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INTRODUCTION

Recent advances in testing technology have allowed soil samples to be
loaded in the torsional mode to the nonlinear strain range of most soils.
However, the effect of this nonlinearity on data interpretation from these
tests has been given only limited attention. In an effort to investigate
systematically this problem, the U. S. Geological Survey undertook a study
in which the torque-twist curves from various stress-strain relations for
soils were computed and the effective shear modulus and hysteretic
damping based on these torque-twist curves were examined. Results and
recommendations concerning data interpretation from that study were
presented in an earlier report (Chen and Stokoe, 1979). The computer
program, DITT, that was used to generate torque-twist curves and associated

results is the subject of this report.

DITT can be used for two purposes. It can be used to compute
torque-twist relations for torsional vibration analysis of cylindrical
test specimens of materials not restricted only to soils. DITT can also
be used to estimate correction factors of shear modulus and hysteretic ’
damping for interpreting torsional testing data. In the following sections,
a general description, the input requirements, and the listing of the

computer program are presented. In addition, results from a sample computer

run are shown.




GENERAL DESCRIPTION

The program accepts any type of input stress-strain relation assigned
to the soil under consideration and considers both solid and hollow
cylindrical soil samples of circular cross-section. If the input
stress-strain relation is not the modified Hardin and Drnevich (H&D) type
with parameters a and b (Hardin and Drnevich, 1972) or the Ramberg-Osgood
(R&0) type with parameters &, R and C1 (Richart, 1975), the stress-strain
relation is input in a piecewise-linear manner (the multi-linear case, Chen

and Joyner, 1974).

To compute the torque, T, on a given circular cross-sectibn due to a
given twist per unit length, @, DITT divides the cross-section into a
specified number of concentric rings of equal areas, computes the average
strain and stress on each ring, and determines the sum of the torque on

each ring by using:

N
T=_Z(’C;~AA)-ﬁ (1)

(A

where T is the torque on the total cross-section, N is the number of

subdivisions, 1& is the average shear stress in the it’h

ring, and AA and
f} are the area and the average radius of the ith ring, respectively, as
shown in Fig. 1. Note that T; is specified by the input stress-strain

relation for an average shear strain of )& which is

Y = f{’ @ : (2)
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Figure 1. — Definition of terms used with a circular cross-section.



For comparison purposes, shear stress and shear strain at the
periphery (the outermost ring from the center), t’l and )’,I y are chosen
as reference values. Shear modulus, G(Y,‘), and damping ratio, >\(f7), are
then computed with respect to these reference values. The use of thesé
reference values enables the investigator to relate quantitiesldetermined
from the T-Y plane with those determined from the T-@ plane through

Eq.(2).

Normalized quantities associated with the T-Y plane are defined as:

’. ‘C/'me (normalized stress)

(a

ér’ éf/é[m-x (normalized modulus) (3)

Y/)’m-x (normalized strain)

Y)

where Tm and C'{m are, respectively, the maximum shear stress and the

‘maximum shear modulus, and Yref » the reference strain, is defined as:

Yrep = o/ Gk )

On the T-@ plane, effective shear modulus, 51'_&. , 1s defined as:

-

T/(J*@) (5)

Gresy

where

Cu
]

‘L £7-4A (6)



is the polar moment of inertia of the cross section.

Normalized quantities associated with the T-@ plane are:

T

¢)

T/ T'"f (normalized torque)

¢/¢r¢f (normalized twist) (7)

é‘hff/q (normalized effective modulus)

Gf;ff

where, taking 7 as the outside radius of the specimen,

¢r¢f = Ynf/?z (8)

is the reference twist, and
Trwef = J 'QM' ¢Nf (9)

is the reference torqgue.

Damping ratios are determined on the basis of the energy lost per
strain (twist) cycle as a result of the hysteresis loop generated on the
¢-¥Y (or T-@) plane. The damping ratio, l(f:’) (or X,ﬁ as in the case of

T-@ plane), is computed according to:

A Av /( 45- AT) (10)°

where A, and AT are, respectively, areas of the loop and the triangle as
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shown in Fig. 2. The shape of the loop is assumed to follow Masing's
criterion (Masing, 1926). It should be noted that, for small strains, most
input stress-strain relations are essentially linear and the value of/&,in
Eq.(10) becomes very small or zero. Any computation involving the damping
in this small strain range may thus become unreliable. When this situation
occurs, the program replaces these unreliable values by 9.99 or 9.9999 to

alert the user.

