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ABSTRACT Two smeared crack approaches to fracture of con-
crete in mixed mode are implemented in two-dimensional nonlinear
concrete elements: (1) tensile stress transfer across cracks and
(2) tensile plus shear stress transfer across cracks. To corroborate
the analytical model a notched beam under mixed mode loading is
then analyzed. In both cases, the stiffnesses normal and parallel

the crack were modified to insure a positive definite stiffness
matrix. Stresses were corrected and set as functions of the crack
slip and crack opening. Equilibrium iterations were implemented to
redistribute stress. In both cases, acceptable agreement was found
between analytical predictions and experimental results. The con-
siaeration of shear stress transfer yielded better predictions, but
requires consideration of a non-symmetrical stiffness matrix.
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PURPOSE

The Naval Facilities Engineering Command (NAVFAC) through the Naval
Civil Engineering Laboratory (NCEL) has initiated a project to develop
fracture mechanics methodology for design application of reinforced con-
crete elements in tensile and shear stress states. In a preceding study,
analytical modeling methodology of Mode I (opening) was detailed in two
and three dimensions, and Mode IT crack propagation (shearing) addressed.
Tn this report Mode 1I modeling methodology is developed and a benchmark
mixed mode problem is analyzed. This report supports the project
"Fatigue and Fracture of Concrete" in the NAVFAC 6.1 Basic Research
Program YR023-03-01, Structural Modeling.

The modifications implemented in the computer program ADINA have
been compiled in the appendixes.

INTRODUGrTON

Although it is generally recognized that crack initiation in con-
crete occurs in Mode I (opening), crack propagation is more likely to
take place in mixed mode, i.e., involving Mode I and IT (shearing), or
III (tearing).

Mixed mode crack propagation involves considering the transfer of
tensile and shear forces across cracks. Constitutive relations repre-
senting the transferred stresses were evaluated (Ref 1). In the present
report these constitiitive relations are implemented in a general purpose
finite element program developed by ADINA R&D Inc. (Ref 2). A benchmark
experiment by Arrea and Ingraffea (Ref 3 and 4) is then modlod, with
and withoiit considering transfer of shear st resses.

PROBLEM

The mixed mode problem considered is depicted in Figure 1, -. ,d
concrete properties usod are reported ii Tble 1. In nany cas( 4 the
problem was approached without cons idor ing -hrar trasfor acras the
crack. Initial attempts at modeling the shear transfer using a constant
shear retention factor 0 (typically a < 0.1) yielded results with almost
no softening after peak load (Ref 5 and 6). Better representations were
obtained either assuming the existence of n Modo II fro:1ri.re energy
(Ref 7), or using a predetermined crack path (Ref 8).

In this study the consideration of n sheair trimsfor model is
attempted and its effects observed.



TENSILE STRESS TRANSFER

The transfer of tensile stresses across a crack had already been
implemented with a smeared crack approach (Ref 9) using the Crack Band
Model (CBM) (see Appendixes A, B, and C). This tension softening behav-
ior involved a negative stiffness, C , for the cracked element. The CBM
was implemented assuming zero stiffness (actually a very small value was
used to avoid a singular stiffness matrix) and then resetting the stresses
as a function of the crack opening. These stresses are then redistributed
during equilibrium iterations. The stress transferred versus crack width
relationship is tabulated in Table 2 (Ref 1) in nondimensional form.
The fracture energy, Gf, is related to the stress versus displacement
relationship by:

1

f= 1fft d(w/wo)

where w = crack width or crack opening

a = stress transferred at crack width w

w = crack width beyond which no stress is transferred

ft = tensile strength

In a first analysis on the mixed mode problem the CBM alone was
used in order to evaluate the importance of considering shear transfer.

The latest version of ADINA (Ref 2) acknowledges the importance of
strain softening by including a linear stress release as a function of
strain after cracking (Ref 10). However, this stress release is not
explicitly linked to fracture energy, and the authors have shown that
linearizing the highly nonlinear post peak stress versus strain rela-
tionship negatively affects results (Ref 9). Hence, this feature of the
latest ADINA version was not used in the present project.

ARC-LENGTH PROCEDURE

The solution of the finite element incremental equations of motion
was first attempted using the spherical arc-length and the constant incre-
ment of external work procedures described in Reference 11. The post-peak
numerical analysis of this experiment has shown to be highly unstable
(Ref 5). The adopted approaches did not yield converged equilibrium
states past peak load and, thus, were modified.

A type of indirect displacement control (Ref 12) was then adopted:
in the arc-length procedure the norm of displacement (involving all
nodal points) was replaced by the distance between the two points at the
edges of the notch (Appendix C). The vertical component of this distance
is referred to as CMSD (Crack Mouth Sliding Displacement). During the
test, the CMSD is a monotonically increasing parameter that stabilized
the algorithm. In the experiment, the CMSD had been used as feed-back
control parameter.

2



FAILURE ENVELOPES

The failure envelopes used in ADINA (Ref 13) are largely based on
biaxial concrete strength experimental results by Kupfer et al. (Ref 14).
In the plane stress analytical model, the crack path showed sensitivity
to the tensile envelope representation close to the tension/tension zone
( 1>0, 2>0, 3O =0) (Figure 2). The existing linear envelope in the
tension/compression zone was then modified to better match experimental
results. The following power relationship was used:

t

where ot = uniaxial cut-off tensile stress

a' = uniaxial cut-off tensile stress under multiaxial conditionst

a' c= uniaxial compressive failure stress under multiaxial
c conditions

t a = principal stress in direction i at time tci

n = 1 if a' c > 8000 psi (563 kp/cm
2)

= I + 0.0002(8000-0') if O'c < 8000 psi

Both linear and power envelopes are show2 in Figure 2, together with
Kupfer et al. results for Op = 315 kp/cm (4450 psi). Op is the
uniaxial compressive strength of 50 by 50 by 200 mm (2 x 2 x 7.9 in.)
prisms. The current ADINA addresses this deficiency, but corrects it in
a different way (Ref 10):

t

't = t  1 - 0.75 ! ]
c

From Figure 2 it is apparent that the present modification yields a
better match. Program modifications are reported in Appendix D.

