
























































































































































































































































If any of the three checks are negative, the analysis must be repeated-with a slightly

different modulus adjustment. For the three fracture specimens discussed, at least three
different modulus- aﬂjﬁsnnent.vaiues were used in each case to ensure a valid pair of
results with whiéh td “cal;:ulate a limit load. It isiﬁ:pqrtant to note that while only two
linear analysis are required to calculat:e the m,mdﬁpﬁcr, more than one modulus
adjustment may be required to obtain a valid distribution to sati#fy the three checks given
above. The macros required to perfdrm the modulus modification, as well as the mz,

calculation, are included in Appendix A.

The limit load results obtained fon_- the three fracture specimens using the m, method are
as follows: CT specimen, P, = 13 910N, SENB specimen,’PLé 8 591 N and SENT
specimen, P, = 9 085 N. The following section discusses and compares the robust limit
load estimates with those of the nonlinear finite element analysis and the analytical limit

load equations given previously.
4.7 Summary and Discussion of Results

Robust limit load estimations for the three standard fracture specimens were given in the
two preceding sections. - These fe_sults are now compared to resuits obfained through
nonlinear finite element analysis as well as to results obtained from analytical limit load
solutions available for these geometries. Table4.1 lists all ]mnt load results for the three

- specimens. A ;iementag¢ error calculation fbr__ each robust limit load estimate based on




the nonlinear finite element analysis result is also given in Table 4.1. The error
calculation is based on the nonlinear FEA solution to ,pi'bvide a consistent basis of
comparison with components for which analytical solutions are unavailable.

Table 4.2 - Limit Load Estimation Results

Gloss R-Node
P, % Error

12182 N
‘12341 N
8508 N
8336 N

8589 N
8477TN

197% |13910N| 83% | IS170N | 14801N

19.1% | 8591 N 10523 N

145% | 9085N | 9. 10049 N

Note: The lower value in,the Gloss R-node columns is the result obtained using the
improved r-node identification scheme.

For the rﬁost part, the robust estimates compére quite well fo the nonlinear FEA and
analytical solutions. Both robust téchm’ques provided reasonably good results for the CT
and SENB specimens. Calculation of a limit load for the SENT specimen using the m,-
method posed problems when using a modulus modification ihdex, q= 1. This can be
attributed to the extreme depth of the crack used in this model. The crack depth in this
case is 60% of the total specimen width, leaving a sm-alildligament to support the applied
load. The stress redism'bution in thls area is exténsive and provides quite a wide range of
stress values in a limited reference volume for this specnmen Asa result, one of the three
criterion requiréd t'or a satisfactory soﬁtion was vi'olavt;id. ‘The modulus modification
index was‘teduceci to;'@,vallvllé.of 0.5 which provic_i‘ed.,t’hé-necessary conditions to 6Btain a
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CHAPTER 5

ANALYSIS OF AXIAL PIPE DEFECTS

The following chapter extends the use of robust finite element analysis to the practical
problem of axial pipe defects typical of stress corrosion cracking (SCC). The analysis of
these geometries 1s simplified to that of loading by internal pressure only in order to gage
the effectiveness of the robust techniques in limit load determination. The analysis
includes single defects of varying depths as well as multiple defect geometries typical of
crack colonies prevalent in SCC cases. Furthermore, all cracks are assumed to be

infinitely long with uniform depth.
5.1 Finite Element Modelling Considerations

The pipe models used in the analysis are based on typical, Class 1 grade, natural gas

transmission pipelines. Class 1 lines are those that are laid in regions with little or no
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humanpopulation as outhned in existing industry standards The finite element models
developed here are bM‘ on 2914 mm O.D. linepipe having a wall thickness of 10 mm.
The maximum allowable operatiné préssure for this particular linepipe is in the vicinity
of 7 MPa (T r;n;ponaﬁon; 1992). These paramctets are typical of the common American

Petroleum Institute (APT) pipe grade, X-65.

The finite element modeling is performed with the ANSYS Version 5.2 software package
developed by Swansor Analysis Systems. ANSYS is used for both the linear and non-
linear analyses. The pipe is modeled in two dimensions with defects running in the axial
direction. Both the pipe and the defect are assumed to be infinitely long with internal
presshre loading only. Therefore, the pipe is modeled using PLANE2 elements with the
plane strain opﬁon-,. the details of which are given in Chapter 4. The crack tip singularity
is simulated by moving the midside nodes of the triangular PLANE? elements to the
quarter point (Barsoum, 1976). Material behaviour in the non-linear case is assumed to
be elastic, perfectly-plastic. The analysis is based on the incremental theory of plasticity
for which the total load is applied in gradual increments. Newton-Raphson iterations are

performed for each substep in order to obtain a converged solution.
5.2 Single Axial Defects

In this study, a 914 mm O.D. pipe model having a single axial defect is considered. The

analysis is performed for various 6mck_depths in the radial direction, with all defects
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being continuous: and brealrmg on the externaI surface of the pxpe. Three different crack
geometnes are consxdered (1 L. smgle axial defects havmg depths of 2,3and 4 mm) The
finite element model for each geometry is generated usmg the ANSYS software with
only the symmetric half of the component being consxdered Slx-noded 1s0parametr1c
elements are used for the bulk of the mesh, with the smgulanty at the crack tip being -
modeled using nine crack tip elements. The radmsof the first array of crack tip elements
is 0.5 mm, with the ratio of the second row of elementsf to the first row being one.
Maten'al properties used for modelling pltrposes- include an elastic modulus of 211 GPa

and a yield stress of 488.43 MPa.

The limit loads for each of the thre¢ models is evaluated using the Gloss r-node and m,
robust methods, as well as traditional non-linear finite element analysis. The non-linear
analysis is used as a benchmark for.comparison with the robust estimates. The loading

for all robust analysis runs is uniform internal pressure of magnitude, P =2 MPa.
S.2.1 Gloss r-node limit load estimates

The r-node stress for each model i§"obtained by plotting the stress distributions of the first
and second. lmear elasnc analyses along the uncracked ligament and determining the
pomts of i mtersectlon as detalled in Chapter 4 The through thickness: stress distribution
for_.a. (_lefectgﬁ_ee pipe is compareq w;th t_hat of ¢ a pxpe contalmng an externali axial defect

in Figure 5.1. The defect-free distribution showsthe maxmlum stress developlng at the




| inside surface of the pipe anddecreasing towards theoutside surface. When an external
_ defect is mtroduced the dlstribunon changes consxderab[y. The maximum stress now
 occurs at the crack tlp, where tbere isa smgu]anty in the tesnltmg stress field. The
presence of a str_e_ss field smgulanty in combmatlon witha thm pipe wall thickness
introdi;ceé a number of problems when determining effective r-node stress values for

these models.

Figure 5.1 - Typical stress distributions for uncracked and cracked pipe.

Figure 5.1 indicates a U-shaped stress distribution for the defective pipe and a
corresponding peak stress at the crack tip. The singularity caused by the presence of the
defect results in a wider range of stress values over the remammg ligament and, as a

result, stress redistribution over this region is mo_re éxtensivg. For the pipe models here,
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the uncracked ‘ligame'nt'is_ relauvely small and the redistribution of stress must occur over

a very small legion. A typical modulus modification creates a relatively large change in
the resulting s’t:ess ﬁéld, Thlschange is too drastlc for structures which have small
regions in which stress rudisun'buﬁon can ol:(:nr. As aresult, several iterations are
required to achieve a pmuer stress r‘edist.r‘ibution‘.': 'l'hus, itis necessary to muuipulate the
modulus modification scheme used for the Gloss r-node technique such that the
redistribution of stress may oceur properly in the limited regjon available. This is
accomplished by introducing a moduluS-softeniug index, g, to equation (3.5) to give the

following modulus modification equation,

. (o‘ L
E = [-(0—'3] E, 5.1)

The modulus¥softening indl:x serves the same purpose in the Gloss r-node scheme as it

. does in the m, scheme. It moderateu the change in the resulting stress field brought about
by the elemental moduli modification; so redistribution can properly occur within the
space availal:lg. To‘ achieve tlnsthe value of q.iu reduced from one to a value of 0.25, or

lower, as necessary.

The pipe models considered in this section are the three described carlier, having crack
depths of 2,3 and 4 mm. In each case, the modulus-softening index, g, was reduced to a
value of 0.10 to give reasonable resultsfor the Gloss r-node analysis. The stress

dist.ﬁbutions'oblaiued from the first and second linear analyses for the pipe containing the _




2 mm defect are presented in Figure 5.2. As shown, the two distributions appear to be
almost coincident over the length of the ligament. This indicates that modification of the
original stress distribution due to changes in the elemental moduli has been slight. This is

Stress Distribution - 2 mm Defect
Softening Exponent q = 0.1
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Figure 5.2 - Stress distributions along the uncracked ligament.

the behaviour intended by introducing a modulus-softening index, ¢ < 1. As shown,
Figure 5.2 is of little help in determining r-node local;ions or stress values. Therefore, the
next step is to focus on the area of the plot where one would ekpect to find a clear
intersection of the two distributions, which indicates the presence of an r-node. A point
of interest in Figure 5.2is ‘thc»shape- of the stréss distribution curve. The expected U-

shape is hot géident in this’ particulaf model and in fact, the lowest equivalent stress
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'occnrs atthe msrde wall of the prpe. Thrs result 1s due to’ the very thin wall thickness and

_ the presence ofa stress smgulanty at the crack trp The mﬂuence of the crack is

extendmg along the entire hgament in such a way as to reduce the stress level at the inner |
surface of the pipe. In uncrackeclreglons of the prpe, remote from the defect, the stress
distribution is typical of an uncracked cylrrrder wr_th tl_laxrmum stress occurring at the
inner surface and reducing to a mmimum at the outer surface.

Stress Distribution - 2 mm Defect
Softening Exponentq=0.1
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Figure 5.3 - Stress drsm'butrgrr__s ncar the crack tip (2 mm defect).

