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SUMMARY

The stress distribution in a cohesionless soil, with weight, indented
by a smooth, rigid punch is discussed. The governing equations are hyper-
bolic, and computational procedures based on the method of characteristics
are developed. Detailed numerical solutions obtained on the IBM 7090
computer at The University of Michigan are presented for angles of fric-
tion of 20°, 25°, 30°, 35°, and 40°.



I. INTRODUCTION

This investigation is concerned with the determination of the stress
distribution in a granular material when the material is indented by a
smooth, flat-ended circular punch. The material is assumed to be cohe-
sionless and to obey the Coulomb yield criterion. Shieldl has inves-
tigated the axially symmetric behavior of an ideally plastic material
which obeys the Tresca yileld criterion and he has given a detailed
discussion of the indentation problem for this material. Shield's
analysis has been extended to materials which obey the Coulomb criterion
by Cox, Eason, and Hopkins™ for the case of weightless material and by
Cox? for the material with weight. The stress fields computed by Cox?
were for the particular case where the atmospheric pressure acts as a
surcharge. This case is not normally met in practice, and. in this paper
the numerical work is extended to the more usual circumstance of zero
surcharge.



IT. GOVERNING EQUATIONS

It will be assumed that the material yields under a general state
of stress according to the Coulomb criterion. The cross-section,
og = const., of the resulting yield surface plotted in principal stress
space (see Shieldu) is shown in Figure 1. Taking advantage of the sym-
metry of this yield surface the discussion will be limited to the sides
and corners where g1 > gz. Cox, Eason, and Hopkins2 have investigated
the type of axially symmetric solution associlated with each side and
corner, called regimes. Only the kinematically determinate group,
regimes AB and EF, and the statically determinate group, regimes A and
F, give non-trivial stress or velocity solutions. The latter group
appears to be the more promising for the solution of the indentation
problem.

For the corners A and F the circumferential stress op is equal to
one of the principal stresses in the r-z plane and the limiting Coulomb

shear stresses act in this plane. Introducing the variables n and o,
where 1 is the inclination from the r-axis of the clockwise rotating
limiting shear stress (see Figure 2) and O, 1s the radius of the Mohr's
circle for stress, then, from Figure 3, stress components satisfying the
Coulomb yield criterion are:

o, = f{c cotan b - o, cosec ¢) - oy sin (6 + 2) (1a)
o, = (c cotan b - 0, cosec b) + 0y sin (¢ + on) (1b)
T, = (c cotan ¢ - o, cosec $) cos ($ + on) (1c)
og = (c cotan b - 0, cosec b) + W g (14)

where
$ - angle of friction
¢ - cohesion

F 1 for regime T

o=
1\ 1 for regime A
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Figure 1. Section of Coulomb yield surface with plane oy = constant.
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Figure 2. Principal stress directions
and limiting shear stress directions.
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Figure 3. Mohr's circle representa-
tion of the limiting stress state.



These equations, together with the equilibrium equations

aUr aTzr Jdr - 0Q

~ "3t - = 0 (2a)
OTpp o 00z . Tgr 4 . _ :
> s T 77 =0 (2p)

where y-weight density of the material; form a hyperbolic set of
equations. The characteristics are described by

tan 1 (3a)
dz
dr

tan (1 + 5+ ¢) (3b)

The characteristics given by Eq. (3a) will be denoted first char-
acteristics and those described by Eq. (Bb) will be called second char-
acteristics. Expressing each length in terms of a fundamental length
R and introducing the dimensionless stress F = oo/Ry, the variation
of F and 7 along the characteristic directions is given by

dF + 2 tan ¢ F dn + F R (7 cos ¢ dr + (1-% sin ¢) dz]
r
(ka)
- tan ¢ (sin ¢ dr + cos ¢ dz) = O
on the first characteristics and by
dF - 2 tan ¢ F dn + F tan ¢ (7 cos ¢ dr - (1-¥ sin ¢) dz]
r
(bb)

+tan ¢ (sin ¢ dr - cos ¢ dz) = O

on the second characteristics.



