAT but for y-component of particle

                  velocity (in the SH case)
    REC_VU0.DAT - ascii file containing values of the x-component of particle velocity. (If a receiver is located at the free surface, the x-component value is obtained by extrapolation at the grid position of the z-component at the receiver. If a receiver is located below the free surface, the x-component value is obtained by interpolation at the grid position of the z-component at the receiver.)
    REC_VW0.DAT  - the same as REC_VW.DAT  

                  (because the z-component is not extrapolated)

    REC_VV0.DAT  - the same as REC_VV.DAT (in the SH case) 

                  (because this component is not extrapolated)

NOTE! The order of receivers is read from JOBNAME.IN file!

If  KEY_SND == .TRUE.

    SNAP_DU.xxxxx - unformatted file containing values of the x-component of displacement in the whole model at time level xxxxx (,e.g. SNAP_DU.00010, for 10-th time level)

    SNAP_DW.xxxxx - the same as SNAP_DU.DAT but for z-component

    SNAP_DV.xxxxx - the same as SNAP_DU.DAT but for y-component (in the SH case)
If  KEY_SNV == .TRUE.

    SNAP_VU.xxxxx - unformatted file containing values of the x-component of particle velocity in the whole model at time level xxxxx (,e.g. SNAP_VU.00010, for 10-th time level)

    SNAP_VW.xxxxx - the same as SNAP_VU.DAT but for z-component of particle velocity

    SNAP_VV.xxxxx - the same as SNAP_VU.DAT but for y-component of particle velocity (in the SH case)
Note about the stopping and continuing of the computation:

If it is necessary to stop/interrupt the computation before reaching MT2 time level,
· create an empty file with name 'STOP' in the directory where the computation is running,
· if KYE_CONT was set to .FALSE. then file 'STOP.CO' will be created in the directory where the computation is running,
· if KYE_CONT was set to .TRUE. then file JOBNAME.CO will be created in the directory where the computation is running,
· after while the computation will be stopped and the number of the following first time level will be written in the file 'STOP'.

To continue the computation:
· if KEY_CONT was set to .FALSE. in the previous computation, rename file 'STOP.CO' by 'JOBNAME.CO',
· if KEY_CONT was set to .TRUE.  in the previous computation keep file JOBNAME.CO,
· keep files REC_U.DAT, REC_W.DAT and/or REC_VU.DAT, and REC_VW.DAT,
· set MT1 equal to the number stored in file 'STOP',

· run the computation.
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