FINITE ET MENT MODEL

The finite element mesh used is depicted in Figure 1. Loads of
0.13P and P were applied at points A and B, respectively. In the com-
puter program this is accomplished using an automatic step incrementa-
tion method, where the level of externally applied loads is adjusted
automatically. In the experiment, a single total load of 1.13P was
applied on a steel beam bearing on rollers at points A and B. The point
of application of that total load will be referred as point C.

3



SHEAR TRANSFER

Cracks in reinforced concrete are able to transmit shear forces
across crack faces. This transfer is traditionally neglected on the
assumption that this would be a conservative simplification. However,
Bazant et al. showed that this assumption can be an over simplification
(Ref 15 and 16). Crack dilation occurs with shear slip. However, crack
dilation is prevented by forces normal to the crack faces, which will
have to be compensated by tensiles forces in the reinforcement across
the crack.

Shear stresses can he transferred across a crack in three ways:
(1) aggregate interlock as a result of the roughness of the crack faces,
(2) dowel action or shear resistance of the reinforcement across the
crack, and (3) the axial tensile force component in the reinforcement
oblique to the plane of cracking.

For members with low reinforcement and for small crack widths,
aggregate interlock is the main mechanism of shear transfer. Tests
carried out on beams without web reinforcement showed that aggregate
interlock accounted for up to 75 percent of the shear transfer (Ref 17).
Hence, most attention will be given to this first mechanism of transfer.

SHEAR TRANSFER MODEL

Three accepted empirical models which represent the nonlinear rela-
tionships between shear stress and slip are: the Rough Crack Model (RCM)
in its original form (Ref 11), or in a modified form (MRCM) (Ref 18),
and the Two-Phase Model (TPM) (Ref 19 and 20). The constitutive laws of
the MRCM are as follows:

nn A12 ( r)025 - - 6nt (always compressive) (1)

V 26 a3 +_A4irl 3

(,-F n ) r (2)

nt 0 d I + 4

A 4

in which 6 n crack opening (6 _>0)n n

6 t rolativo slipt

0 interface normal stress
nn

0 t = interface shear stress

r 6 t/6 ,,

a 12 0.62

12'



a3 = 2.45/T

a4  = 2.4(1-4/T )

T= 0.25 f0 C

and

[ [dcnni [B B t d6
do = B nt d6 t  (3)

nt B tn d t

where B = Bnn Bnt is the crack st.iffness matrix.B. tn Bt tJ

The derivation of B is shown in Appendix E.

IMP..F.ENTATION IN FINITE EIEKFNT PROGRAM

Transfer of shear stressos was impl.amn.oted by C-onhining the MRCM
and the CR!. The incremental flexibility matrix dw to the solid
concrete and including strain softening in tension is given by (Ref 21):

[del = Ds [do

or

dE nn 1/y -11/ r 0, do ilt
dt -p/Fe 1/E 0 do (4)
d t 0 0 1/C do

where p = Poisson's ratio.

In addition, sinco we assnto strain ;ofteniilig i f.ii iinn to bo prosont.,
tho slope C of the stra in soft llning iratich has to ho tnkon into acrc.onnt.
The crack sfiffniss is tien:

c r =WBnn +C wBrr nt s )
WB tn wBtt

For very small valnes of tho crack openinig, C is arge, hut B is
almost zero; wherens, when tho crack oponitg roaches 1hoilt 0. 1mm, t.pn

opposite holds.



The incremental stiffness matrix can he obtained as follows:

D D Ds c + cr-i

C DP

yielding

C 1. .(6)

l+wBtt/G + (1-V)(wB n+C +w 2/G)/2Gtt nn s

§w 2/G+WB nn+C s 1(w2/G4wB nn+C S) wBlt

(§w 2/G+wB n-+C ) w 2/G+wB nn+C s42(1+p)wBtt +E wBnt

wBtn plwB ( 1-p)§w 2 /2G+wB t

where I = BnnBtt - BntBtn.

This yields an incremental stiffness matrix which is not sym-
metrical and is not guaranteed to be definite positive.

Since ADINA considers only symmetric matrices, the solution was
attempted using a modified stiffness, and then correcting the stresses
at every iteration for each load stop increment. Tt was then assumed
that:

and to insure definite positiveness

C =0 +  ifC < 011l i 11

C C = CC -31 13 = 1C33 0

where 04+ is a small positive number.

MODEL REPRESENTATION

To evaluate the effects of shear transfer, a 100 by 100 by 100 mm
(4 x 4 x 4 in.) concrete finite element was first cracked ini tension,
then sheared in the perpendicular direction (Figure 3), in displacement
control. Given the nodal displacements, strainis at the Gausns points are
evaluated, then an iterative process determines crack slip, crack dilata-
tion, and concrete deformatiot, usi g, formilns (1), (2), C , and:

,5



6n = (En - /nn/E)w

6t t- nt/G)w

The model behavior is predicted using all three formulations (RCM,
MRCM, TPM). For each case, Figure 4 shows the shear and normal loads
transferred. The TPM values were capped to the maximum predicted by the
RCM. It is observed that the dilatancy induces vertical compression
(along the z axis). If reinforcing bars perpendicular to the cracks
were present, the dilatancy would increase the tension in the bars at
the crack locations.

From Figure 4 it is apparent that all three models yield very simi-
lar shear transfer capacity, but the normal stress due to dilatation is
significantly higher for the RCM. Since more normal stress experimental
data appears to back the MRCM and TPM, the RCM was discarded. In the
mixed mode analysis, the more recent MRCM formulation was chosen, since
it presents no discontinuity in the stress gradient.