Intmtrvely, the ongm of plastlcrty leadmg to plastrc collapse of the structure will occur at
or near the crack tlp, where stress levels are hrghest Therefore a closer look at the stress
drstn'butrons in this area is likely to reveal the locatlon of an r-node Flgure 5.3 shows a

plot of the stress distributions from the first and second hnear analyses in the region of
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the ligaﬁlent adjacent to the crack up Itis a_ppareﬁtﬁ'om this figure that the sliéht |
perturbation in the stréss field due to the ﬁodiﬁéaﬁdn of the elemental moduli has made
very little change to the stress d.istri‘buti(.)n'alo.ng th:é uncracked ligamenﬁ However, the
change is enough to identify an intersectfon of the two distributions at a distance of
aﬁproxixh‘étely 7.7 mm. The r-node stress corresponding to this intersection is
approximately 120 MPa, which corresponds to a limit pressure of 8.14 MPa. There-
appears to be a region at the left side of Figure 5.3 where the two distributions are
coincident, however, closer examination reveals this to be untrue. Although not visible in
Figure 52, closer examination of the stress distributions over the entire ligament shows
an intersection in the vicinity of the inner surface of the pipe (left side of plot). This point
of intersection corresponds to an effective r-node stress of approximately 65 MPa. If this
r-node is considered togethér with the r-node near the cfack tip, the resulting limit load
prediction would be approximateiy 10.56 MPa, which is greater than the nonlinear FEA
result of 9.72 MPa. Considering the most probable origin of plasticity leading to collapse
to be in the area adjacent to the crack, it is more reasonable, in this case, to consider only
the r-node near the crack tip. In any case, choosing the larger value of r-node stress will

always give the most conservative limit load estimate when using this method.

Figure 5.4 shows the stress distributions from the first and second linear elastic analyses
for a similar plpe containing a 3 mm deep external axial defect. The stress plot, in this
case, is shown for the portion of the'ligament adjacent to the crack tip. The stress

- distribution plots for the entire uncracked ligament may be found in Appendix C. The
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dism'butigns: mthxs case are very similar to that shown in Figure 5.3 for the 2 mm defect.
The modulus softening index, g, was set to 0.10 to moderate the redistribution effect on
the stress field and is again evident in the stress plot. As expecfed, the intersection of the

Stress Distribution - 3 mm Defect
Softening Exponent q = 0.1
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Figure 5.4 - Suress distributions near the crack tip (3 mm defect).

two plots occurs very near the crack tip and gives an r-node stress value of approximately
145 MPa. This gives a limit load value of 6.74 Mi?a for the structure, which compares
well with the nonlinear FEA result of 8.06 MPa. The higher r-node stress value observed
for the 3 mm defect (as cﬁmpamd to that obséfved for the 2 mm defect) is ::xpcc;ed, as

the limit load is inversely préporﬁohﬂ to the r-node stress. As the depth of the defect '
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increases theload beanng capacntyof theuncracked hgament decreases, leadmg toa.

declinein the hmlt load vaIue
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_Figure 5.5 - Stress distributions near the crack tip (4 mm defect).

The last of the three models is that of a pipe containing a 4 mm defect. This defect is

quite deep, as it penetrates 40% of the wall thickness. A defect of this particular depth

would rarely be encountered in natural gas g'gnsmisSion pipelines, as it would be detected

and mmgatwe action taken before growing to this depth. However, i in assessing the

ablhty of the robust methods to determine hmlt loads for cracked components, it is

necessary to proceed beyond the :aqge of defect sizes pormally encountered. The stress

distributions near.the crack tip forthxs model are given in Figure 5.5. Once again, the

plots look ven:y similar to those of the previous two models. In this case, the intersection
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occurs at a position of 'approximately'-_S;G mm, relative to the inner pipe surface, which
gives an r-node stress value of app‘roxithately' 190 MPa. This corresponds to a limit load
value of 5.14 MPa, wlnch compares reasonably well with the nonlinear FEA result of Py

=6.31 MPa.
5.2.2 m,-Method limit load estimates

The results of the m,-method limit load estimate for the three pipe models discussed
previously are summarized in Table 5.1. The results for each of the three models are
conservative estimates when compared to the nonlinear FEA results. The results for the 2
and 3 mm defects are obtained using a modulus modification index of g = 1. Initial
attempts to use the m,—method-foéth; ‘fnbdel 'contéining a4 mm deep defect failed to
yield any useful resuits while using this valué for.q. As in the case of the Gloss r-node
method, the change in the stress ﬁeld.due to modulus modification is too drastic for the
small region in which stress redistribution can occur. This problem was also encountered
in the SENT specimen discussed in Chal-)tér 4. Reducing the modulus modification index
to 0.5 gives a good limit load estimate for the deeper defect. The m, limit load result for

this crack geometry is given in Table 5.1.
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5.3 Internal Axial Defects

The previous séégion,cqnsidered examples of external axial defects and the characteristic
stress distributions which result. This section wi]l ,¢xamine a single model of a pipe
containing an internal axial defect to illustrate the vé_:rsétility of the robust techniques in

predicting limit loads for various crack geometries. The defect-free stress distribution for

Stress Distribution - Internal Defect
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Figure 5.6 - Stress distributions near the crack tip (2 mm internal defect).
this case is similar to that shown in Flgure 5.1 for the uncracked pipe. The highest stress
will occur at the crack tip and teducé to a-i tmmmum at the outside surface of the pipe.

The peak stress will be Signiﬁcantly tngherthan that of the same model without a defect.
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The pii)c characteristics and propemes are the same as those of the pipe modeis dlscussed
previcn_sly with the only difference being the location of thcdcfect. The internal pressure
load is not appﬁed to the crack face for this model and the cracl'c is assumed to be

‘ inﬁnitcly long with a constant depth of 2 mm. The s.‘.tressdistributions along the
uncracked ligament for the first and second linear analyses are given in Figure 5.6, for the
region adjacent to the crack tip. The intersection of the first and second linear elastic
stress distributions occurs at a location of approximately 0.75 mm from the crack tip and
yields an r-node equivalent stress value of 110 MPa. This corresponds to a limit load
estimate of 8.88 MPa, which compares quite well to the nonlinear FEA result of 9.81
MPa, The m.-method yields a limit load estimate of 8.11 MPa, which is also quite

satisfactory as a conservative estimate of the co_lla_pse load.
5.4 Thick Walled Pipes Containing Defects

The use of the Glcss r-node and m,-methods of robust limit load estimation for predicting
collapse loads of defect-free thick walled cylinders is well documented (Seshadri, 1996).
The following example is that of a thick walled pipe containing a shallow external axial
defect. The material properties for the pipe are the same as those discussed previously

and outlined in section 5.2. The pipc dimensions for the thick walled model include an
outer radms of 0.457 m, an intemal_taidiﬁ&of 0.35‘7m,‘ a wall thickness of 100 mm and a
crack depth of 2 mm. As with the "ol"ther exfefcal defects discussed, the crack is assumed

to be infinitely long with a constant depth.
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Figure 5.7 shows the stress dism'bu;idns,_é_iong‘ the enﬁté;remaining ligament forthe thick

walled pipe model. The distributions shown here are similar to those depicted in Figure

Stress Distribution - Thick Wall Pipe
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Figure 5.7 - Stress distributions along uncracked ligament (thick wall pipe).

5.1 for a pipe with an external axial defect. The distributions show a high stress level at
the inside surface with a decreasing s&ess level towards the outer surface. A peak in the
stress distribution occurs near the crack tip to give the U;shaped distribution expected.
This was not seen for the thin wall slrilcturés discussed earlier. The softening exponent
used in the modulus modification equation for this mpdel was taken as unity. The thick
walled pipe model does not exhibit tﬁe sensitivity typical of the thin walled structures.

The cross section for this model is sufficiently large to handle the stress redistribution that
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occurs mthastandard modxﬁcanon of the elémental moduli. The plot shows a clear and

distinct intgi'séi:;:t'ion of thetho : df;in'butions at a location of approximately 45 mm from
the inner sﬁrfgqe of the pipe. This iﬁters‘ection. is. quite remote from the crack tip where
an r-node lééétién would' be expected. However, closer inspection of the region near the
crack tip does indeed indicate the presence of an intersection. A comparison of the two r-
nodes gives a value of apptox‘imately 17.7 MPa for the r-node located remote from the
crack tip and a value of ;bprokimately 18.5 MPa for the r-node located near the crack tip.
Given the closeness of the two values, it would appear that thé crack has little influence
on the r-node stress. Taking the higher of the two r-node stresses we arrive at a limit load
value for the pipe of 132.00 MPa. The m,-method limit load result for the pipe is 124.01
MPa. Both robust limit load estimates compare very well to the nonlinear FEA result of

136.09 MPa.

5.5 Multiple External Defects

Stress corrosion crackg typically appear in colonies with several parallel defects in close
proximity constituting a crack colony. In this section, two cases of pipes with multiple
defects are examined. In each case, the pipe contajps three parallel defects with two of
the three having the same deptl; and the third having a slightly different depth. Figure 5.8
illustrates the orientation and loé#ﬁon of the d_gfécts as used in the finite element models.
The cracks pro;ectradlally into theplpe matéﬁal, from the outer surface, and are
separated by a one degree spacing. E.;ich of 'the. models maintains the physical dimensions
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of the single defect models discussed in section 5.3, which include an outer radius of
0.457 m, an inner radius of 0.447 m and a wall thickness of 10 mm. AIl material

properties remain as before.

The first model considered is shown in Figure 5.9 and consists of three parallel defects of

depths 2 mm, 3 mm and 2 mm. The three cracks are labeled A through C, with the

Figure 5.8 - 914 mm O.D. linepipe with multiple defects

top crack being A as shown. The crack spacings used in the models are quite wide
compared to actual crack colony spacings. The larger. crack spacing was chosen to
simplify model creation and reduce the number of elements required. As shown, the
crack geometries are symmetricai, allo.wing for half models to be used to advantage.
However, if the cracks are such that each has a differenl;..depth, or spacings are not

regular, then a full model must be used to obtain accurate results. The geometfy shown
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Set s

was modeled using a full pipe model and required approximately 3500 elements. The
more complex the crack geometry, the mbfe élémehts required for accurate modelling.
This becomes an important issue with regards to processing time for nonlinear vs linear

analysis.