III. ANALYSIS OF THE PROBLEM

Let the material occupy the region z > O with the origin of co-
ordinates located at the center of the indenter, and set the radius of
the indenter as the fundamental length R. Assume that the cylindrical
indenter is rigid, flat ended, and perfectly smooth. (The assumption
of perfect smoothness is sufficient to render the problem statically
determinates) The stress boundary conditions under the indenter are
then

Top = O for O 5 r <R ; 7z = 0 (5)

The regimes A and F are distinguished by comparing the relative
magnitude of the unequal principal stress with that of the two equal
ones. At A the unequal principal stress is larger and at F it is smaller
than the two equal stresses. It seems reasonable to suppose that the
vertical stress under the indenter is smaller (larger negatively) than
the radial or circumferential stresses. At or near the free surface,
the radial stress is probably smaller than the vertical stress, which
is zero at the surface, and it might well be smaller than the circum-
ferential stress. This suggests the use of regime F throughout and in
consequence, W = <+ 1 will be used in the equations along the
characteristics.

The flat surface of the granular material outside the punch surface
is usually stress free. (The atmosphere will not provide a confining
pressure unless the surface is sealed off and the air evacuated from the
material.) The boundary conditions on the free surface are then

Ty, = 0, = Oonr >R ; z = O (6)

Expressing these boundary conditions in terms of the dependent variables
n and F

n o= x. é onr>R; z = 0
L 2
. (7)
= & L_2
F o= = cotan (br 2)



For a cohesionless material F vanishes and the direction of the characteris-
tics 1s undetermined, but if a cohesionless material is considered as the
limiting state as the cohesion, c, approaches zero, then it is seen that

- %; F = 0 onr>R; (8)
z =0

=3
]
1A

Similarly, expressing Eq. (5), the boundary conditions under the
punch, in terms of the variables F and n yields

I A
e
on 0 <r<R; (9)
z = 0
gz _ < y &
R - [F (1 + cosec ¢) " cotan ¢]

From the boundary conditions Egs. (8) and (9)3 it can be seen that
the characteristics must change their angle rapidly in going from the
stress free boundary to the flat indenter boundary. This suggests a
field of characteristics as shown in Figure 4 in which a fan of char-
acteristics centered at the edgeiof_the'punch accomplishes the required
change in angle. ©Such a type of field is to be expected from the
solution of the analogous plane strain problem and from the circular
indentation solutions by Cox~ and Shield: The fan center, point A, is
the point of intersection for all of the first characteristics in the
fan, hence the inclination of the first characteristics takes on many
values here. dJust to the right of A the boundary conditions are given
by Eq. (8) and so the characteristic at the edge of the fan, AC, is
initially inclined at ﬂ/h - ¢/2 to the r-axis. The conditions Jjust to
the left of A are given by Eq. (9) and hence the characteristic, AD,
starts out at 3/bn - ¢/2 to the r-axis. This limits the included angle
of the fan to =/2.

The variation of the stress variable, F, around the singular point

A can be found by considering the point to be a degenerate second
characteristic of zero length. Then Eq. (kb) becomes

d (cotean ¢ In F) - 2dn = O



Integrating and imposing the known conditions at the free boundary,

Eq.(7), the variation of the stress parameter around the singularity
becomes

tn | — iosd) = 2,_q - G‘: - %Ytanutﬁ. (10)

_ﬁ; 1l - sin $

For the case of a cohesionless material, the logarithmic term becomes
indefinitely large and the only way to preserve the equality (10) is to

set F = 0. Hence all the stress components are zero if the singularity
is approached from any direction.

4z 2nd Char.
D lst Char.

o ’:r
A B
- . Indenter

Figure 4. Field of stress characteristics.



IV, SOLUTION OF THE PROBLEM

The field of characteristics and the stress field can be obtained
by the integration of the differential equations involving F and n along
the characteristics simultaneously with the differential equations of
the characteristics themselves. The solution of these equations usually
involves a numerical procedure because of the difficulties in obtaining
an analytical solution. The numerical procedure is based on the approx-
imation of Egs. (3) and (4) by finite difference equations. These
finite difference equations are in turn used to extend the solution
from the boundary values.

In the usual situgtion, F, n, r, and z are known at two intersec-
tions P, Q of the characteristics. It is desired to extend the solution
to point 1, (see Figurer5). The unknown coordinates (r:, z1) can be
initially approximated by finding the intersection of the two characteris-
tics extended at their initial inclination. However, subsequent approx-
imations for ry and zi can be made more accurately by extending each
characteristic one-half its projection at its initial angle and the
second half at the approximated angle of that characteristic at the point
being determined. Therefore, if half the vertical projection is used
then r; and z3; are found by solving

r, . T

1o - L (cotan np + cotan n1) for first characteristic and

21 - 2p 2 (11a)
ro_ T ] q

L 2 o = [cotan (n. + n/2 + ¢) + cotan (ny + n/2 + ¢)] for the

Z3y - ZQ 2 Q (llb)

second characteristic. The equations on the dependent variables F and
1 along the characteristics, Egs. (h),,will be replaced by the finite
difference equations
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Figure 5. Illustration of typical calculation situation.