RESULTS

In order to evaluate the importance of modeling stress transfer
across cracks, the analytical model was first run with no transfer,
i.e., assuming total stress release right after cracking. Since the
standard algorithms did not converge, the indirect displacement method
was used, with a very low fracture energy (0.0002 N/mm) equivalent of a
sudden stress release. Results for this first run are shown in Figure 5.

The analysis was then carried out considering only tensile stress
transfer across the cracks (CBM). Finally, the MRCM was added and a new
analysis completed (CBM+MRCM). Results for both cases are shown in the
form of load versus CMSD (Figure 5), and load versus vertical displace-
ment at point C (Figure 6). The vertical displacement at point C was
derived by linear interpolation of the vertical displacements of points
A and B. Data points indicating the reported range of experimental
results (Ref 3) are shown in Figure 5.

Convergence of the arc-length algorithm was only obtained for care-
fully chosen control parameters. These parameters control the size of
the step in the load-CMSD space (ALFA), the maximum number of iterations
allowed for each time step (ITEMAX), the maximum displacement at control
point E (DISPP), and energy convergence criteria (ETOL) (Ref 11). In
each case they were respectively:

Parameter No Transfer CBM CMB+MRCM

ITEMAX 45 45 30 4
ETOL 10 10 5.10
DISPP -0.015 -0.015 -0.015
ALFA 0.4 0.4 0.5

The crack pattern for the last loading step is indicated in
Figure 7 (CBM case). Figure 8 shows the deformed shape obtained for the
last step (CBM case).



DISCUSSION

Figure 6 indicates that the displacement at point C presents a
sharp snap-back past peak load. This explains why displacement control
at that point cannot yield the post peak response. The displacement at
both points A and B shows a similar behavior, which explains why the
norm of displacement in the arc-length procedure was unsuccessful.

Figure 5 shows that considering tensile stress transfer alone yields
a conservative behavior prediction. The maximum load is underestimated
by about 20 percent, and the post peak load carrying capacity is lower.
However, the shape of the strain softening portion is similar. A higher
value of Gf would yield a better match to the experimental peak load and
post peak response (Ref 8).

The crack pattern (Figure 7) still differs from the reported
experimental crack path. It was, however, observed that a smill vari.-
ation in the mesh size, or initially larger load step sizes, would
affect the path or result in bifurcation points. Similarly, stiffer
bearing plates would bring the crack path closer to the notch plane.
The crack path would easily follow any of the different directions
indicated in Figure 9. This would explain the discrepancies in crac|k
paths found by different authors (Ref 22, 23, 24, and 25) (using a
similar but symmetrical specimen). For example, the experimental crack
path obtained in Reference 23 coincides with the analytical crack pat-
tern shown in Figure 7.

Should tensile stress transfer not have been considered, the
maximum load carrying capacity of the analytical model would have been
reached as soon as the first tensile cracks formed (around 50 kips)
(Figure 5). This is obviously an inadequate representation of t1'e
experimental behavior.

Transfer of both tensile and shear stress is considered best in
matching experimental behavior. The peak load is higher and the post
peak behavior is closer to experimental results. However, in order to
obtain the complete post peak behavior, a nonsymmetrica] stiffness
matrix would have to be considered. This would present additional
difficulties, such as (1) implementation in a new program with a
nonsymmetrical solver, and (2) increase in computation time. The
increased accuracy has to be weighed against the increased cost in
implementing shear transfer. In this case, the crack pattern remained
similar to the previous one.

CONCLUSIONS

The consideration of shear stress transfer across the propagating
cracks yielded a better prediction of the experimental results. However,
the resultant stiffness matrix is nonsymmetrical and would require imple-
mentation in a program with a nonsymmetric solver. This would enhance
the convergence of the indirect displacement control 'lgorithm.

The exclusive consideration of tensile stress transfer yielded good
results up to peak load. Beyond this point, the loads are underestimated,
although the shape of the unloading branch matches the experimental trend.

n u N 8



This could be an acceptable reprnsentat. ion of mixed mode behavior as
long as it is kept in mind that. a conservative post poak behavior will
he obtained. Finally, it was shown that. inadmissible results are obtained
if both tensile andi shear stresses )re, assiimed to completely vanish up~on
cracking.
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Table 1. Concrete Properties

Fracture Energy Gf = 0.055 N/mm

Compressive Strength f'c = 45.5 N/mm 2

Tensile Strength ft = 2.80 N/mm 2

Modulus of elasticity E = 24.8 GPa

Table 2. Stress - Crack Width Relationship

w/w o/f t

0.00 1.0000
0.05 0.7082
0.10 0.5108
0.15 0.3817
0.20 0.2986
0.25 0.2446
0.30 0.2080
0.40 0.1596
0.60 0.0904
0.80 0.0361
1.00 0.0000
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Figure 4. Shear transfer models.
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Appendix A

CBM, 2-D

The following are changes implemented in the two-dimensional element
formulation; namely, in the subprograms TODMFE.F77 and EI,T2D4.F77 for
tensile stress transfer. Although not mentioned in this report, formula-
tion for the Rotating Crack Model is also included (see Ref 1).

Version 84.NL3 of the computer program AT)INA was used. Text record
identifiers were inserted in Columns 72 to 80, using HISTORIAN PIUS
Software Control System.