The equivalent radius for modulus or damping is defined as the radius
at which the shear strain corresponds to a shear modulus or damping ratio
on the ¢-¥ plane which is equal to G‘R or 7\,,5. Equivalent radii are
determined by iteration in DITT and their use is presented elsewhere
together with the advantages of using normalized quantities (Chen and

Stokoe, 1979).

Quantities defined so far are all dependent on the variable @#. To
assure that the proper range of interest in @ is covered while computing,
@ is assigned such that its normalized value has 20 equal increments per
logarithmic cycle that ranges from 0':10-3 to 6':10‘3. The results are
stored in a 16x121 matrix which is used for printer output or plotting.

DITT is coded in FORTRAN IV for the IBM 370 system. The program
contains 281 source statements and requires a storage allocation of 50&
bytes. Execution time for eacﬁ run is less than 6 seconds. Without the
addition of subroutines, the program can be easily modified to suit special

individual needs or other computing devices.
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Figure 2. —- Definition of hysteretic damping.



INPUT REQUIREMENTS

In most cases, DITT requires three input data cards. In the multi-
linear case, however, the third input data card is replaced by M cards
where M is the number of linear segments in the input multi-linear stress-

strain relation.

Card 1 FORMAT( 18AY4)

col 1-72 Title of computation for identification.

Card 2 FORMAT(4F12.0,216)
col 1-12 Outside sample radius in cm.
col 13-24 Inside sample radius in em (=0.0, for solid samples).
col 25-36 Gmax in KPa.
col 37-48 Tmax in KPa.

col 49-54 KTYPEZO0, an index to specify type of stress-strain input.
col 58-60 N 101, the number of subdivisions needed (see Eq. 1).

If KTYPE=0, the use of modified H&D relation is specified and the

program reads:

Card 3 FORMAT(2F12.0)

col 1-12 Parameter a of the modified H&D relation.
col 13-24 Parameter b of the modified H&D relation.

If KTYPE=1, the use of the R&0 relation is specified and the program

reads:

Card 3 FORMAT(3F12.0)

col 1-12 Parameter &£ of the R&0 relation.
col 13-24 Parameter R of the R&0 relation.
col 25-36 Parameter C1 of the R&0 relation.



If KTYPE=M, and M is greater than 1, the multi-linear relation is
specified and the program reads M pairs of non-zero, normalized strain,

¥', and normalized stress, <¢', in the order of increasing strain:
Cards 3(I) I=1,M FORMAT(2F12.0)

col 1-12 The Ith normalized strain value.
col 13-284 The I*" normalized stress value.
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DITT: DATA INTERPRETATION FOR TORSIONAL TESTS

6/79, BY ALBERT T. F. CHEN, U. S. GEOLOGICAL SURVEY, MST4
345 MIDDLEFIELD ROAD
MENLO PARK, CA 94025

# % #F FE R R REREEREERERREREREEREREREEREZEREZRERREE

REQUIRED UNITS FOR I-O PARAMETERS:

RADIUS, AREAS -- CM, CM*CM

ALL G'S, ALL TAU'S -- KPA (1 PA = 10 DYNES/CM/CM)
PHY, ANGLE OF TWIST/UNIT LENGTH -- RAD/CM

TORQUE -- NEWTONS-CM

REAL*8 YINT, RO
DIMENSION R(201), RB(101), RC(101), XQ(16,126), TITLE(18),
&ICOUNT(101), SIGY(103), EM(103), XX(127), YY(127)

2 FORMAT('1'///5X, 'TORQUE, TWIST AND RELATED CALCULATIONS * ® %1//)
4 FORMAT(18A4)

6 FORMAT(4F12.0, 2I6)

8 FORMAT(3F12.0)

10 FORMAT(2F12.0)

12 FORMAT(5X, 18A4)

14 FORMAT(//10X, " OUTSIDE SAMPLE RADIUS, RO=',F7.3,' CM.'
&/10X," INSIDE SAMPLE RADIUS, RI=',F7.3,' CM.'
&/10X, ° NUMBER OF DIVISIONS, N =',Il
&/10X, ° OUTER MOST RADIUS, RC(N) =',6F8.5,' CM'
&//10X, 'TOTAL CROSS-SECTIONAL AREA, ATOTAL =',F9.3,' SQ.CM.'
&/10X, ° POLAR MOMENT OF INERTIA, PMI =',F9.3,' CM¥#j 1