The second multiple defect model has the same crack locations as those shown in Figure
5.9, but has different crack dcpths The créck‘depths are 3 mm for Crack A, 1 mm for
Crack B and 3 mm for Crack C. A half model is used for this case to avail of symmetry

conditions.

Crack mouth openings: 0.00032 m M

Crack spacings: 1* (0.00798 m) 0.010 ,

K Crack A
-—lﬁ—- 0.002

o i | 4 CrexB
R0.447 Nr— | -J—ﬁ-- 0.003

Aﬂaﬂsumidfob_cinﬁniulyln‘- -
Plane strain olement option.

. - T
All dimeasions i mefres.

Figuré 5.9 Detailed crack geometry - 914 mm O.D. linepipe




' 5.5.1 Robust limit load estimates

Models contalmngmultIple ‘défecté require plotting stress distribu’tionsfor the ﬁrst and
7 second linear elastic analyses along the remaining ligament, for each defect present. As
there will be one or more r-nodes identified fdr each &écn the question arises as'té-
which r-nodes will be conmderedm calculaung the limit Joad. The most conservative
approach is to identify all the r~nodes and use the h!ghest r-node stress value in the lmut
Stress Distribution - Multiple Defects
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Flgure 5.10- Stress distributions near the crack tip (Model 1, Crack A).

load calculation. This is the approach taken in the analysis of the multiple defects

discussed here. This approach may provide limit load estimates that are well below the
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actual limit load. 'ngﬁvq:r, the prop!ét;r of crack interaction and coalescence is one that .

is not well understood. As a result, taking the most conservative means in determining

the limit load may well be the most prudent action.

Equivalent Stress (Pa)

Figure 5;11 - Stress distributions near the crack tip (Model 1, Crack B).
Figures 5.10, 5.11 and 5.12 show the stress distributions near the crack tip for Cracks A,
B and C, respectively, for the multiple crack model illustrated in Figure 5.9. The plots for
Cracks A and C are, for the most part, identical which supports the idea that a half model
may be used to model symmetric crack colonies. The stress distributions for Crack A
show an intersection at a location of approxiﬁlately 7.7 mm from the inner surface of the
pipe. Tlns gives an r-node équi\falent stress in the ordeféf 110 MPa. The distributions

for Crack C gives the same result. Crack B is slig_htly deeper than A or C and the
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corresponding stress distributions. (Figme 5.110) sho‘yi the sz_aﬁne shape as the other two, but

produce a higher r-node: stress .The hlgher stress value is expected here as the spread of

plasticity is anticipated to occur at the location of the deepest crack and'.h.ighe'st stress

concentration. The intersection of the stress distribuﬁons for Crack B occurs at a location
Stress Distribution - Multiple Defects

Crack C(q=0.1)
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Figure 5.12 - Stress distributions near the crack tip (Model 1, Crack C).

of 6.65 mm from the inner surface of the pipe and gives an r-node stress of 140 MPa.
Calculation of tile 6onesponding'limit load is based on the‘highest r-node equivalent
stress, which occurs near the tig of Crack B The resultmg limit load for this model is

6.98 MPa.
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Th'e'm;method- is also apphed to the multiple crack ﬁmblgm-and gives a limit Joad
estimate that is clo#g to that of the Gloss r-node r:sult. The limit load calculated for the

m,-method is 6.54 MPa, which compares quite well to-the nonlinear FEA result of 8.26

MPa.
Stress Distribution - Multiple Defects
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Figure 5.13 - Stress distributions near the crack tip (Model 2, Crack A).

A second model containing multiple defects is also considered in this section. The crack
geometry lS changed such that a shallow central defect (1 mm deep) is flanked on either
side by two deeper defects (3 mm deep). The crack spacing and other parameters are
unchanged. The geometry is symmetrical, therefore, a half model is used to simplify the

analysis. The half model approach rec'wirés the plotting of stress distributions for Cracks
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AandB only,asthe‘dlsm’butmnsf‘ { racl’chilIi__M_. thesameasthoseofCrack A. TIus -

was seen earher in the full model analyms of the ﬁtst muluple defect pmblem. F'gures

-

5-13 and 5.14 show the stress dlstn'buuons near the craclc txps for the second model. The

shape of the dlstrﬂ)unons are qulte snm]at to those obtamed for the ﬁrst multnple defect

Stress Distribution - lexltiple Defects
Model 2, Crack B:(q.=0.1)
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Figure 5.14 - Stress distributions near the crack tip Model 2, Crack B).
model. The intersection of the two distﬁbutions for Crack A occurs at a location of
approximately 6.62 mm from the inner surface of the pipe. Tﬁe r-node stress for this.
intersection‘is approximately 130 MPa. The central crack in this model is much
shallower. Therefore, a lower r-ﬁode stress is expected. This is indeed the case, as
shown in Fxgure 5 14. The mtetsecnon of the first and second hnear elastic distributions

for Crack B occurs at a locanon of 8 83 mm from the inner surface of the plpe The -

s
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node stress for this intersection is approxﬁnately 100 MPa. This value is less than that of

Crack A. Therefore, the stress value to be used in the limit load calculation is that of the
deepef. crack. The limit load corresponding to this r-node stréss value is 7.51 MPa. The
nonlinear FEA result fof the second model is 8.15 MPa. The Gloss r-node estimation

compares very well for this partiéular geometry. The m,-method gives 6.52 MPa for the

limit load, which is also a reasonable lower bound estimate.
5.6 Discussion of Results

Several different pipe problems were presented in the preceding sections of this chapter,
each of which involves one or more axial defects. Robust limit load analysis was
conducted for each and compared to a nonlinear FEA result. The findings for each model
are compiled in Table 5.1, along with error calculations based on the nonlinear finite
element analysis results. In general, the robust estimation techniques provide good

estimates of collapse loads when compared to nonlinear finite element analysis results.

Plots of v the stress distributions for the first aﬁd second linear elastic analyses along the
remaining ligament were obtained for each model. The intersection of the two
distributions indicated the location and stress levei of rédism’buﬁon nodes from which
Limit loads were calculated. The plots shown are for the regions adjacent to the crack tip, |
. v.irheré.A;he :majof r-hode is expected. In most cases, the stress distribution along the entire

ﬁgaméﬁt reveals other intersections in areas remote from the crack tip region (stress
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dism’butiohs along the e'ntire hgament aret‘mmd m'Appendu( C) The stress values for
these intersections are usua.lly much Iower than those near the crack tip. In Chapter 4, it
was explained that it is possible to have mulnple valxd r-nodes present. This typically
occurs under pure bending conditipns. If the t—g_odes. are valid and stress values are
similaf,. averaging of all -node stresses and mﬁg»ﬁc resulting stress value in calculating
the col]apse load is recommended. If there is doubt as to the validity of any r-nodes, (;t

Table 5.1 - Limit Load Results for Pipe Models

2 mm defect

3 mm defect -
| 4 mm defect

2 mm defect

136.09MPa |

there are complexities in the geometry and loadmg itis pmdcnt to use t.he highest r-node
equivalent stress value in the limit load ca]culanon In the majonty of cases with mulnple

valid r-nodes, the averaged result will lead toa collapse load estimate whxch comparc
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very well to ii;‘at determmedbynonlmm FEA. The limit load results presented in Table
5.1 are obta.in;& by u;ing the mmmnm Tr-node stress. value obtained for each model. This
conservative approach iS chosen in order to avoid overpredicﬁons in collapse loads due to
the inhgrent uncértainties in material behaviour and compléxiﬁes in the geometry leading
to numerical modelling approximations for cracked components. The uncertainties in
material behaviour may be examined separately using reliability analysis, however, the |
other uncertainties must be considéted. Aithough consefvative, the results presented are
acceptable estimates of the collapse load as compared to the nénlinear FEA values and
provide much better estimates than methods such as the lower bound theorem which can
be conservative by 50% or more. The manner in which collapse loads were obtained

" from a nonlinear analysis using the ANSYS software can lead to some uncertainty. The

" load is applied in increasingly large load inci'é-ments until excessive displacemests occur
or predefined plasticity limits are reached which do not allow the solution of the problem.
At this point, the previously applied load step is bisected and the solution process
continues. The bisection process continues until the load increment reaches a sufficiently
small value such that no further application of load can occur without excessive
displacement or plastic strain. Uncertainty arises in the size of the load gap between.
which the problem can be solved and the onset of excessive displacement. This can be
overcome by manually selecting the applied load increment and carefully controlling the
load application following the onset of plasticity. This uncertainty, while not very large,
may allow a robust estimation to fall either above or below the nonlinear FEA estimate,

in which case, the robust estimate may be questionéd.’ There is also uncertainty
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int'mducegi_ in thc a#mmpﬁon' of §i55tic-p’erfectly plastic material behaviour. Therefore,

- comparisons with nonlinear FEA estimates must be fully considered béfore' discounting
any robust estimate results. Although comparison with nonlinear FEA results is - |
acceptable for illustrating the power of the techniques described, further work is required

to obtain experimental or other reliable results that may be used for comparison purposes.

The m,-method also provides reasonable collapse load estimations. For the most part, m,
results are slightly more conservative than those obtained by the Gloss r-node approach
(refer to Table 5.1). This is the opposite of the results obtained in Chapter 4, however,
this is explained by the limited size of the volume available for stress redistribution in the
pipe models and the requirement of reducing the modulus adjustment index. Itis -
important to note that most results obtained using the m,-method require more than one

“iteration. The most common problem is a negative discriminant in the final calculation of
the m_multiplier, as discussed in Chapter 4. This difficulty is easily overcome by
performing multiple iterations. This process is automated in the macro used to obtain the
given results. For cases which require multiple iterations, acceptable results are normally
obtained within three or four iterations. Although processing time is somewhat longer,
results are obtained more quickly than with a nonlinear FEA analysis. As well, there is
no additional effort required once the macro is in place. The advantage of the m_-method
isinits ability to give a quick result withqut having to plot and interpret stress

distributions.