CHANGES IN TODIFE.F77

Change at

or after-

I IDWAS/ 0, 0, 0,18,18, 0010,15,]5,33,33, 0, 0,26,6*0/, TODMFE93

COION /SOFT/ ISCODE,WWCC,ELWW,GGFF,DDAA,IRCH TDFE 42

IF (HOOEL.EQ.51 READ(IIN,100)S ISCODE,WWCC,ELWN,GGFr,DDAA,IRCH "DFE 101

100S FORMAT (1S,4F1.OI 1DFE1219

COMM1ON /SOFT/ ISCODE ,WWCC,ELWW,GGFF UDDAA,IRCtt IATRT214

WRITE (6,2236) ISCODE,WWCC,ELWN,GGFF,DDAA KATRT244

IF (IRCM.EQ.O) WRITE (6,2237)

IF (IRCH.GE.11 WRITE (6,22381

2236 FORMATI/38H (BBI CODE FOR TENSILE STRESS TRANSFFR T,. IATRT726

I /38H 1=LINEAR SOFTENING

2 /38H 27CORNELISSEN'S SOFTFNING

3 /38H SOFT BAND WIDTH (WWCCI FIO.!,

4 /38H SOFT ELEMENT WIDTH (ELWWI FIO.5,

5 /38H FRACTURE ENERGY IGGFF) FIO.,,

6 /38H MAXIMUM AGGREGATE SIZE IDDAAI FIo.r)

2237 FORAT(/41H ONLY PERPENDICULAR CRACKS AL.OWED 

7?38 FORMATI/41H ROTATING CRACK MODEL IS USFD I
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CHANGES -INELT2D4.F77

IDWm)B*ITWO ELT2D43B

DIMENSION PROPt1I),WAI 18,1),YZ( I ,NODSI I ,NOD)S( 1 ,TEIPV1( I ICDHOD16

DO 10 1=1,18 ICDMOD26

COMMON /SOFT/ ISCODE,HWCC,ELHW,GGFF,DDAA,IRCI CDMOD SO

ICRKSTRI6),STRESS(4),STRAIN(4),C(4,41,NOJS(1 I,TEIIPVI(1 I, CDMOD 53

2 TEMPV2(1),YZ(IP,NODS(11,WA(l),DWIWA(IBP CDH0O 54

DO 1 1=1,18 CIt1OD 66

IF (IRCH.GE.1 .AND. ANGLE.LT.3.6ID21 GO TO 13 CDK00135

GO TO 14 CDMOD1so

13 CONTINUE

CALL CRAKID I STRESS,STRAlN,PGRAV,CRKSTR,RKU),RKUN,GL-D,SP33,

I ANGLE,EP,NUIICRK,MODEL,1 I

14 CONTINUE

47 CALL DCRACK (C,SIG,ANGLEMODEL,ITYP2D,NUMiCRK,1 ,1,CRKSTRI CDMODK270

CALL DCRACK (C,STRESS,ANG,MO0DEL,ITYP2D,NUTICRK,1,Z,CRKSTRI CDM100302

CALL DCRACK I C,STRESS,ANGLE ,MODEI.,ITYP2D,MftCRK ,2 ,2,CRKSTR P CDHOD350

CALL DCRACK IC ,STRESS ,ANG.E ,MODEL , ITYP2D , NUIICRK .1 2 ,CRKSTR P CDM00374

CRKSTRI 41=EPI II CDMOD41S

CRKSTRI S P=EP( 2 )

CRKSTRI 6 I=EP 3 P

CALL. DCRACK IC ,STRESS ,ANGLE ,MODEL-, TYP2D ,NU1ICRK ,1.2 ,CRK.;TR I CDMOD422

CALL DCRACK I C, STRESS, AGPR IMODFL, ITYP?l, NUCRK. I.?. CRKSTR I CDM00427

CALL DCRACK I C,STRESS ,ANC ,HOnEI. , TYP2T),tsiIIRK .2.1 ,rRKSTPI 0)MO0590

DO 210 1=1,18 CDMOD0596

COMMON /SOFT/ ISCOO)E,WWCCEL.W,GGFF,DDAA,IRCII CRAKID13

DIMENSION STRI41,EPS4I,CRKSTR6,SP(1IIlH I.SP32(I ,SP33' 11', CRAKIDIS

IF IIRC?1.GE.1 P GO TO 11 CRAKID16

GO TO 107 CRAKID45
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C

11 IF (KKK.GE.2) GO TO 12

C

C FIND DIRECTION OF PRINCIPAL STRAINS

C

AA=(EPS(l) 4EPS(211w0.5

BB=(EPS(l) EPS(2)l*O.5

CC=SQRTIBB*BB + EPSI3.I*EPS(3))

EPSL(I1)=AA *CC

EPSL(21=AA -CC

EPSL( 31=0.00

EPSLE 4 )EPSI 41

ANGLE =4 SD I

IF (EPS(3).EQ.O.D01 ANGLE=O.ID-3

IF (ABSIBBI.LT.O.1D-61 GO TO 12

DUHI=ABS( EPSI 3 /BB I

ANGLE=57. 296*ATANI DUll)

C

IF (BB.LT.O.DO .AND. EPS(3).GT..DO At4GLE=180. -ANGLE

IF (BB.LT.O.DO .AND. EPS(3).LE.O.DDI ANGLE=180. 4ANGLE

IF (BB.GT.O.DO .AND. EPS(31.LE.O.DOI ANGLE=360. -ANGLE

ANr.LE =ANGLE/2.

C

C FIND STRESSES PERPENDICULAR AND PARALLEL TO CRACYK

C

12 CONTEINUE

PI=4.D0*ATANI 1.D0

TANG =ANGLE

IF (TANG.LT.-5.41D2) TANG=TANG + 722.

IF (TANG .LT. (-1.802)) TANG=TANG + 361.

IF (TANG.GT.1.BD2) TANG=TANG - 180.

GA=2 .*~A8S( TANG l*PI/180.