&//10X,'  INPUT MAX. SHEAR MODULUS, GMAX =',E11.4,' KPA'
&/10X, * INPUT MAX. SHEAR STRESS, TAUMAX =',E11.4,' KPA'

&//10X, "' REFERENCE STRAIN, GMAREF =',E11.4,' ABSOLUTE'®
&/10X%, ° REFERENCE TWIST/LENGTH, PHYREF =',E11.4,' RAD/CM'
&/10X, ° REFERENCE TORQUE, TRQREF =',E11.4,' NEWTONS-CM')

16 FORMAT(/5X, 'HARDIN-DRNEVICH RELATION, A=',F10.6,' B=',F9.6)

18 FORMAT(/5X, 'RAMBERG-0SGOOD PARAMETERS ARE (A,R,C1):',3F8.3//)

20 FORMAT(' INPUT FOR N-LINEAR RELATION: I  YIELD STRAIN ',
& 'YIELD STRESS'/(30X,I3,2E14.5))

22 FORMAT(12X,'1',13X,'2',13X,'3',13X, '4',13X,'5',13X,'6',13X,'T"',
& 13X,'8')

24 FORMAT(8X,'STRAIN AT',5X, 'STRESS AT',4X, 'SECANT SHEAR',4X

'HYSTERETIC',4X, 'TWIST PER', 18X, 'EFFECTIVE',5X, 'EFFECTIVE' /8X

'PERIPHERY',5X, 'PERIPHERY"', 6X, '"MODULUS',5X, 'DAMPING RATIO',2X

'UNIT LENGTH',5X, 'TORQUE',7X, '"MODULUS',7X, 'DAMPING'/*' 1I',5X,

' (ABSOLUTE) ', 6X, ' (KPA)',9X, ' (KPA)',7X, ' (ABSOLUTE) ', 5X,
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DITTO001
DITT002
DITT003
DITTOOY
DITTO05
DITT006 .
DITTO07
DITTO08
DITT009
DITT010
DITTO11
DITTO12
DITTO13
DITTO14
DITTO15
DITTO16
DITTO17
DITTO18
DITTO019
DITT020
DITTO021
DITTO022
DITT023
DITTO2Y
DITTO025
DITTO026
DITTO27
DITT028
DITT029
DITT030
DITT031
DITTO32
DITTO33
DITTO34
DITTO35 |
DITTO36 -
DITTO37
DITT038
DITT039
DITTO4O
DITTOM1
DITTOY42
DITTOU3
DITTO4Y
DITTO4S
DITTO46
DITTOMT
DITTOLS
DITTO49
DITTO50
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100

200

*(RAD/CM) ', 4X, ' (NEWTONS-CM) ', 5X, *(KPA)',TX, ' (ABSOLUTE) 1I'/)
FORMAT(8X, 'NORMALIZED',4X, '"NORMALIZED',4X, "NORMALIZED', 4X,
'NORMALIZED',5X, 'EFFECTIVE', 4X, 'EQUIVALENT',5X, 'RATIO IN',5X,
'EQUIVALENT'/9X, 'STRAIN',9X, 'STRESS',8X, 'TWIST',8X, ' TORQUE', 6X,
'MODULUS RATIO',' RADIUS RATIO',5X, 'DAMPING',4X, "RADIUS RATIO'/
' I (1)/REF.STRAIN',3X,'(2)/TAUMAX',3X,'(5)/REF.TWIST',
' (6)/REF.TORQ',5X, '(3)/(7)"',6X, ' (MODULUS)"',6X,'(4)/(8)',5X,
' (DAMPING)',3X,'I'/)
FORMAT( 13X, '9',12X,'10',12X, '11',12X, '12', 12X, '13', 12X, " 14", 12X,
'15',12X,'16") '
FORMAT(I4,8E14.5,I4)
FORMAT( "1 ")
FORMAT( ' ")