CHAPTER 6

CONCLUSIONS

6.1 Contributions of the Thesis

One of the most important contributions of the thesis is in providing a relatively simple
and systematic procedure for applying the Gloss r-node and m,_ robust techniques. The
theory behind each method is; for the most part, complex, thus, creating difficulty in the
actual applic;m'on.‘ The pr'(x;edures outlined j_allow the methods to be applied without a
thorbugh knowledge of ttvie. theory However, the user must have some knowledge of the
structure being apa[yzed and somé appre&dtidn for the‘ magnitude of the final result. As
in most analysis techniques, there are pitt"alls and traps that have to be avoided in order to

achieve a satisfactory result.

This thesis extends, the useof the Gloss r-node and m,—methods of robust limit load




analy‘sis’ to cracked 'éoﬁlpoqénts orstructures. The nlleﬁlods are first appﬁed to standard -
fracture geometries and compated to nonlmear ﬁﬁite element analysis and analytical hmlt
load solutions for these geometries. In each case, the robust techniques provided
adequate and acceptable results that could readily be used in analysis or assessment type
activities. This is especially true of the RS and R6 Failure Assessment Procedures
outlined by Nuclear Electric in the United Kingdom. These assessment procedures are
widely accepted around the world for the analysis of cracked components. The
assessment procedure is entirely dependent on reference stress and a length parameter,
each of which requires calculation of the structures limit load. The RS and R6 procedures
list several limit load calculation schemes for various geometries. However, there are
numerous cases where a standard limit load solution is unavailable. The availability of a
robust limit load estimation tool will greatly aid in the assessment of complex crack
geometries which may not otherwise be viable. Both the Gloss r-node and m,-methods of
robust analysis would be of great benefit to users of the RS and R6 failure assessment

procedures.

This thesis also introduces an improved r-node visualization method which shows r-nodes
as contours, enabling the user to quickly idéntify peaks and provide a quick picture of the
load controlled locations within the structure. Examples of this are illustrated in Chapter
4 for the standard specimens, while r-node plots for the more complex pipe geometries

are provided in Appendix C.



Perhaps the most important conm'ﬁuﬁon’of this thesisis tﬁe effort that has gone iﬁfo
advancing the robustt&hniques to complq;; multiple .crack @ometﬁes as demonstrated in
Chapter S. The results obtained for these ptoblems are very encouraging and illustrate the
extensive capabilities of the techniques. Lilmt load sdlutions for complex crack
geometries are genérglly not available, WEilc nonlinéét finite element solutions are
extremely time consuming and require extensive co@uting resources. The robust
methods are quick, accurate and easily implemented. Although further work is required
to fully gage tﬁe capébﬂjﬁes and Hmimﬁon§ of these techniques, the results obtained
through this research clearly indicate the usefulness of these tools in the assessment of

cracked components.
6.2 Future Efforts

There are several routes to be explored in the application of the Gloss r-node and m,
techniques to cracked components. The analysis of finite length cracks of variable depth
(i.e. the semi-elliptical shaped defect) is most definitely an area in which the techniques
may be applied. This, of course, will require the use of three dimensional models and
careful plotting of stress distributions for a successﬁn analysis. The ability to analyze '
multiple defects has been shown in this thesis for simplified cases. However, future
research should be directed toward the anélysis of a measurable crack colony,
encountered in the field, for evaluation purposes. In addition, the problem of

circumferential defects in piping and pressure vessels has become of interest to industry.
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Thebappﬁé'ati:dn:of robust analysis to t.hesc ptoblems was not explored in this thesis, but is

an obvious extension of this work.

Another area for future irork is the determination of elastic-plastic fracture mechanics
p@emm usmg robust analysis. Preliminary efforts have been made to this end and
should be continued. The nature of modern Meﬁﬂs is sucﬁ that analysis of cracked
components requires the use of elastic-plastic fracture mechanics in lieu of linear elastic -
fracture mechanics. If robust analysis can provide an éffective means of determining
elastic-plastic fracture Imec'himi'cé parameters, it would provide a great step forward in the

field.
The use of robust analysis has been shown to be quite effective in determining limit load -

estimates for the problems considered in this thesis. However, as the previous discussion

illustrates, there are many other potential applications for robust analysis.
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APPENDIX A
ANSYS Input Files and Macro Code

Co12



o j'. , ANSYSInputFnes-standardFractureSpecunens

/baiu_:h.

/title,CT Specimen - Linear Asialysis

*set,a,.0466 -
*set,w,.l <
“*get,b,.003
*set,r,.0125
*set,ym,211e09
*set,ys,488.43e06

/prep7

et,1,plane2,,,3
mp.ex,1,211e9
mp,nuxy,1,0.3

tb,bkin, 1,1
tbdata, 1,ys,0

real,1
r,LLb

k,1,0,.005
k,2,.005,0

k3,20

k,4,w,0
k,5,w,0.625*w
k,6,-1.5%r,0.625*w
k,7,-1.5%r,.005
k,8,0,.0315
k,9,0,.0315+r
k,10,0,.0315,w

L12
123
134
145
L5.6

I Set model geometry values

! 6 noded triangular element
! Young's Modulus (Pa)
! Poisson's ratio

! Set plastic material properties
! for nonlinear analysis

! Definition of model keypoints

! Definition of lines from
! keypoints
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16,7
17,1

lesize,3,.005
lesize,4,.005-
lesize,5,.005
lesize,6,.005

circle,8,r,10,9,,4

kscon,3,0.001,1,9

al,1,2,3,45,6,7
al,8,9,10,11

asba,1,2
amesh,3
fini
/solu

antype,0

nropt, 1,,off
autots,on
pred,on,,on
ncnv,0
outres,all,all

nsel s loc,x,w
nsel,r,loc,y,0
d,all,ux,0
nsel,all

Isel,s,line,,3
psll,s,1
d,all,uy,0
nsel,ail
Isel,all

! Set element edge length for
! selected lines during meshing

! Generate a circle for CT model
! load application

! Generate crack-tip elements

! Define areas from lines

! Subtract area 2 from area 1

! Mesh resulting area 3

! Set solver options for nonlinear
! analysis

! Set bouhdary conditions
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Isels line, 8,11,3

nslls,1
f,all.fy,1500
nsel,all
Isel,all

time,3
nsubst,200:

save
solve

fini

exit

! Load application

1 Set number of load steps and substeps

! for nonlinear analysis




SENB Specimen:

/batch

! SINGLE EDGE NOTCHED BEND SPECIMEN

! Half Model

fprep7 .

/title, SENB Specimen

et, I plane2,,.3
mp.ex,1,211e9
mp,nuxy,,0.3

tb,bkin,1,1
tbdata,1,488.43¢6,0

k,1,0,0
k,2,0.19375,0
k,3,0.19375,.00625
k,4,0.2,0.025
k,5,0.2,0.08
k,6,0.2,0.1

k,7,0,0.1

L1,2
12,3
134
14,5
15,6
16,7
17,1

£,1,0.003
kscon,5,0.001,.5.9
lesize,all,0.05

alall - -

! 6 noded triangular element

! Young's Modulus (Pa).

! Poisson's ratio

! Setting plastic material properties
! for nonlinear analysis

! Define model keypoints

! Define lines

! Model thickness (m)

! Create crack-tip elements

1 Define element edge length for meshing

! Define area
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real, L

D

finish
/solution:

antype,0
nropt, 1,,0ff
autots,on
pred,on,.on
ncnv,0
outres,all,all

nsel,s,loc,x,0
nsel,r,loc.y,0
d,all,uy,0
nsel,all

Isel,s,line,,5
nsll,s,1
d,all,ux,0
Isel,all
nsel,all

nsel,s,loc,x,0.2
nsel,r,loc,y,0.1

f,all fy,-6000
nsel,all

time,3
nsubst,200

save
solve
finish
exit

1 Mesl;;gfca‘

- I Setting solver options:for

! nonlinear analysis

! Define boundary conditions

! Apply load

! Set number of load steps and substeps
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SENT Specimen:

fbatch

! SINGLE EDGE NOTCHED TENSION PANEL

! Half Model

/prep7

/title, SENT Specimen

et,1 plane2,,,3
r,1,0.003

mp,ex,1,211e9
mp,nuxy,1,0.3

k,1,0,0
k.2,0.03,0
k.,3,0.05,0
k,4,0.05,0.1
k,5,0,0.1

L1,2

1,2,3

1,34

14,5

Ls,1
kscon,2,0.001,0.5,9
lesize,all,0.005
al,all

amesh,1

finish -

/solution

antype,0
autots,on
outres,all,all -
pred,on,,on

! 6 noded triangular element
! Component thickness (m)
! Young's Modulus (Pa)

! Poisson’s ratio -

* V'Define model keypoints

! Define lines

! Create crack-tip elements

1 Setelement edge length for meshing

! Define area

! Mesh area

! Set solver optlons for nonlmear
. f_ - analysrs ‘

-




nropt, 1,.0ff
ncnv,0

Isel,s line,,2 : ! Set boundary conditions
nsll,s,1 ‘

d,all,uy,0

Isel,all

nsel,s,loc,x,0.05
nsel,r,loc,y,0
d,all,ux,0
nsel,all

tb,bkin, 1,1 ! Set plastic material properties for
tbdata,1,488.43¢6,0 ! nonlinear analysis

time,3 ! Set number of load steps and substeps
nsubst,200

nsel,s,loc,y,0.1 ! Load application
nsel,r loc,x,.02,.03

f,all fy,200

nsel,all

save
solve.

finish
exit
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| ANSYS Input Files - Pipe Modeéls
Typical Single Axial Defect Model: |
foatch " |
fitle,Pipe Model - 2mm Defect |

*set,ym,21 1€9 ‘
*set,ys,488.43¢6

- fprep7

et, 1 plane2,,,2

mp,ex,1,ym
mp.nuxy,1,0.3

tb,bkin, 1,1
tbdata,1,ys,0

k,1,0,0,0
k,2,447.0
k,3,.455,0 ‘
k.4,.457,.0002
k.5,0,.457
k,6,-.457,0
k,7,-447,0
k.8,0,.447

12,3
1,34
larc,4,5,1,.457
larc,5,6,1,.457
1,6,7
larc,2.8,1,.447
larc,8,7,1,.447

Iesize,1,.001
lesize,2,.001
lesize,3,.005,,4 .
lesize 4,.005 ‘
lesize,6,005,4 .
Iesize;S;.OOS R

1o -




lesize.7.005

kscon,3,.0005,1,9

22,3458
a,5,6,7.8
amesh,all

fini
/solu
antype,0

nropt, 1,,off
autots,on
pred,on,,on
ncnv,0
outres,all,all

nsel,s,node,,2
d,all,ux,0
nsel,all

Isel,s,line,,1
nsll,s,1
d,all,uy,0
nsel,all
Isel,all

Isel,s,line,,5
nslls,1
d,all,uy,0
nsel,all
Isel,all

! Isel,s.line,.6,7
! nsil,s, 1
! sf,all,pres,2e6
! nsel,all
!1sel,all

Isel,s,line,,6,7
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sflall,pres,15¢6

Isel,all

ime3

nsubst,200 -

save
solve

fini

! *use,repeat
! finp,rmac3d

exit
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Typical Internal Axial Defect Model:

/batch
hitle,Pipe Model - Internal 2mm Defect .