Fy - Fp + 2 tan ¢ (?3;255%> (n1 - np) + (?l . Ff)/(fl . ff) ten ¢

[cos ¢ (ry - rP) + (1 - sin ¢) (z1 - zP)] (12a)
tan ¢ [sin ¢ (rl - rP) + cos ¢ (z1 - zP)] = 0 on a first characteristic.
Fi - FQ - 2 tan ¢ (?3‘£%£%> (ﬂl - <f%l ! E& //rl L %) tan ¢
[cos ¢ (r1 - rQ) - (1 - sin ¢) (21 - ZQ>] (12b)
tan ¢ [sin ¢ (ry - rQ) - cos ¢ (z1 - ZQ)] = O on a second characteristic.

10



Solving for Fi and 7n3

Fi = %'ZEP + FQ - tan ¢ [FP (ﬂl - nP) - FQ (nl - nQ> + COS.¢

Ty - T1 -1 . 71 - % 71 - Za\\/
@3 _i—Jr—?;;) + ¥y %TAQDJF (1 - sin @QP <;i—;—;;-> - Ty ri—;—;ﬁ)(]ﬁa)
- sin ¢ (rQ - rp) - cos b (221 - Zp - ZQ)]]

where

ri + rp ri + 1
+ (1 - sin ¢) £1 - Zp _ Z1 - ZQ
ri + ;P ry +r

1 ry - I'p ry - Ig . Z1 - Zp Z1 = 2Q
= = + - — —]- (1= gin +
N1 o F]P nQ, cOs 43 Ty + I‘P r + I'Q) ( d)> Ty + IDP_ ry + I'Q)

D = 2+ tan ¢ [ﬁQ - np t cosvé i -, r1- 71)

Z1 - Zp Z1 = 720 . ry - Ip ry - In
+ ¢ - . + sin + b
s ¢ Fi + B, Py + FQ> ¢ Fi + B, Fy < F@> (13b)

- cotan ¢ 5 - p oD - Ty
F1+FP Fi + F

After the initial approximations for rj; and zj; are calculated, ni is
estimated and a new F; and n; are calculated from Egs. (13). Subsequently
a new ry and z1 can be found from Egs. (11) and the iteration performed
until successive values become sufficiently unchanged.

In this manner the characteristics and stresses in the region ABC

are uniquely determined from the known boundary AB and the boundary values
of F and n along it. ZFollowing the same procedure the stresses and char-

11



acteristics are uniquely determined in the fan CAD from the calculated
values of F.andn along the characteristic AC and from their boundary
values at the singularity A. Finally the region ADO is uniquely cal-
culated starting from the previously determined values of the independent
variables on the characteristic AD and knowing that the second char-
acteristics terminate on the line z % O at an inclination of =/l

+ ¢/2 to the r-axis (see Eq. (9)). The radius at which this occurs can
be found from Eq. (1lb) and the corresponding value of F under the
indenter can be found from Eq. (12b) and subsequently substituted into
Eq. (9) to find the normal pressure under the indenter.

The above procedure was programmed on the IBM 7090 digital computer
at The University of Michigan. The iteration for each point was ter-
minated whenthe change in every variable (r, z, Frandn) fell below
1072 of its previous value. The number of iterations required to attain
this accuracy was usually five and it was never more than nine. When-
ever a characteristic experienced a change in angle of more than 6° from
point to point, the mesh size was decreased locally until this require-
ment was satisfied. As a result, the mesh size became very small near
the singularity point. The largest field calculated required Jjust under
gix minutes total computer time; each of the others needed less than
three minutes total.