SG"SINIGAMlI CG=COSI GAHl

IF IKKEQ.3) GO TO 107

C

R111(STR111 + STR(21W0.5

R]2=(STR(11 STR211*0.5

SIGP(11=Rll R12*CG *STR13)*SG

STGP(21=R11 R12*CG -STR(3I*SG

SIGPI 31=0.00

SIGPI 4 I=STR( 4

C

IF (KKK.EQ.21 RETURN

COMMION /SOFT/ ISCODE,WWCC,FLWN,GGFF,DDAA,TRC~i DCRACK 8

DIMENSION C(4,4I,SIG(41,014,41t,T14+,41,DSIG(41.CRKSTR1iA DCRACK 9
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IF (IRCM.EQ.OI GO TO 12 DCRACKS9

IF (EP(I I.NE.EP(Z I

1 C(3,31r (SIGP(I )-SIGP2I/(2(EPI I-EP21 1

IF (EP(II.EQ.EP(ZII C(3,31 = 1.0-8

12 CONTINUE

C RELEASE APPROPRIATE STRESSES DCRAC204

C DCRAC205

98 NF=NIMCRK + I DCRAC206

GO TO (140,120,110,155,100,100,1001, NF DCRACZ07

100 CALL DSOF (4,SIGPFALSTREP,CRKSTR,E,VNUSIGIAT,SIGIAC) DCRAC208

IF (NUIICRK - 5) 140,120,110 DCRAC209

110 CALL DSOF (2,SIGP,FALSTR,EP,CRKSTR,E,VNU,SIGIAT,SIGIACI DCRAC210

120 SIGP( 3 ISIGP 31 DCRAC211I

CALL DSOF (1,SIGP,FAI.STR,EP,CRKSTR,EVHU,SIGHAT,SIGIAC) DCRAC212

C DCRAC21 3

C ROTATE STRESSES TO GLOBAL AXES DCRAC214

SUBROUTINE DSOF (IJ,SIGP,FALSTR,EP,CR5TR,E,VNU,SI~lAT,SGf1AC) CDIIOD62O

IMIPLICIT DOUBLE PRECISION ( A-H,O-Z )

COMMHON /SOFT/ ISCOOE ,NWCC ,ELWW ,GGFF ,DDAA , IRCI

DIMENSION SIGPI 41 ,EPI 4)I,CRKSTRt 61I,CORN( 11 , 3

IF (CRKSTR( I.J .GT.0. DOI GOTO 5

SIGP( IJ ?=FALSTR

RETURN

5 CONTINUE

C

DATA (CORN(I,1 1,1=1,111/0. ,.05,.1,.15,.2,.25,.3,,.4,.6,.B,1.0/

DATA ICORNII,2),Ir=,I1 I/1.,.7082,.5108,.3817,.2986,.2446,

1 .20B0, .1596, .0904, .0361,0.0/

JJ=IJ

IF I3J.EQ.4) JJ=3

KK=3J*3

EEPP=EP(I 3

IF (EPIT13I.GT.CRKSTR(KK II CRKSTR(IK l=EP( 131

IF IEP(I JI.LT.CRKSTR(KKII EEPP=CRKSTR(KI~I

ISS=ISCODE-2

IF (ISSI 10,20,30

10 CONTINUE

EEfl"1/( 1/E-( Z*G;GFF I/I SIGtAT*M2*WWCCI I

SIGP(I 3I=FALSTR+EETr*I EEPP-CRKSTR(J33II
IF OEP(1Ii.LT.CRKSTRIKKII SIGP(IIIEPIJ/FEPVSTrwf T.I

IF (SIGPI 13I.GT.FALSTRI SIGP(I I=IFALSTR

IF I SIGP(IJ3. LT.0.DO I SIGP( 13 =0.D0

sIGP(5 3 1.DO

RETURN

C
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20 CONTINUE

EO=GGFF/IWNCC*0. 197O4*SIGIIAT)

DO 21 1=1,11

CORN( I, 3 =CORN( 1,1 l.CORN(I1,2 1CRKSTR(J Ii/EO

IF (EEPP/EO.LT.CORN(I,3I) GO TO 22

21 CONTINUE

22 AAM(CORN(I-1,21-CORN(1,211/(CORNI-1,31-CORN(I,3fl

BB=CORN( 1-1,2 )-AA*CORN( I-I ,3)

SIGPE 13 =FALSTR*I AA*EEPP/EO.BB)

IF (EP(IJ) . LT .CRKSTRI KK 1) SIGP(I 3I'EP(I13)/EEPP*SIGP( 13)

If I SIGP( IJ).GT.FALSTR I SIGPfI 3 =FALSTR
IF I SIGPfI 3I .LT.O.DOI SIGPfII l.DO
SIGP( 3 10.DO

RETURN

C

30 CONTINUE

RETURN

C

END
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Appendix B

CBM, 3-0l

Three-dimensional element formulation.

CHANGES IN THREDN.F77

Change at

or afters

I IDWAS / 0, 0, 0P 2S,25, 0,14,Z1,21,47,47,38,8*o/, THRED100

COMMfON /SOFT/ ISCOD)E,NWCC,ELWH,GGFF,DDAA,IRCU1 THDFE 46

IF IMODEL.EQ.51 READ(IIN,1009) ISCODE,HWCC,ELWH,GGFF,DAA,IRCI THD)FE10Z

1009 FORMAT 1I5,4FI0.01 THDF1 190

COMIMON /SOFT/ ISCODE ,WWCC ,ELWN ,GGFF ,DDAA , IRCI HATWRT14

WRITE (6,22391 lIATWR243

2239 FORIIAT/38H IBB) CODE FOR TENSILE STRESS TRANSFER,I5, ?IATWR596

I /38H ]=LINEAR SOFTENINGP

2 /38H 2=C0RNELISSEN'S SOFTENING

3 /38H SOFT BAND WIDTH INHCC) ,F10.5,

4 /38H SOFT ELEMIENT WIDTH (ELWW) ,F1Q.5,

5 /38H FRACTURE ENERGY (GGFFI ,F10.8,

6 /38H flAxrlIUt AGGREGATE SIZE IDDAA) ,F1.51

CHANGESINELT3D4.F77

IDW=25*ITWO ELT3D444

DIMENSION PROPEII,NA(25,I I,XYZ(I ,N009(11I,NOOS(I,TEIMrVIII r0100316

Do i0 r=1,25 rc100326

I CRKSTRI61,STRESSI6(,STRAIN(6),C(6,6),RLIN 3.AI,NiO0St I, C1003D54

1 TEIIPV1I(I,TEtPV2II,XYZI1,NOD9III,WA(IhDUIWAI2'HI COO3D513
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DO I 1=1,25 C11003D67