*set,ym,211e9
*set,ys,488.43e6

/prep7

et,1,plane2,,.2

mp.ex,l,ym
mp,nuxy,1,0.3

tb,bkin,1,1
tbdata,1,ys,0

k,1,0,0,0
k2,447,0
k,3,.449,0
k4,457,0
k.5,0,.457
k6,-457,0
k,7,-447,0
k.8,0,.447

1,2,3
1,3.4
larc.4,5,1,.457
lare,5,6,1,.457
1,6,7
larc,2,8,1,.447
larc,8,7,1,.447

lesize,1,.001
lesize,2,.001
lesize,3,.005,,,4
lesize,4,.005
lesize,6,.005,,.4
lesize,5,.005
lesize,7,.005
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© kscom3;0005,19 -

223458
a,5,6,7.8
amesh,all

fini*
lsolj1
antype.,0

nropt,1,,0ff

~ autots,on
pred.on,,on
ncnv,0
outres,all,all

nsel,s loc,x,~457

nsel,r.loc,y,0
d,all,ux,0
nsel,all

Isel,s line,,2
nsll,s,1
d,all,uy,0
nsel,all
Isel,all

Isel,s line,,5
nsll,s,1
d,all,uy,0
nsel,all
Isel,all

! Isel,s,line,,6,7
! nsll;s, 1
! sf,all,pres,2e6
! nsel,all
! Isel,all

Isel,s line,,6,7
sfl,all,pres,15e6
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! *use,repeat
! finp,rmac3d

exit
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Thick Wall Pipe External Defect:
fbatch |
itle,Pipe Model - 2mm Defect

*set,ym,211e9
*set,ys,488.43e6

/prep7

et,l,plane2,, .2
mp.ex,l,ym
mp,nuxy,1,0.3

tb,bkin, 1,1
tbdata,1,ys,0

k,1,0,0,0
k,2,.357,0
k,3,.455.0
k.4,.457,.0002
k,5.0,.457
k,6,-.457,0
k,7,-.357,0
k.8,0,.357

12,3

1,3.4
larc,4,5,1,.457
larc,5,6,1,.457
L6,7 -
larc,2,8,1,.357
larc,8,7,1,.357

lesize,1,.005

lesize,2,.005

lesize,3,.01,,.4

lesize 4,01

lesize,6,.01,,4

lesize,5,.01 _
lesize, 7,01, - T A
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SR

kst;_on,3,;0005J 9

223458
a,5,6,7.8
amesh,all

fini
/solu

antype,0

nropt, L,,off
autots,on
pred,on,,on
ncnv,0
outres,all,all

nsel,s loc,x,-457
nsel,r,loc.y,0
d,all,ux,0
nsel,all

Isel,s line,,1
nsll,s, 1
d,all,uy,0
nsel,all .
Isel,all

Isel,s line,,5
nsll,s,1
d.all,uy,0
nsel,all -
lsel,all

! Isel,s,line,,6,7
! nsll,s, 1

! sf,all,pres,2e6
! nsel,all
!lsel,all

Isel,s,line, 6,7

sfl,all,pres,150e6

ur




Isel,all

time,3
nsubst,200

save
solve

fini

! *use,repeat

! /inp,rmac3d

exit
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Multiple Defects Full Model:

fbatch

fiitle,Pipe Model —Multiple Defects

*set,ym,211e9
*set,ys,488.43¢6

/prep7

et,1,plane2,,,2

mp,ex,l,ym
mp,nuxy,1,0.3

tb,bkin, 1,1
tbdata,1,ys,0

k,1,0,0,0
csys,1
k,2,454,0
k.3,457,02
k.4,457,.5
kS,447.5
k.6,.447-5
k,7,457-5
k.8..457,-.02

k,9,.455,1
k,10,.457,1.02
k11,457,15
k,12,447,1.5

- k,24,.457,.98

k,13,.455,-1
k,14,.457,-.98
k,15,.447,-15
k,16,.457,-1.5
k,17,.457,-1.02

csys,0
k,18,0,.457

k,19,0,.447
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k.20,-457,0
k,21,-447,0
k,22,0,-.457
k,23,0,-447

1,2,3
1,2,8
14,5
1,6,7
1,9,10
19,24
L11,12
113,14
115,16
1,13,17
1,18,19
1,22,23

larc,3.4,1,.457
larc,8,7,1,457
larc,5,6,1,.447
larc,4,24,1,.457
larc,10,11,1,457
larc,5,12,1,.447
larc,7,14,1,.457
larc,17,16,1,.457
larc,6,15,1,.447

larc,11,18,1,.457
larc,12,19,1,447
larc,16,22,1,.457
larc,15,23,1,.447
larc,18,20,1,457
larc,20,22,1,.457
larc,19,21,1,447
larc,21,23,1,447

- lesize,3,.001
lesize,4,.001
lesize,7,.001
lesize,9,.001
lesize, 15,.001

lesize, 18,001
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lesize,21,.001
lesize,22,.005,.4
lesize,23,.005,4
lesize,24,.005,,.4 -
lesize,25,.005,,.4
lesize,26,.005
lesize,27,.005
lesize,28,.005
lesize,29,.005

kscon,2,.0005,1,18
kscon,9,.0005,1,18
kscon,13,.0005,1,18

31273 ’475 1677’8
a,9,10,11,12,5,4,24
a,13,14,7,6,15,16,17
a,11,12,19,18
a,15,16,22,23
a,18,20,21,19
a,20,22,23,21

amesh,all
fini

/solu

antype.,0

nropt,1,,0ff
autots,on
pred,on,,on
ncnv,0
outres,all,all

nsel,s,loc,x,.4539,.4541
nsel,r,loc,y,0

d,all,uy,0

d,all,ux,0

nsel,all

nsel,s,loc,x,0
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nsel,r;loc.y,-447
d,allux,0
nselall.

nsel,éJoc,x,—;447 3

‘nsel,r,loc,y,0
d,all,uy,0
nsel,all

csys,1

! nsel,s,loc,x,.447
| sf,all,pres,2e6

! nsel;all

nsel,s,loc,x,.447
sf,all,pres,15¢6
nsel,all

csys,0

time,3
nsubst,200

save
solve

fini

! ¥use,repeat
! /inp,rmac3d

exit
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Multiple Defects Half Model:

/batch

htitle,Pipe Model - Multiple Defects

*set,ym,21 le9
*set,ys,488.43e6

IprepT .

et,1,plane2,,2

mp.ex,1,ym
mp,nuxy, 1,0.3

tb,bkin, 1,1
tbdata,1,ys,0

k,1,0,0,0
csys,1
k,2,.456,0
k,3,457,.02
k.4,457,.5
k,5,447..5
'k,6,447 -5
'k,7,457,-5
'k.8,.457,-.02

k,9,454,1
k,10,.457,1.02
k11,457,1.5
k,12,447,15
k,24,.457,.98

1k,13,.454,-1

'k,14,.457,-.98
'k,15,447,-1.5
1k,16,.457.-1.5
'k,17,.457.-1.02

k,25,.447,0
k,26,.447,1
1k,27,.447 -1



~csys,0
k,18,0,.457
k,19,0,447
k,20,-457,0
k,21,-447,0

- 1k,22,0,-457
- 1k.23,0,-447

12,3
1,2,8
14,5
16,7
1,9,10
1,9,24
1,11,12
',13,14
11,15,16
11,13,17
1,18,19
11,22,23
121,20
1,252

larc,3,4,1,.457

! larc,8,7,1,.457
larc,5,25,1,.447

! larc,25,6,1,.447
larg:,4,24,1,.457
larc,10,11,1,.457
larc,12,26,1,.447
larc,26,5,1,.447
!larc,7,14,1,.457

! larc,17,16,1,.457
! larc,6,27,1,.447

_ !larc,27,15,1,.447

larc,11,18,1,457
larc,12,19,1,447

! larc,16,22,1,457 -

! larc,15,23,1,.447
‘larc;18,20,1,.457

! larc,20,22,1;457

larc,19,21,1,.447
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1larc2123,1,447 %

~ lesize,2;.001
lesize,5,.001
lesize,6,.005
lesize,7,.005
lesize,8,.001
lesize,9,.001
lesize,10,.001
lesize,11,.001
lesize,12,.001
lesize,13,.001
lesize,14,.001
lesize, 15,.005,,,4
lesize, 16,.005,,.4
lesize,17,.005
lesize,18,.005

! lesize,23,.001

! lesize,24,.001

! lesize,25,.005,,.4
! lesize,26,.005,,.4
! lesize,27,.005,,.4
! lesize,28,.005,,.4
! lesize,29,.005