The equations in the fan region ACD and consequently in the region
ADO were poorly conditioned. Furthermore, it was found that the solution
could be improved by the use of a small surface pressure along AB coupled
with a very fine mesh at the singularity. This is not an unreasonable
step, because in the physical problem the boundary conditions given by
Eq. (8) will be perturbed by the initial pre-flow sinkage of the indenter
and the slight overburden then added along AB will provide a source for
the pressure necessary to make the solution well behaved. A pressure
of the order of 10°~ Ry was assumed which corresponds to an initial sink-
age of the order of 10 ~ R where the thin overburden has no strength.
The resulting fields of characteristics and pressure distributions under
the punch for angles of friction varying from 20° -40° are shown in
Figures 6-10 . Figure 11 is a graph of the ratio OB/OA and Figure 12
is a plot of the average indenter pressure. The appendix contains the
computer program as written in the Michigan Algorithm Decoder (MAD)
language.

An overall equilibrium check equating the resisting forces acting
on the outer second characteristic to the combined forces from the soil
weight and from the indenter was made for the $ = 30° case. The error
in vertical equilibrium amounted to less than O,h% of the punch load.

12
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APPENDIX: MAD COMPUTER PROGRAM

SCOMPILE MADs EXECUTEsDUMP» PRINT OBJECT

PRINT RESULTS Ms Is J9 RUIsJ)s Z(IsJ)» ETALIsJ)s F(lsd)

TRANSFER TU START
OTHERWISE

START

=+

K
R AXIALLY SYMMETRIC PUNCH PROBLEM
.

READ FORMAT INPUTsANGLEs Ws» MESHs Ns QUITs Py ALPHA

; M=MFT
END OF CONDITIONAL

PRINT FORMAT HEAD
PRINT FORMAT OUTPUTSANGLEs Ws MESHs N» QUITs Py ALPHA

WHENEVER BETA +E« 1.
TANETA=SIN. (OLDETA)/COS«(OLDETA)

READ AND PRINT DATA
PRINT FORMAT TOP

TAETPR=SIN« (OCDETA++5¥P[#PHT1/7C0G« (OCLDETA+«S¥PT+PHT]
DENOM=TANP+TANETA-TANQ-TAETPH

TRTEGER Ns My Py I» Jv QUITs WsQUITOL, QUITOZ
DIMENSION R(5DOO|MTRX); Z{5000sMTRX)» ETA(5000sMTRX)»

RI=(RP*(TANP+TANETA) ~RQ¥* (TANG+TAETPHI+2+#*(ZQ=ZP) ) /DENOM

21=(ZQ*{ TANP+TANETA) ~ZP* (TANQ+TAETPH) ++5% (RP-RQ) ¥ { TANP+TANETA

T FU5000sMTRX)
VECTOR VALUES MTRX= A.-2;0,45

T)*(TANG+TAETPH) } /DENOM
OTHERWISE

INTERNAL FUNCTICR A-(U'lle—(W+J-i)*(J—l)+l-N+J' -

TANETA=COS (OLDETAT/STN TOLDETA]
TAETPH=COS¢ (OLDETA++5%P1+PHI ) /SINs (OLDETA+e5#P1+PHI)

DENOM=TANP+TANETA=-TANG-TAETPH
Z1=(ZP*{ TANP+TANETA}~ZQ#* ( TANQ+TAETPH) +2 4% (RQ-RP) ) /DENOM

PAT=PT7T80+¥ANGLE

RI=(RUGF I TANPFTANETAT-RP¥ T TANRUFTAETPHI +5¥ UZP-ZUT¥ T TANP+TARETA
1)*(TANQ+TAETPH) ) /DENOM

SINPHI=SIN. {PHI)

COSPRT=COSSTPHTY END OF CONDTTTONAT

TANPHI=SINPHI/COSPHI Ri{lsJ)=R1

J=T ZTT3J7=21

M=0 F(lsJ)=(FP+FQ-TANPHI*(FP*(OLDETA~ETA(IyJ- 11)-FQ* (OLDETA-ETA(L
ETAINYJ) =, 25%P I~ 5#PHT =1y + =

R(NsJ)=140 2(1e=SINPHI)*(FP*(21-2P)/(R1+RP)-FQ*(Z]1~, ZQ)/(R4+RQ))'§!NPHI*
ZTNyJY=0% TTRU=RPT=COSPHTF U s ¥ ZT=2P=ZQ ) 17V 2o ¥ TANPAT*FTETAT =1, JV=ETAT Ty

F(NsJ)=ALPHA

4J-1)+COSPHI*( (R1-RP)/(R1+RP}+(R1-RQ)/{R14RQ) }+(1e~SINPHI)*((Z

PRTNT FORMAT RESULT;M,NerRlN,J)yZ(N’J)’180c/PI*ETA(N-J),
1F(NsJ)