READ ALL INPUT DATA

READ(5,4,END=2000) TITLE

READ(5,6) RADOU, RADIN, GMAX, TAUMAX, KTYPE, N
IF(KTYPE .EQ. 0) READ(5,8) AHD, BHD

IF(KTYPE .EQ. 1) READ(5,8) AAA, BBB, CCC

IF(KTYPE .GT. 1) READ(5,10) (EM(I), SIGY(I), I=1,KTYPE)

WRITE(6,2)
WRITE(6,12) TITLE

PI = 3.1415927

ISTOP = 121

B1 = BBB - 1.0

ATOTAL = PI*(RADOU¥¥2_RADIN®*#¥2)
PMI = 0.5%PI%*(RADOU¥*#*4_RADIN¥¥*Y)
AREAIN = PI®*RADIN*RADIN

N2 =2 %N

DA = ATOTAL/N

DO 100 I=1,N2

ATEMP = AREAIN + 0.50%DA%*I

R(I) = SQRT(ATEMP/PI)

CONTINUE

RB(1) = RADIN

RADIUS = RADOU

DO 200 I=1,N
J = 2% - 1
K = 2%

RC(I) = R(J) * 1.
RB(I+1) = R(K)*1.
ICOUNT(I) = 1

CONTINUE

GMAREF = TAUMAX/GMAX

PHYREF = GMAREF/RADIUS
TRQREF = GMAX*PMI*PHYREF/10.
PHYSTR = 0.001*PHYREF
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DITTO51
DITTO052
DITTO53
DITTOS4

" DITTO55

DITTO56
DITTO57
DITT058
DITTO059
DITTO60
DITT061
DITT062
DITT063
DITTO6Y
DITTO065
DITTO66
DITTO67
DITTO068
DITT069
DITTOT70
DITTOT1
DITTOT2
DITTOT73
DITTOTY
DITTOT75
DITTO76
DITTOT7T
DITTO78
DITTOT79
DITTO80
DITTO81
DITT082
DITTO083
DITTO8Y
DITTO85
DITTO86
DITTO87
DITTO88 .
DITTO89 .
DITTO90
DITT091
DITT092
DITT093
DITTO94
DITT095
DITT096
DITT097
DITT098
DITT099
DITT100



PHYSTP = 10000.*PHYREF

WRITE(6,14) RADOU,RADIN,N,RC(N),ATOTAL,PMI,GMAX, TAUMAX, GMAREF,

& PHYREF, TRQREF

380
390

400

420

450

WRITE(6,44)
IF(KTYPE .EQ. 0) WRITE(6,16) AHD, BHD

IF(KTYPE .EQ. 1) WRITE(6,18) AAA, BBB, CCC
IF(KTYPE .GT. 1) WRITE(6,20) (EM(I), SIGY(I), I=1,KTYPE)

IF(KTYPE .NE. 0) GO TO 450

KTYPE = 0, CASE OF H&D
DO 420 I=1,ISTOP
PHYEXP = 0.05%(I-1)
PHYO = PHYSTR¥10.0%*PHYEXP

SUM = 0.0
DO 400 J=1,N
GMA = PHYO * RC(J)

ARG = BHD*GMA/GMAREF

IF(ARG .GT. 88.0) GO TO 380

HYGMA = GMA*(1.+AHD®*EXP(~ARG))/GMAREF
GO TO 390

HYGMA = GMA/GMAREF

TAU = GMAX®*GMA/(1.+HYGMA)

DM = TAU*DA*RC(J)/10.

SUM = SUM + DM

GMA

TAU

TAU/GMA

PHYO

SUM

10. *SUM/PHYO/PMI

GMA/GMAREF
TAU/TAUMAX
PHYO/PHYREF
SUM/TRQREF
XQ(3,I)/XQ(7,I)

XQ(1,I)
XQ(2,I)
XQ(3,1)
XQ(5,1)
XQ(6,I)
XQ(7,1)
XQ(9,I)
XQ(10,1I)
XQ(11,I)
XQ(12,1)
XQ(13,I)
CONTINUE
GO TO 600

FOR R&0, OR MULTI-LINEAR CASES
IF(KTYPE .GT. 1) GO TO 465
SIGY(1) = 0.0

EM(1) = 0.0

DO 460 J=2,102

RAEXP = 0.02%(J-2)