! lesize,30,.005

! lesize,31,.005

! lesize,32,.005

kscon,2,.0005,1,18
kscon,9,.0005,1,18
kscon,13,.0005,1,18

a,2,3,4,525!6,7,8
a9,10,11,12,26,5,4,24
!a,13,14,7,6,27,15,16,17
all1,12,19,18
!a,15,16,22,23
a,18,20,21,19
!a,20,22,23,21

amesh,all

fini
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/solu

antype,0

nropt, 1,,0ff
autots,on
pred,on,,on
ncnv,0
outres,all,all

nsel,s.loc,x,.4539,.4541
nsel.r,loc,y,0

d,all,uy,0

d,all,ux,0

nsel,all

I nsel,s,loc,x,0

! nsel.r,loc,y,.447
! d,all,ux,0

! psel,all

nsel,s,loc,x,-.447
nsel,r,loc,y,0
d,all,uy,0

nsel,all

Isel,s,line,,7
nslls,1
d,all,uy,0
nsel,all
Isel,all

Isel,s line,,8
nsll,s,1
d,all,uy,0
nsel,all
Isel,all

csys,l __
! nsel,s,loc,x,.447
! sf,all,pres,2e6
'nselall

16



nsel,s;loc,x,.447
sf,all,pres,15e6
nsel,all

csys,0

time,3
nsubst,200

save
solve

fini

! *use,repeat
! /inp,rmac3d

exit
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AMWSMumCMe

Improved Gloss R-node Macro' o

# ELAST[C MODULUS SOFIENING MACRO FOR R—NODE ANALYSIS #

bR E T o222 2222222 o222 22222t S22 22222 o2 222222222 222222t 22 2 2

* note: *
* the parameters "ym" and "ys" should be defined in the main *
* promm *x

T T —

I-LINEAR ANALYSIS

Suited for:

(1) 2-dimensional pla.ne clcmcnts
- 3-noded triangular elements
- 6-noded triangular elements
- 4-noded quadrilateral elements
- 8-noded quadrilateral elements

(2) 3-dimensional solid elements
- 4-noded tetrahedral elements
- 10-noded tetrahedral elements
- 8-noded solid elements
- 20-noded solid elements

PR AR M (S 4D SR I (e (VI IR 1 (D (A (= (=B (e §ew Jew S B (=B e pees  femw

/postl

*dim,dum1,array,1
*dim,dum?,array, 1
*dim,dum3,array, 1
*dim,xcord,array, 1
*dim,ycord,array, 1
*dim,zcord,array, |
*dim,tri,array,4
*dim,quad,array,4
*dim,tetra,array,4
*dim brick,array,6
*dim,zz,array, |
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*dim,zdum|,array, 1
*dim,zdum?,array, L
*dim;zdum3,array, 1
*dim,zdumd,array,1 -
*dim,zdumS5,array, 10000
*dim,varbll,array,l

- *dim,varbl?,array,1
*dim,varbl3,array,1
*dim,varbl4,array, 1
*dim,varbl5,array, 1
*dim,‘vafblﬁ,my, 1
*dim,varbl7,array, 1
*dim, varbl8,array,1

Set,1
Etable,sigc.s,eqv
Etable,vol,volu

!

==——===]|

! Sorted element stresses and volumes are stored in the file "esort1"}
! Unsorted element stresses and volumes are stored in the file "estrs1]
!

===

*get,maxl,elem,0,num,max

Esort,etab,sige,0
fout.esortl
Pretab,sige,vol
fout

Eusort

*cfopen,estrs1
*do,kk,1,max1
*get,sigcl,elem, kk etab,sigc
*get,voll,elem kk,volu
*get,xcoord,elem,kk,cent.x
*get,ycoord,elem,kk,cent,y -
*get,zcoord,elem kk,cent,z
Xcord(1)=xcoord
Ycord(1)=ycoord
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Zcord(1)=zcoord

Duml(l)=kk

Dum2(1)=sigel -

Dum3(1)=voll
*vwrite,dum1(1),dum2(1),dum3(1),xcord(1),ycord(1),zcord(1)
(x,6.1,5(2x,e21.10))

*enddo

*cfclos
'

! ==begin grouping adjacent element pairs:

*get,centl,elem,5,cent,z ! two arbitrary
*get,cent2,elem,27,cent,z ! elements

*if,centl eq,0,then
*if cent2,eq,0,then
Prob=2 ! 2-dimensional problem
*endif
*else
Prob=3 ! 3-dimensional problem
*endif
*get telem,elem,0,count
*cfopen,egroup
*do.ij,1.telem
Esel,s,elem,,ij
Nsle,s
*get,nnode,node,0,count
Esel,all
Nsel,all
Zz()=ij
*if,prob,eq,2,then
*if,nnode,eq,3,then
. *get.tri(1),elem,ij,adj, 1
*get,tri(2),elem,ij,adj,2
*get,tri(3).elem,ij,adj,3
*get,tri(4),elem,ij,adj,4 ! for the sake of stif42
*vwrite,zz(1),tri(1) |
- (2(2x.£7.1))

vwrite,zz(1),tri(2)
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Loexmn)

- *vwrite,zz(1);tri(3)
(2(2x,{7.1)) .
*vwrite,zz(1),tri(4) . ! for the sake of stif42 forced

" (2(2xf7.1))- ' Yinto iriangle '
*endif -~
*if,anode,eq,6,then .

l *get,tﬁ(l),elem,ij aadj > 1
*get,tri(2),elem,ij,adj,2
_*get,tri(3),elem.,ij,adj,3
*ywrite,zz(1),tri(1)
(2(2x,£7.1)) _
*vwrite,zz(1),tri(2)
(2(2x,f7.1))
*vwrite,zz(1),tri(3)
(2(2x.17.1))

*endif

- *if.)nnode,eq,4,then

- *get,quad(1),elem.ij,adj,1
*get,quad(2),elem.ij,adj,2
*get,quad(3),elem,ij.adj.3

- *get,quad(4),elem,ij,adj,4
- *ywrite,zz(1),quad(1)
(2(2x,f7.1))

~ *vwrite,zz(1),quad(2)
(2(2x,17.1))
*vwrite,zz(1),quad(3)
(2(2x,17.1))
*vwrite,zz(1),quad(4)
(2(2x,f1.1))

*endif _

*if,nnode,eq,8,then

*get,quad(1),elem,ij,adj, 1
*get,quad(2);elem.j.adj,2
*get,quad(3),elem,ij,adj,3
*get,quad(4),elem.ij,adj4
*vwrite,zz(1),quad(1)
(2(2x.f7.1))
*vwrite,zz(1),quad(2)
@2x.f7.1)) -
*vwrite,zz(1),quad(3)
(2(2x,£7.1))
*vwrite,zz(1),quad(4)
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2@2x,f7.1))
*endif
- *endif

*if,prob,eq,3;then
*if,nnode.eq,4.then
*get tetra(l),elem.ij,adj, 1
*get tetra(2),elem,ij,adj,2
*get,tetra(3),elem,ij,ad),3
*get,tetra(4),clem,ij,adj4
- *ywrite,zz(1),tetra(1)
(2(2x,£7.1))
*vwrite,zz(1),tetra(2)
(2(2x,£7.1))
*vwrite,zz(1),tetra(3)
(2(2x,f7.1))
*vywrite,zz(1),tetra(4)
(2(2x,17.1))
*endif
*if.nnode,eq, 10,then
*get,tetra(1),elem,ij,adj, 1
*get,tetra(2),elem,ij,adj,2
*get,tetra(3),elem,ij,adj,3
*get,tetra(4) elem,ij,adj.4
*vwrite,zz(1),tetra(1)
(2(2x,17.1))
*vwrite,zz(1),tetra(2)
(2(2x,17.1))
*ywrite,zz(1),tetra(3)
(2(2x.17.1))
*vwrite,zz(1),tetra(4)
(2(2x.1f1.1))
*endif
*if,nnode,eq,8,then
*get,brick(1),elem,ij,adj,1

*get,brick(2).elem,ij,adj,2

*get,brick(3).elem,ij,adj,3
*get,brick(4),elem,ij,adj,4
*get,brick(5),elem.ij,adj,5
*get,brick(6),elem,ij,adj,6
*vwrite,zz(1),brick(1)
@(2x.£7.1))
*vwrite,zz(1),brick(2)
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(2(2x,f7.1))
- *vwrite,zz(1),brick(3)
(2(2x£7.1)) -
*vwrite,zz(1);brick(4)
(2(2x£7.1)
*vwrite,zz(1),brick(5)
(2(2x.£7.1))
© *vwrite,zz(1),brick(6)
Q2@xf7.1)
*endif
*if,nnode,eq,20,then
*get,brick(1),elem,ij,adj,
*get brick(2),elem,ij,adj,2
*get,brick(3),elem,ij,adj,3
*get brick(4),elem,ij,adj,4
*get,brick(5),elem,ij,adj,5
*get,brick(6),elem,ij,adj,6
*vywrite,zz(1),brick(1)
(2(2x,f7.1))
*vwrite,zz(1),brick(2)
(2(2x,f7.1))
*ywrite,zz(1),brick(3)
(2(2x,£7.1))
*vwrite,zz(1),brick(4)
(2(2x.f7.1))
*vwrite,zz(1),brick(5)
(2(2x,£7.1))
*vwrite,zz(1),brick(6)
(2(2x,f7.1))
*endif
*endif
/gop
Elem_pums=ij
/nop -
*enddo
*cfclos

l==—===============e¢nd grouping adjacent element
pairs============——=———=—===—==

! ———open a file to store all external nodes of the componen
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*cfopen,extnodes

Nsel,s,ext

*get,ztotnod,node,0,count
Zz(1)=ztotnod '
*vwrite,zz(1)

X,f1.0) :
¥get,znodnum,node,0,num,min
*do,zk,1,ztotnod ‘
*get,zxcord,node,znodnum,loc,x
*get,zycord,node,znodnum,loc,y
*get,zzcord,node,znodnum,loc,z
Zdum!(l)=znodnum
Zdum?2(1)=zxcord

Zdum3(1)=zycord

Zdumd(1)=zzcord

*vwrite zduml(l),zdumZ(l),zdum3(1),zdum4(l)
(X,£6.0,3(2x,e21.10) .
*get,modnum,node,znodnum,nxth ‘
*enddo

*cfclos

Nsel,all
Esel,all

| (—

=== nd node selection:

1
i For selective softening remove the comment below
cE¥¥ esel,s,etab,sigc,ys,(ysflOelO) :

1

*set,mn,2

*cfopen,exval

*gct,kk,elem,o,count

Aifa=l

*do,,Lkk
*get,minl,elem,0,num,min
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get,steq,elem,mml etab,s:gc s
*set,esec; ((yslsteq)**alfa)*ym :
‘*cfwnte,mp,ex,mn

RN i *cfwme,mp,nuxy,mn 049
- .- *set,mn,mn+1

B »f‘f-‘*set,mml,mml-i-l
- *f mink;le;max1,then

L 'Esel,r,elem,,mml,maxl

*end1f
*enddo

*cfclos
t

-
Esel,all

c**¥ esel,s,etab;sige,ys,(ys*10e10)
!