47 CALL DCRAK3 (C,SIG,RL*IN,NO0EL,NUICRK,1 ,1,CRKSTR I 01003261

CALL DCRAK3 (C,STRESS,RLHN,IIODEL,NUMCRK,1 ,2 ,CRKSTR I 01003286

CALL DCRAK3 IC,STRESS.RUIN,tIOOEL,NUtICRK,2,Z,CRKSTR) C1003340

CRKSTRI 4 IEP(I 1 01003362

CRKSTR(S5)=EPI 2

CRIKSTR( 6 )=EP( 3)

CALL DCRAK3 (C,STRESSRLHNHO0EL,NUICRK,1 ,2,CRKSTRI C10D3363

159 CALL DCRAK3 (C,STRESS,RLIINIO0EL,NUHCRK,12 ,,CRKSTRI C01003414

CALL DCRAK3 (C,STRESS,RUIN,IOOEL,NUICR)%1 ,?,CRKSTRI C1003420

130 CALL DCRAKS IC,SIG,RUIN,lI00EL,NUMCRK,2,1 ,CRKSTRI C1003561

DO 210 1=1,25 01003567

DIMENSION STR(4bEPS(41,CRKSTR(6I,SPI(I ,SP31(1i),SP3?I11I,SP33(11 , CRAKIDIS

DIMENSION C(4,4,SIG14 1,0(4,4 (,T(4,41,DSIG(4 I,CRKSTR(6) DCRACK 9

C RELEASE APPROPRIATE STRESSES DCRAK 16S

C DCRAK1 66

NT=IK + I DCRAK167

GO TO (140,120,110,100,1551, NF DCRAK168

100 CALL DSOF3 I 3,SIGP,FALSTR,EP,CRKSTR,F,VNJ,SICtIAT,SGIIAC I DCRAK169

110 SIGPI6I=SIGPI6) DCRAK170

CALL DSOF3 ( 2,SIGP,FALScTR,EP,CRKSTR,E,VNU,SGAT,SIGIAC I DCRAK171

120 SIGPISI=SIGP(Sl DCRAKI 72

SIGPI 4 hSIGP 4) DCRAK1 73

CALL DSOF3 (I,SIGP,FALSTR,EP,CRKSTR,E,VNU,SGIAT,SI1I;AC P DCRAK174

C DCRAKI 75

C ROTATE STRESSES TO GLOBAL AXES DCRAKI 76

SUBROUTINE DSOF3 ( IJ,SIGP,FALSTR,EP,CRKS;TRE,VIIU,STGIIAT,STCtlAC I, O 01003 90

IMIPLICIT DOUBLE PRECISION ( A-H,O-Z I

COMM1ON /SOFT/ ISCODE ,I*CC,ELi4W,GGFr ,DDAA,1R01-

DIMENSION SIGPI4I,EP(4I,CRKSTrR(61,CORNII1 ,7,

C

IF (CRKSTR~ii.J.GT.O.nOI G(YFO s

SIGPII13)=FALSTR

RETURN
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5 CONTINUE
DATA (CORNII,1 l,1=1,11I/O. ,.OS,.1,.IS,.2,.25,.3,.4,.6,.8,1.O/

DATA fCORN(I,21,Isl,1lI/1. ,.7082,.5108,.3817,.2986,.24.6,.2080,

I .1S96,.0904,.0361,0.0/

33=IJ

KK33J+3

EEPP=EP(I 3

IF fEP(I 3I.GT.CRKSTR(KK II CRKSTR(KK IEP( 131
IF (EP(IJ3I.LT.CRKSTR(KKI I EEPP=CRKSTR(KK I

C

ISS=ISCODE-2

IF (ISSI 10,20,30

C

10 CONTINUE

EETr=1/ 1/E-f2*GGFFI/fSIGflAT**2*WWCCI1

SIGP(I 3 =FALSTREETr*( EEPP-CRKSTRI 33II
IF (EP(IJ).LT.CRKSTRIKKI I SIGP(13 I:EP(I 3 /FEPP*SIGPI TJ I

IF I SIGP( 131 .GT. FALSTR I SIGP( 13 IFALSTR

IF (SIGP(I31.LT.O.DOI SIGPIIJI=O.DO

IF (13-21 12,11,11

11 SIGP16J=O.DO

12 SIGPISIO0.DO

SlOPE 4 =0. DO

RETURN

C

20 CONTINUE

EO=GGFF/( WWCC*O. 19704*SIGtIAT I

DO 23 1=1,11

CORNI 1,3 l=CORN( 1,1 l.CORN( 1,2 I*CRKSTR 33 1/EG

IF (EEPP/EO.LT.CORNII,3 II GO TO 24.

23 CONTINUE
24 AA=ICORN(I-1,21-CORNII,211/ICORNEI-2,3)-CORNII,3))

B8=CORN( 1-1,2 I-AA*CORN( 1-1,3l

SIGPE 13I=FAILSTR*( AA*EEPP/EO+BBl

IF ISIGPII3I.GT.FALSTR) SIGPI 131=FALSTR

IF (SIGPI IiI.LT.O.DO I SlOPE 13 10.DO

IF (13-21 22,21,21

21 SIGP46IO.DO
22 SIGPI5IO0.DO

SIGPE'. 10.DO

RETURN

C

30 CONT INUE

RETURN

C
END
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Appendix C

GENERAL MODTFICATIONS

The following are changes implemented in the rest of the program,
namely in the subprograms ADINA.F77, ADTNI.F77 and ADINA2.F77. Only the
modified spherical constant arc-length scheme is allowed and only Full
Newton iterations without line search are carried out. If NODQL is
chosen between 3 and 100, a subset of NODQI, nodes is used in the norm of
displacement. If NODQI, is 2, the distance between two points is used
instead of the norm of displacement.