RATIO = 0.01%#10.0%*RAEXP

ARG = RATIO/CCC
SIGY(J) = RATIO®*TAUMAX

DITT101
DITT102
DITT103
DITT104

“DITT105

DITT106
DITT107
DITT108
DITT109
DITT110
DITT111
DITT112
DITT113
DITT114
DITT115
DITT116
DITT117
DITT118
DITT119
DITT120
DITT121
DITT122
DITT123
DITT124
DITT125
DITT126
DITT127
DITT128
DITT129
DITT130
DITT131
DITT132
DITT133
DITT134
DITT135
DITT136
DITT137
DITT138 ;
DITT139 .
DITT140
DITT141
DITT142
DITT143
DITT144
DITT145
DITT146
DITT147
DITT148
DITT149
DITT150



460

465

470
475

510

520
530

540
560

580

600

650

EM(J) = CCC*GMAREF®ARG¥*(1.+AAA®ARG®%B1)
CONTINUE

IMAX = 102

GO TO 475

IMAX = KTYPE

EM(1) = 0.0

SIGY(1) = 0.0

DO 470 I=2, IMAX

SIGY(I) = SIGY(I)*TAUMAX
EM(I) = EM(I)*GMAREF
CONTINUE

CONTINUE

DO 580 I=1,ISTOP

PHYEXP = 0.05%(I-1)

PHYO = PHYSTR*10.0%**PHYEXP
SUM = 0.0

DO 560 J=1,N

GMA = PHYO #* RC(J)

JC = ICOUNT(J)

IF(JC .GE. IMAX) GO TO 530
IF(GMA .LE. EM(JC+1)) GO TO 520
ICOUNT(J) = JC+1

GO TO 510

TAU=SIGY(JC)+(GMA-EM(JC))*(SIGY(JC+1)-SIGY(JC))/(EM(JC+1)-EM(JC))

GO TO 540

TAU = TAUMAX

DM = TAU*DA*RC(J)/10.
SUM = SUM + DM

DM IS THE TORQUE TAKEN BY ITH RING, IN NEWTONS-CM

GMA

TAU

TAU/GMA

PHYO

SUM

10. *SUM/PHYO/PMIL

GMA/GMAREF
TAU/TAUMAX
PHYO/PHYREF
SUM/TRQREF
XQ(3,1)/xQ(7,1I)

XQ(1,I)
XQ(2,1)
XQ(3,1)
XQ(5,1I)
XQ(6,1)
XQ(7,1)
XQ(9,I)
XQ(10,I)
XQ(11,I)
XQ(12,1)
XQ(13,I)
CONTINUE

CONTINUE

DO 850 I=1,ISTOP

GPK = XQ(7,I)

DO 650 LOOP=1,I

JM = I-LOOP

IF(GPK .LE. XQ(3,JM)) GO TO 700
CONTINUE
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DITT151
DITT152
DITT153

. DITT154

DITT155
DITT156
DITT157
DITT158
DITT159
DITT160
DITT161
DITT162
DITT163
DITT164
DITT165
DITT166
DITT167
DITT168
DITT169
DITT170
DITT171
DITT172
DITT173
DITT174
DITT175
DITT176
DITT177
DITT178
DITT179
DITT180
DITT181
DITT182
DITT183
DITT184
DITT185
DITT186
DITT187

DITT188 .
DITT189"

DITT190
DITT191
DITT192
DITT193
DITT194
DITT195
DITT196
DITT197
DITT198
DITT199
DITT200



aaa

700

750
800
850

900

950

1000

1200

1300
1350

JSET = JM
IF(JSET .EQ. 0) GO TO 750

DENO = XQ(3,JSET+1)~-XQ(3,JSET)
IF(DENO .GE. 0.0) GO TO 750

DGRT = (GPK-XQ(3,JSET))/DENO

RHS = ALOG(XQ(1,JSET)) + 0.05*DGRT*2.302585
GMAEQ = EXP(RHS)

XQ(14,I) = GMAEQ/XQ(1,I)

GO TO 800

XQ(14,I) = 1.0

CONTINUE

CONTINUE

FOR DAMPING COMPUTATION

DO 1200 II=1,2

I=2

I1=1

IF(II .EQ. 2) I=6
IF(II .EQ. 2) I1=5

DO 1000 JLOOP=2,ISTOP
XX(1) = -XQ(I1,JLOOP)