*setmn,2

*cfopen,exmod
*do,l,1,kk
*get,minl,.elem,0,num,min
*cfwrite,mat,mn

. *cfwrite,emodif,min1
*set,mn,mn+1

*set,minl,minl+1

*if minl,le,max1,then
Esel,r.elem, minl,max1.
*endif
*enddo
*cfclos
Esel,all
Finish

!

! HO-LINEAR ANALYSIS
o ‘

/prepT
Resume
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Ex,Lym .
*use,exval
*use,exmod .
Finish

/solu
Save
Solve
Finish

fpostl

*dim,duml ,array, 1
*dim,dum?2,array, 1
*dim,dum3,array, 1

Set,1
Etable,sigc,s.eqv
Etable,vol,volu

!

—]

! Sorted element stresses and volumes are stored in the file "esort2"[
! Unsorted element stresses and volumes are stored in the file "estrs2"|
!

==}

*get,max1,elem,0,num,max

Esort,etab,sigc,0
/out,esort2
Pretab,sigc,vol
lout

Eusort

*cfopen,estrs2
*do,kk,1,max]1
*get,sige3,elem,kk,etab,sigc
*get,vol2,elem.kk,volu
Duml(1)=kk
Dum?2(1)=sigc3
Dum3(1)=vol2

*vwrite kk,sigc3,vol2
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m,-method Macros:
*set, YM,211e9
! *set,YS,488.43¢6

/inp,iterl,,../itermac/

/sys,mv RUN1RUN2

finp.iter2,,..fitermac/
/sys,mv RUN2 RUN3
finp,iter3,,. /itermac/
/sys,mv RUN3 RUN4
/inp,iter4,,../itermac/
/sys,;mv RUN4 RUNS
/inp,iterS,,../itermac/
/sys,mv RUNS RUN6
finp,iter®,,../itermac/
/sys,mv RUN6 RUN7
finp,iter7,,. fitermac/
/sys,mv RUN7 RUNS
/inp,iter8,,../itermac/
/sys,mv RUN8S RUN9
/inp,iter9,,../itermac/
/sys,mv RUN9 RUN10

/sys,rm vread

/sys,m MAX1
/sys;;m EXVAL
/sys,m EXVAL.AUX
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S L T Y T s s s s s

* The parameter "YM'" should be defined in-the main pro *
program

*********#ff****_****}k*****#**********#************************

= e tem gy

I-LINEAR ANALYSIS

v pn gy

/postl
/nopr

*dim,dum1,array, 1
*dim,dum?,array, 1
*dim,dum3,array, 1
*dim,dumd,array, 1
*dim,dumS$,array, [

Set,1
Etable,sigc,s,eqv
Etable,vol,volu

/out,esortl,,../iterres/
Esort,etab,sigc,0
Pretab,sigc,vol

/out

Eusort

!
! Element stresses and volumes are stored in the file "estrs1"

*get,maxl,elem,O,num,max

Dumd(1)=max1
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*cfopen,maxl ,
*vywrite;dum4(l).
(Ix,f152) -

*cfclos.

/sys,cp max] runl

*dim,esecl array,maxl !
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

*cfopen,estrsl,,. /iterres/ !%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

L

*do,k,I,max1

*get,sigcl,elem k.etab,sigc

*get,voll,elem,k,volu
"Duml(l)=k

Dum?2(1)=sigcl

Dum3(1)=voll

*vwrite,dum1(1),dum2(1),dum3(1)

(1x,£6.1,3x,e21.10,3x,e21.10)

*enddo

*cfclos

!

/nopr

c¥** *cfclos
c*** !

!
! For selective softening remove the comment below

c*** esel,s,etab,sigc,ys,(ys*10e10)
1

*sct,mn 2
*set,ys,100 ! arbitrary stress value

" *cfopen,exval2,,. /iterres/ !%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
*ge.t,k,elem,O,éount» :

*do,l,1.k
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*get,mml elem. O,num,mm _
*getsteg,elem,minl etabsigc =~ _
*set.esecl(l),(ys/steq)*ym ! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
*cfwrite,mp,ex,mn.eseci(l) ! - -

‘ %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
*set,mn,mn+1 ‘

*set,minl,minl+1

*if minl,le,max]1,then

Esel,r,elem, ,minl,max1

*endif '

*enddo

*cfclos

!
/nopr

I

Esel,all ‘
cHE*® esel s,etab ,Sigc.ys, (ys*lOelO)
!

*cfopen,exval,aux ! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
*dokk,1,max1,1 :

Dum5(1)=esecl(kk)

*vwrite,dumS5(1) ! %% %% % % % % %o % To %o % Yo To%e % % To o Fo To Yo Fo Yo Yo To %o Yo
(1x,e36.19)

*enddo

*cfclos

/nopr -
*set,mn,2

*cfopen,exmod,,. /iterres/
*do,l1,1,k
*get,minl,elem,0,num,min
*cfwrite,mat,mn
*cfwrite,emodif,minl
*set,mn,mn+1 '
*set,minl,minl+1
*if,min1,le;max1,then
Esel,r,elem,,mml,maxl

- *endif
*enddo
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*cfelos |
 Esel,all
Finish

/nopr

L-1lInear analyslIs

4. m ye=m

/prep7
Resume:

Mp.ex,l,ym

/inp,exval2,,. /iterres/ ! %% %% % %% %o % Fo%e Fo FoFo Te To To %o Te %o %o To%e Fo e Fo Fo Yo %o
/inp,exmod,,../iterres/

Finish

/solu
Save
Solve
Finish -

/postl
Resume

*dim,dum],array,1
*dim,dum?2,array, 1
*dim,dum3,array,1

Set,1
Etable,sigc,s.eqv
Etable,vol,volu

fout,esort2,,. fiterres/
Esort,etab,sigc,0
Pretab,sigc,vol

fout

Eusort

*get,max 1,elem,0,num,max

*cfopen,estrs2,,../iterres/ !
*do k,1,max1
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*get,sigc3,elem k etab sigc
*get,vol2,elem k,volu
Duml(1)=k

Dum2(1)=sigc3
Dum3(I)=vol2
*vwrite,k,sigc3,vol2
(1x,16.1, 3x,e2I 10,3x,e21.10)
*enddo

*cfclo_s
!

/nopr

Finish

/sys,cp .fitermacf/iterl iterl.aux
/sys,tail -20 iterl.aux > iterla.aux
/sys,rm iterl.aux

/sys,cut -¢2-72 iterla.aux > vread.for
[sys,rm iterla.aux

Isysf17 -o vread vread.for

/sys,rm vread.for

/sys,vread

Iteration 2:

# ITERATION-1I #
# ELASTIC MODULUS SOFI'ENING MACRO #
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Set,'l,""f | .
EtabIe,si’gé,s eqv

: *get,maxl,élem,o;num,max

*dim,ymodu,array,max1
*dim,esec2,array,max1
*dim,duml,array,]l -

finp,exval

fsys,ym exval

~ ! For selective softening remove the comment below

c**¥ esel,s,etab,sigc,ys,(ys*10e10)
' .

*set,mn,2
*set,yst,100e13 ! arbitrary stress value

*cfopen,exval3,,../iterres/ ! %% % %o %o % %o %o To %o %o %o Yo Yo Yo %o % Te Fo Fo Fo Fo %o Yo Fo %o To %o %o
*get,kk,elein,(),count

*do,11,1,kk
*get,minl.elem,0,num,min
*get steq,elem,minl ,etab,sigc
*set,esec2(1l),(yst/steq)*ymodu(ll)
*cfwrite,mp,ex,mn,esec2(1l)
*set.mn,mn+1
*set,minl,minl+1
*if,minl,le,max1,then
Eselr.elem, minl, max1

*endif

*enddo

*cfclos
]

/nopr




1
" Esel,all
cH* esel,s etab,sxgc,ys,(ys* 10310)

* *cfopen,exval,aux
'*do,k] 1,max1
DumI(I):esecZ(kJ)
*vwrite,dumli(l)
(1x,e39.12)
*enddo

*cfclos

/mopr

T L-1Inear ana_lysIs

Iprep7.
Resume

Ex,l,ym

/inp,exval3,,. /iterres/ ! %% % %% % %o %o %o %o %o Fo Fo %o o T Fo Fo To %o o Fo %o %o % Fo Fo Fo Yo

finp,exmod,.. /iterres/
Finish

fsolu
- Save
"~ Solve
Finish

fpostl
Resume

Set,1
Etable,sigc,s,eqv
Etablg,vol‘,volu .

| /out,esort3,,..{it_enc$l
_ Esort,etal?,sigc,o




Pretab;sig(:;_\'r'bf o
lout ‘
Eusort

*get,max1,elem,0,num,max o
*cfopen,estrs3,,../iterres/ ! S
*do.kl,1,max]

*get,sigc3,elem ki etab,sigc

*get,vol3,elemkl,volu .

*vwrite,kl,sigc3,vol3

(1x,£6.1,3x,21.10,3x,€21.10)

*enddo o

*cfclos
1

/opr
Finish

/sys,vread

Iteration 3:

! e e g Kt e e e S T e e e o
! #  ITERATION-II #

! # ELASTIC MODULUS SOFTENING MACRO #

! R L L b L L b et

/postl

/nopr

Resume

Set,1
Etable,sigc,s,eqv

*get,max 1,elem,0,num,max

6

,,,,,,,



*dim,ymodu,array,max|1
*dim,esec2,array,max1
*dim,dum|1,array, 1

/inp,exval

/sys,rm exval

! For selective softening remove the comment below

c¥*** esel s, etab,sige,ys,(ys*10e10)
!