CHANGES IN ADINA.F77

COiMlON /DICS/ DISPtI4,ADNOI,ADI4AX,ADCOtI,NODQNDIDNEDPI4,NI CRLO,IARADINA189

I ,NODQLNEDPH1L! 1O0,7l

IF !IRSHI4.EQ.2I KSTOP=1 ADINA994

CHANGES IN ADINI.F77

I ,NODQL,NEDPHLE 100,71 ADINI 33

IREAD EIIN,10041 NWQ,NDIDDISP4,ADNOt,ADtIAX,ICOtIA,IAR,IIODQL AD111166

IFINODQL.EQ.O .OR. IETHOO.NE.41 GO TO 70

NNOQL=IKTIFLOATINOOQL-1 1/10. P+1

DO 69 I=I,NNIDQL

69 READ (IIN,10071 (NEDPt1LI10*(I-1I+K,1),K=I,10

70 CONTINUE

IF IhETHOC.EQ.4) NEWREF=1 ADINI718

IF INODQL.EQ.O GO rO 46 ADINI801

WRITE 16,20671 NODOQL

DO 446 I1
=

,NNODQL

446 WRITE 16,2068) INED1'HLf1OII-llK,2p,K-,)

1004 FORIAT 1215,3FI0.0,3T5l ADINI218

1007 FORMAT (10151 ADINI220

2067 FORMAT I/5X, ADIN1577

ISSNOOE SUBSET FOR DISPLACEMfENT NORK, TOTAL NODES (NODQI. 1,'I,/)

2068 FORIIAT IISX,10I 4
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CHANGES IN ADIN-A2.F77

I ,NODQL,NEDPiLI 100,71 LOAD?1S55

IF INODQL.EQ.0) GO TO 13 LOADI03

D0 13 II=1,NODQL

NIDL=NS - I + (fNEDPtL( II, 1 1-1I *NDOF

DO 22 IN=1,6

IF (IDOF( IN I.EQ.0I GO TO 22

NIDL=NDL. 1

NEDPHLEII,IN+1) = IA(NIDL)

22 CONTINUE

13 CONTINUE

IF(NODQL.EQ.01 GO TO 14 LOADMI0O9

WRITE (6,5000)

no Is I=1,NODQL

15 WRITE 16,5001) NEDPMflI,l),(NEDPflL(I,XI,K=2,7)

14 CONTINUE

5000 FORIIATI /34H NODE SUBSET FOR DISPLACEMIENT NORM, LOADM268

I /34H NODE EQUATION NUMBERS

5001 FORIATI6X,I4,4X,6I4)

C IF (PEOLIJ.GT.BIG*PEINIT) GO TO 710 EQUIT254

GO TO 230 EQUIT259

I ,NODQL,NEDPIL( 100,71 ASTIM423

INODQL,NEDPHIL( 100,71 ASTCHE71

DUALL=3. WDUALL ASTCH151

IF (NODQL.NE.0) GO TO 500 ASTCH186

COMMION /DICS/ DISPI4 , ADNOII ,ADMAX ,ADCOiI ODQ ,NDID,NEDPI4 ,N1CRI.O ,IARI)OPRFtiI4

INODQL,NEDPHL( 100,71

IF INODQL.EQ.2) GO TO 160 DOPRFM21I

IF (NODQL.NE.01 GO TO 150

IS0 PD-0.Do DOPRFM46

DO 151 11I,NODQL

DO 151 3=2,7

IF (NEDPtIL(I,3(.EQ.01 GO TO 151

PII=PD4AA(NEDPtIL( I,JII*BBINEDPtIL(I,J3I

151 CONTINUE

PD=PD*(NALLEQ/(NODQL+1Ill

PRO0.DO

RETURN
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160 P0=0.00

DO 161 J=2,7

IF (NEDPt1L1,I.EQ.OI GO TO 161

PD=PD+(AA(NEDPHL( 1,3 I-AA(NEDPKL( 2,3 I

1 *IBB(NEDPtLI,JII-BBNEDPHL(2,JlI

161 CONTINUE
PD=PD*I NALLEQ/3 )

PR=O.DO

RETURN

I NOOQLgNEDPHL(100,71I ALSTEP 9

I ,NODQLNEDPILI100,7) ALSET 10

NODQL=0 ALSET 37

DO 2 I=1,100 ALSET 39

DO 2 3=1,7

2 NEDPHLII,31=0

1 NOOQL,NEDPIILI100,71 NEWDAV36
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Appendix D

FAILURE ENVELOPE

Concrete Strength Power

8000 psi, (563 kp/ CM2 ) (55.2 MPa) 1.00

6000 psi (422 kp/ cm2 ) (41.4 MPa) 1.40

4000 psi (281 kp/cm 2 ) (27.6 MPq) 1.80

2000 psi (141 kp/cm 2 ) (27.6 MPa) 2.20

CHANGES IN ELT204.F77

FALSTR=SIGIAT*( 1. - (P3/SIGIIAC I**POWR I PRNCPL86

IF (P1.GE.O.DO) FALSTR=SIGlAT*(I1. - (P2/SIGCPI**POWR) PRNCP121

1 *(I. - (P3/SIGCP I**POWR(

IF (HODEL.EQ.5 -AND. SIG(ZLLT.O.DOI CRAKII83

I FALSTR=SIGIIAT*u1. - (SIG(2?/SIGlAC?**POWRfl CRAII84

CHANGES IN ELT3D4.F77

120 FALSTR=SIGIAT*(I. - (P3/SIGlIAC)**POWR) PR~NCP232

IF (PI.GE.O.DO) FALSTR=SIG1AT*11. - (PZ/SIGCP(**POWR) PRNCP266

I *(I. - IP3/SIGCPI**PONRI

IF (?ODEL.EQ.5 .AND. SIG(3).LT.O.DOI CRAK3120

I FALSTR=SIGMAT#11. - (SIG(3)/SIGtiACl**POWR) CRA)X3121
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Appendix E