X0 = XX(1)

YO = -XQ(I,JLOOP) '
YY(1) = 0.0

RO = Y0/X0

DO 900 J=1,JLOOP
XX(J+1) = X0 + 2.%¥XQ(I1,J)

YINT = RO®*XX(J+1)

YY(J+1) = YO + 2.%¥XQ(I,J) - YINT
CONTINUE

SUM = 0.0

DO 950 J=1,JLOOP

DSUM = 0.5¥(YY(J)+YY(J+1))¥(XX(JI+1)-XX(J))
SUM = SUM + DSUM

CONTINUE

JJJ=JLOOP+1

XQ(II*4,JLOOP) = SUM/(1.*PI*X0%*Y0)
CONTINUE

XQ(II*4,1) = 0.0

CONTINUE
XQ(15,1) = 9.9999
XQ(16,1) = 9.99

DO 1600 J=2,ISTOP

IF(XQ(8,J) .EQ. 0.0) GO TO 1300
XQ(15yJ) = XQ(u,J)/XQ(S’J)

GO TO 1350

XQ(15,d) = 9.9999

DPK = XQ(8,J)
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DITT202
DITT203
DITT204

- DITT205

DITT206
DITT207
DITT208
DITT209
DITT210
DITT211
DITT212
DITT213
DITT214
DITT215

‘DITT216

DITT217
DITT218
DITT219
DITT220
DITT221
DITT222
DITT223
DITT224
DITT225
DITT226
DITT227
DITT228
DITT229
DITT230
DITT231
DITT232
DITT233
DITT234
DITT235
DITT236
DITT237
DITT238 .
DITT239 -
DITT240
DITT241
DITT242
DITT243
DITT244
DITT245
DITT246
DITT247
DITT248
DITT249
DITT250



1400
1450

1500
1550
1600

1700

1800

2000

IF(DPK .LE. 0.0) GO TO 1500

DO 1400 LOOP = 1,J

JM = J - LOOP

IF(DPK .LE. 0.0) GO TO 1500

IF(DPK .GE. XQ(4,JM)) GO TO 1450

CONTINUE

JSET = JM

IF(XQ(4,JSET) .LE. 0.0) GO TO 1500

DDRT = (DPK-XQ(4,JSET))/(XQ(H4,JSET+1)-XQ(4,JSET))
RHS = ALOG(XQ(1,JSET)) + 0.05*DDRT#*2.302585
GMAEQ = EXP(RHS)

XQ(16,J) = GMAEQ/XQ(1,d)

GO TO 1550

XQ(16,d) = 9.99

CONTINUE

CONTINUE

WRITE(6,42)

WRITE(6,22)

WRITE(6,24)

DO 1700 I=1,ISTOP

WRITE(6,30) I,(XQ(JK,I),JK=1,8),1
CONTINUE

WRITE(6,42)

WRITE(6,28)

WRITE(6,26)

DO 1800 I =1,ISTOP

WRITE(6,30) I,(XQ(JK,I),JK=9,16),I
CONTINUE

GO TO 50

STOP

END
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DITT255
DITT256
DITT257
DITT258
DITT259
DITT260
DITT261
DITT262
DITT263
DITT264
DITT265
DITT266
DITT267
DITT268
DITT269
DITT270
DITT271
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SAMPLE PROBLEM

To illustrate the use of DITT, a sample problem is prepared and
presented in this section. The problem considers a solid cylindrical éoil
specimen with an outside radius of 4.0 cm. The soil has a maximum shear
modulus of 50000 KPa, a maximum shear stress of 100KPa, and is described by
the H&D hyperbolic relation (KTYPE=0 with both parameters, a and b, equal

to 0.0). The number of subdivisions, N, is set at 50. Input data cards

for this problem thus are: .

Column 1 2 3 y 5 6 7

1234567890123456789012345678901234567890123456789012345678901234567890

DITT: SAMPLE RUN, 7/07/79 (Card 1)
4.0 0.0 50000.0 100.0 0 50 (Card 2)
0.0 0.0 (Card 3)

The computer output for this problem is included next. Since the

output is quite self-explanatory, no further remarks are necessary.
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