ST-ZPV/TRI+RPI={ZI=ZQ)7TRIFRATIIT
ETALT9J)=¢5% (ETA(L3J=1)+ETA(I=19J)-COSPHI*((R]1~ RP)/(R1+RP)

HROUGH SAMs FOR 1= N+1»loI-E-N+w+1

ETA(I19J)=ETA{I=-1sJ)+e5%P1/W

T —(RI-RQT/(RI+RQT J~={T«=STRPRIT*¥ (TZI~ZPT7 IRI+RPT+TZT-ZUT7TRI+R
2Q)) +COSPHI*( (Z1-ZP)/(F(1sJ)+FP}={Z1~2Q)/ (F(14J)+FQ))+SINPHI*

RUIsJ)=T140
Z{lsJ)=

STIRI=-RPT7TF Iy JTFFPTFIRI-RAT7TF U s JTFFUTT=1« 7TANPHT*
4(LF(IsJ)=FP)/(FITaJ)+FP)=(F(L1yJ)=FQ)/IF{IsJ)+FQ})))

F(Ts JY=ALPHAREXP < (2+ ¥ TANPHI®(ETA(I3J)=e25%P [ ++5%PAL})

DEV=ETA(T, J1~CLDETA
WHENEVER oABSe(Z(1+J)=0LDZ)eGeleE~-5%¥0LDZe0ORs

SAM PRINT FORMAT RESULTsMsIsJsR{InJIsZ(1sJ)s18047PI*ETACEsJ)sF (L
IS T<ABS. (R{ T JI=OLDRT+Ge+ IsE-6¥OLDR.0R+
SUM=0. 20ABSe(F(15J)~OLDF}+GelsE-5%OLDF ¢ORs
TO0P J=O+T TeABS.(ETAT s JT-OLDETAT <G+ I-E-5¥CLDETA
WHENEVER .JoEeQUITOLs MESH=MESHOL WHENEVER DEVH*OLDDEV+GeOs
"WHENEVER ~JeE.QUITOZs MESHEMESHOZ OLOZ=ZT 1500
_WHENEVER JsE.QUIT OLDR=R(IsJ)
WHENEVER NUMB +EaOe OLDF=F(T,0)
QUITO1=99 OLDETA=ETA(1+J)
WUITTUZ=Y ULDDEVEDEV
MESH=MESHO3 TRANSFER TO ITERAT
NUMB=T. OTHERWISE
OTHERWISE 5%(Z(1,J)+0LDZ)
MESH=MESHO3 S¥FTRUT, J1+0LDRT
END OF CONDITIONAL 5% (F(14J)+OLDF)
ENDUF CORDTTTORAT UCDETA=S¥(ETATT ¢ JTFOCUETAY
OVER' 1=N-J+1 OLDDEV=DEV
ETATT»JV =, 25¥P = 5¥PHT TRANSFER TO TTERAT
2(15J)=0. END OF CONDITIONAL
RUTs JY=RTT+#FTyJ=TT+1+/MESH END OF CONDTTTONAT
F(1sJ)= ALPHA WHENEVER «ABSe(ETA(I+J)=ETA(I=13J})¢GeINCRE
M=0 CRAK . MCOM=Ze *ML O
TRANSFER TO TEST QUITO1=QUITO1+2
BEGIN =T+T QUITOZ=EQUTTOZ+Z

WHENEVER [eEeN+W+J-1

WHENEVER NUMBeEels

WHENEVER LASTeEs2e

QUIT=J+2

TRANSFER TO START
_END OF CONDITIONAL

OTHERWISE
QUIT=QUIT+2

END OF CONDITIONAL
WHENEVER [eEeN+W+J-1

END OF CONDITIONAT
TRANSFER TO OVER

OLDETA=,75%P[~+5%PH]
ETA(le)'OLDETA

END- OF CONDITIONAT .
TEST PRINT FORMAT RESULTsMsIoJsRUIsJ)2Z(19J)91804/PI*ETA(LsJ)sF (1

= =19 CRES TRANSFER TO GAK
‘TANQ= COS.(ETA(I 1;Jl+.5“PI+PHI)/SIN-(ETA(K =1sJ)+e5%P[+PHI)