DERIVATION OF CRACK STIFFNESS MATRIX B

The MRCM formulation can be rewritten as

ann = -al2rV/6ndt/h

an= ot (1-26 n/d a)r(f/g)

where:

f a 3 + a 4 Jr 31

g= I + a4 r4

h (1+r 2)
0 2 5

and by derivation:

fn = 8f/8n = -3a416t3/6n4 1

ft = af/at = 3a4 6t16t/6nBJ

gn = ag/an = -
4a4 (6t 

4/6 n 5)

t= 3g/at = 4n4(6t /6n 4 )

h n= h/an = (l+r 2) 075(-26t /6 3)/4
t n

ht =a8h/at = ( r2)-O7(26t/6n2 )

I E-I



The crack stiffness terms are then:

B = -a2(-h6t/6 2 -h nr )  -na / h2 + r6- 0.5 nt/2h r -nBt/h

Bnt = -al2 (-htr+h/6n) /Ot/h2 + rV6nBtt/h)

Bt (1- 2 6/d) If/6ng + r(ftg-fgt)/g21

Btn =To(-fr/(gV-d6)+(I-V n/d)(fng-fgn)r/g2-f6t/ n2)
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I INSTRUCTIONS

I The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of the

I' label on the reverse side has several numbers listed. These numbers correspond to numbers assigned to

I the list of Subject Categories. Numbers on the label corresponding to those on the list indicate the

subject category and type of documents you are presently receiving. If you are satisfied, throw this card

I away (or file it for later reference).

I If you want to change what you are presently receiving:

9 Delete - mark off number on bottom of label.

* Add - circle number on list.

* Remove my name from all your lists - check box on list.

* Change my address - line out incorrect line and write in correction (DO NOT REMOVE LABEL).

9 Number of copies should be entered after the title of the subject categories you select.

Fold on line below and drop in the mail.

Note: Numbers on label but not listed on questionnaire are for NCEL use only, please ignore them.
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DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory Is revising Its Primary distribution lists.

SUBJECT CATEGORIES 28 ENERGY/POWER GENERATION
29 Thermal conservation (thermal engineering of buildings. HVAC

1 SHORE FACILITIES systems, energy loss measurement. power generation)
2 Construction methods and materials (including corrosion 30 Controls and electrical conservation (electrical systems.

control, coatings) energy monitoring and control systems)
3 Waterfront structures (maintenance/deterioratior. control) 31 Fuel flexibility (liquid fuels, coal utilization, energy
4 Utilities (including power conditioning) from solid waste)
5 Explosives safety 32 Alternate energy source (geothermal power, photovoltaic
6 Aviation Engineering Test Facilities power systems, solar systems, wind systems, energy storage
7 Fire prevention and control systems)
8 Antenna technology 33 Site data and systems integration (energy resource data.
9 Structural analysis and design (including numerical and energy consumption data, integrating energy systems)

computer techniques) 34 ENVIRONMENTAL PROTECTION
10 Protective construction (Including hardened shelters, 35 Hazardous waste minimization

shock and vibration studies) 36 Restoration of installations (hazardous waste)
11 Soil/rock mechanics 37 Waste water management and sanitary engineering
14 Airfields and pavements 38 Oil pollution removal and recovery

39 Air pollution
15 ADVANCED BASE AND AMPHIBIOUS FACILITIES
16 Base facilities (including shelters, power generation, water 44 OCEAN ENGINEERING

supplies) 45 Seafloor soils and foundations
17 Expedient roads/arfields/bridges 46 Seafloor construction systems and operations (Including
18 Amphibious operations (including breakwaters, wave forces) diver and manipulator tools)
19 Over-the-Beach operations (including containerization. 47 Undersea structures and materials

material transfer. lghterage and cranes) 48 Anchors and moorings
20 POL storage, transfer and distribution 49 Undersea power systems, electromechanical cables,

and connectors
50 Pressure vessel facilities
51 Physical environment (including site surveying)
52 Ocean-based concrete structures
54 Undersea cable dynamics

TYPES OF DOCUMENTS
85 Techdata Sheets 86 Technical Reports and Technical Notes 82 NCEL Guides & Abstracts Ej None-
83 Table of Contents & Index to TOS 91 PhySical Security remove my name



NCEL DOCUMENT EVALUATION

You are number one with us; how do we rate with you?

We at NCEL want to provide you our customer the best possible reports but we need your help. Therefore, I ask you
to please take the time from your busy schedule to fill out this questionnaire. Your response will assist us in providing
the best reports possible for our users. I wish to thank you in advance for your assistance. I assure you that the
information you provide will help us to be more responsive to your future needs.

R. N. STORER, Ph.D. P.E.
Technical Director

DOCUMENT NO. _ ___TITLE OF DOCUMENT:________________

Date: . _ Respondent Organization: __ ___

Name: Activity Code: _

Phone: Grade/Rank:

Category (please check):

Sponsor - User Proponent Other (Specify)

Please answer on your behalf only; not on your organization's. Please check (use an X) only the block that most closely
describes your attitude or feeling toward that statement:

SA Strongly Agree A Agree 0 Neutral D Disagree SD Strongly Disagree

SA A N D SD SA A N D SD

1. The technical quality of the report () () () () () 6. The conclusions and recommenda- () () () ( ) ()
is comparable to most of my other tions are clear and directly sup-
sources of technical information, ported by the contents of the

report.
2. The report will make significant () () () () ()

improvements in the cost and or 7. The graphics, tables, and photo- () () () () ()
performance of my operation. graphs are well done.

3. The report acknowledges related ( ) () () ()
work accomplished by others. Do you wish to continue getting l--- E I

[NCEL reports? YES NO I
4. The report is well formatted. ( ) () (r) (r) (Y) N

Please add any comments (e.g., in what ways can we
5. The report is clearly written. () () () () () improve the quality of our reports?) on the back of this

form.
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