- 1J7
TRANSFER TQ BEGIN

TAETPH=COS+ (OLDETA+e5¥P1+PHI) /SINe (OLDETA++5*P[+PH1
ROIsJ)=RiI~1sJ)~e5%Z(1-1+J)*(TANG+TAETPH)

VECTOR VALUES TRPUT=3F10«3s [10» FI0e3y 3110y EID.5¥%%
VECTOR VALUES HEAD=$//18H ANGLE OF FRICTIONSS5+12HFAN DIVISION

Z(T»J1=0e 1510y &HGRIDSIOs IANSIOy ITAPRINT LIMITSITs ISHITERATION LIMIT
H==F (1=1+J)/(REIyJI+RUI=19J) )% (SINPHI*(R{IyJ)-R{I=10J))— 253 +BHPRESSURE*$
- HIY*F(ZTT s ) =-ZTT=T»J) 1 I-TANPRI®SINPHI®(R(L+J) VETTOR VALUES OUTPUT=37523FIU0e 335103110 +SByFI0+3358s 135512y

2~R{I=1sJ))+SINPHI*(Z(1sJ)~2(1=1sJ}}

1134522+139584E1042%3

F(TsJ)=(F(T=1sJ)%(1e+TANPHI*(OLDETA-ETAEI~1,0)1)+H)/
1(1a~TANPHI* (OLDETA-ETA{I=1,J))+SINPHIX*(R(IsJ)~R(I=14J)1/

VECTOR VALUES TOP=37756, IHMS& 4Ry JS20+ IHRSZ24 IHZS23,
13HETAS24 9 1HF / /%%

2(RITHJ1+R( 1= =19J) ) -TANPHI*{1e=SINPHI ¥ (Z{ T+ J1=2Z(1=1sJ)1/
3(R{IsyI+R(I=150)))

VECTOR VALUES RESULT=355,12,»52s 21394E25.5%%
VECTOR VALUES ANSWER=959+21393E2545513H PRESSURE IS E1245%$

PRINT FORMAT ANSWERs T5>JaR(I3J15Z1T3J1 T80 % ETATTS T17P S
1 FUIsJI*(1e/SINPHI+14)

VECTTOR VATUES REMARRKEST/H PUUR CUNVERGENCEXS
VECTOR VALUES PRESSR=%$/21H AVERAGE PRESSURE IS E12.5%%

WHENEVER {RTT=T»J=TT-RUTsJTT+GeR(IsJT
WHENEVER LAST4EeO.

END OF PROGRAM
$DATA

UAST=LAST+T.
MESH=2 ¢ #¥ME SH

30500 2% 755500 - 50 ToE=Z
QUITOL=6, GUITOZ=10s MEQHOIS1264s NEQHOZ=64er NESHO3=16s3INCRE=. 1052

UTRERWISE
LAST=LAST+1.

SUMESUM+ T o+ 1o 7STNPHT T ¥F T T3 JT¥RU T3 JV¥RTT TV 7
PRINT FORMAT PRESSRs SUM

END "OF CONDITTIORAT
OTRERWISE

SUMESUMF T ¥ T8 7S TRPHITFTF U3 JTFF (I= 13 =11 T ¥« SXTRT I JTFR(I=T>
1J=1))%(R(I=-1sJ=1)=R(1sJ}}

AL
TRANSFER TO LOOP

CONDT
OLDETA=ETA{IsJ=1)

OLDF=FTT»J-T
oLD 1sJ-1)

OLDZ=Z(T»J-1)
ZP=Z(1,J-1)

20=21T-17J)
RP=R{1sJ-1)

—RG=R(I-T+J)
FP=F(1sJ=1)

FO=F(I-To0
OLDDEV=1+e

M=0
WHENEVER +ABSe{+5%PI1=-PHI-OLDETA) sLs #4175

TARPESTN. TETAT T3 J=TTT7C0Ss (ETAT T3 J=177
TANQ=SINe (ETA(I-19J)+e5#P1+PHI }/COSe IETACI=1yJ)++5%P1+PHI)

TA=1.
OTHERWISE

TANP=COS«(ETA(TsJ-111 75N (ETATT»0=177
TANG=COS+(ETA(I- 1tJl+.5‘Pl+PHI)ISIN-(ETA(l—lyJ)+.5*PK+PHI)

BETA=0,
END OF CONDITIONAL

VER MJE.P
PRINT FORMAT REMARK”

20
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