*set,mn,2
*set,yst,100 ! arbitrary stress value

*cfopen,éxva.l4,,../itenesl ! G0 %o Fo %o Fo Fo Fo Fo To Fo Fo Fo Fo Yo To T Fo Te To Fo Fo Fo Fo Fo %o Fo Fo Fo Jo

*get kk,elem,0,count

*do,ll,1,kk
*get,minl,elem,0,num,min
*get,steq,elem,min1,etab,sigc
*set,esec2(ll),(yst/steq) *ymodu(ll)
*cfwrite,mp,ex,mn,esec2(ll)
*set,mn,mn+1
*set,minl,minl+1

*if minl,le,max1,then
Esel,r,elem, minl,max1
*endif

*enddo

*cfclos
1

/nopr

Esel,all
c*** esel s, etab,sige,ys,(ys*10e10)

o
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*cfopen,exval,aux
*dokj,l,max]
Dum1(1)=esec2(kj)
*vwrite,dumI(1)
(1x,e39.12)

*enddo

*cfclos

/nopr

! Lh-lInear analyslIs
!

/prep7
Resume

Ex,l,ym

/inp,exvald,.../iterres/ | %% % Y% %% Yo% %o %% %o %o %e %o %o %o Yo %o %o %o %o %o To %o T %o % %o %o .
/inp,exmod,,../iterres/

Finish

fsolu
Save
Solve
Finish

/postl
Resume

Set,1
Etable,sigc,s,eqv
Etable,vol,volu

/out,esort4,,. /iterres/
Esort,etab,sigc,0
Pretab,sigc,vol

/out

Eusort

*get,max |,elem,0,num,max
*cfopen,estrs4,,../iterres/ ! %% %% %% %o %% %o o %e % To %o %o e %o Fo %o %o %o To T %o %o %o o %o
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*dod, | max] e
*get,sigc3,elem,kl etab,slgc IR SRR
*get,vol3,elemkl,volu -

*vwrite ki, sigc3,vol3 |
(1x,£6.1,3x,e21. 10,3x,e21 10).

*enddo

*cfclos

/nopr
Finish

[sys,vread

The remaining iteration files (4-9) continue from the three listed here. The only
changes are the arbitrary stress value used in the modulus modification equation.
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: fnamel-mput('Enter first iteration ﬁle ! 's'),
eval([load * fnamel ;']) '
eval([’ﬁlel- fnamel "D

ﬁmm&Z:mput(’Enter second file ','s’);
eval([Toad-' fname2 ;)
eval(['file2=' fname2 ;'])

tic
check=10;
Al=ffilel ﬁle2]
[m n]=s:ze(Al)
[Y Il=sort(Al);
forj=1:n
YCD=ALUG ,2)@,

end

fori=I:m
sq(i.:)=[Y({,2)*2*Y(i.3) Y(1.5)"2*Y(1,6)];
end .

[s1 11]=max(Y(:,2));
[s2 12]=max(Y(:,5));

if sl <s2
disp(’

disp('#HHt Eqmv stress for first iteration is less than second #HHHF)
disp(‘#

sl,s2
check=0;
end
ifll ~=12
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Mi=sigy*(sam(Y(: 3)))*. S/(sum(sqC:, D)A.S;
M2=sigy* (X)) SHsumisa; ,z»)"ﬁ

1fMl<M2

dlsp( YA AL MR Sas ! ! A L LA
dxsp('m# M for ﬁrst anaIyms less than M for second analysxs ####‘)

end

% if check ~=0

count=0;

for i=m:-1:1
count=count+1;
refvol(count, 1 )=sigy*(sum(Y (i:m,3)))".5/(sum(sq(i:m, 1)))*.5;
refvol(count,2)=sigy*(sum(Y(i:m,6)))*.5/(sum(sq(i:m,2)))".5;

end

refvol(:,3)=refvol(;,1)-refvol(:,2);

[k first]=max(sign(refvol(:,3)));

% vref=sum(Y(m-(first-2):m,3));

% mupper=sigy*vref*.5/(sum(sq(m-(first-2):m,2)))*.5;
mupper=refvol((first),2)

sigbar=max(Y(:,5))/sigy;

if mupper*sigbar > (1+2°.5)

A-,_,-,-.-.., ! o5 LRI AL
dlsp( Mﬂﬁﬁi##Negauve check use next xterauon#ﬁHH#W##’)
end
coeffA-mupper"4*s;gbar"4+4*mupper“2*sngbar"2—
coeffB=-8*mupper*3*sigbar*2;.
coeffC=4*mupper”*3*sigbar;
m_alpha=max(roots([coeffA coeffB coeffC]))
out=[Y sqrefvol];
save mdata.txt out -ascii
% end

toc -

s
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APPENDIX C

Full Stress Distributions and
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Stress Distribution - 2 mm Defect
Softening Exponent q = 0.1
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Figure C.1 - Stress distributions along uncracked ligament (Pipe model, 2 mm .
deep external defect. '
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Stress Distribution - 3 mm Defect
- Softening Exponent ¢ = 0.1

5.0E+08 1 ‘

I |
_”Tﬂ—hrTﬂ~hfﬁ:;k‘ﬁ-
4.OEw8._LJ_l_LiJ_I_L_[ -_l_
N T T R (R TR T B |

3} 3 —l— T A~ ™Amni -
§3'0E+08_.__L_I_I_L_L_l_‘_J_J._I_.[_J_J
% SN T Y (Y T S Y Y (R SR B
3 rrr4——++4-r+—+—-1—rt -
2 AR I (Y N Y A S T R N A

OE+08. -

Equi

1.0E+08 -

Fr4—-—r+———+—+—-— 1

N R R A T T S A B B

S A R R Y N S e e
N |
T T T T —

S T

0.002 0.003 0004 0005 0006 0007
Distance Along Symmetry Plane (m)

0.001

Figure C.2 - Stress distributions along uncracked ligament (Pipe model, 3 mm deep
external defect)
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Stress Distribution - 4 mm Defect
Softening Exponent q = 0.1
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Figure C.3 - Stress distributions along uncracked ligament (Plpe model, 4 mm deep
external defect)
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Stress Distribution - Internal Defect
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Stress Distribution - Thick Wall Pipe
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Stress Distributior - Multiple Defects
‘Model L, Crack A (g =0.1)
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Figure C.6 - Stress distributions along uncracked ligament (Multiple defects, Model 1,

Crack A)
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Stress Distribution - Multiple Defects
Model 1, Crack B (q=0.1)
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Figure C.7 - Stress distributions along uncracked ligament (Multiple defects, Model 1,
Crack B)
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Stress Distribution - Multiple Defects
Model I, Crack C (q =0.1)
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Figure C.8 - Stress distributions albng uncracked ligamént (Multiple defects, Model 1,
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Stress Distribution - Multiple Defects
Model 2, Crack A (g=0.1)
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Stress Distribution - Multiple Defects
Model 2, Crack B (@q=0.1)
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Figure C.10 - Stress distributions along uncracked ligament (Multiple defects, Model 2,
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“Table C.1 - R-node stress ranges (Pipe model, 2 mm deep external defect)

COLOR -

R-NODE STRESS RANGE TOTAL
NUMBER o ELEMENTS

1 | 0.1706159E+09 to 0.1656797TE+09 1
2 -1 0.1656797E+09 to 0.1607435E+09 0
3 0.1607435E+09 to 0.1558073E+09 0
4 | 0.1558073E+09 t0 0.1508712E+09 0
5 0.1508712E+09 to 0.1459350E+09 0
6 10.1459350E+09 to 0.1409988E+09 1
7 0.1409988E+09 to 0.1360627E+09 0
8 0.1360627E+09 to 0.1311265E+09 0
9 0.1311265E+09 to 0.1261903E+09 0
10 0.1261903E+09 to 0.1212541E+09 2
11 0.1212541E+09 to 0.1163180E+09 1
12 0.1163180E+09 to 0.1 [ 138 ISE+09 1
13 0.1113818E+09 to 0.1064456E+09 0
14 0.1064456E+09 to 0.1015095E+09 2
15 0.1015095E+09 to 0.9657327E+08 0
16 0.9657327E+08 to 0.9163710E+08 2
17 0.9163710E+08 to 0.8670093E+08 1
18 0.8670093E+08 to 0.8176476E+08 5
19 0.8176476E+08 to 0.7682858E+08 298
20 | 0.7682858E+08 to 0.7189242E+08 5
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Figure C.12 - R-node plot (Pipe model, 3 mm deep external defect)
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" Table C2- R—nodesmess ranges(Plpe model, 3 mm deep external defect)

'COLOR . R-NODE STRESS RANGE TOTAL
'NUMBER o | . ELEMENTS
1 0.2153581E+09 to 0.2060887E+09 1
) 0.2060887E+09 to 0.1968192E+09 0
3 | 0.1968192E+09 t0 0.1875498E+09 | 0
4 0.1875498E+09 to 0.1782803E+09 | 0
s 0.1782803E+09 to-0.1690109E+09 0
-6 ‘| 0.1690109E+09 to 0.1597414E+09 ]
7 0.1597414E+09 to 0.1504720E+09 1
8 0.1504720E409 to 0.1412025E+09 1
9 | 0.1412025E+09 t0 0.1319331E+09 4
10 0.1319331E+09 t0.0.122663TE+09 1
11 0.122663TE+09 to 0.1133942E+09 0
12 | 0.1133942E+09 10 0.1041248E+09 1
13 | 0.1041248E+09 to 0.9485533E+08 1
14 0.9485533E+08 to 0.8558587E+08 |. 4
15 0.8558587E+08 t0 0.7631643E+08 313
16 0.7631643E+08 to 0.6704700E+08 1
17 0.6704700E+08 to 0.5777754E+08 1
18 | 0.5777754E:+08 t,0.48508 10E+08 1
19 0.4850810E+08 to 0.3923866E+08 1
20 1

0.3923866E+08 to 0.2996921E+08 |
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Figure C.13- R-node plot (Pipe model, 4 mm deép external defect)
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Table C.3 R node stress ranges (P-ne model 4 mm externaI defect).

cotor |

R R-NODE STRESS RANGE | . . TOTAL
1 ~o.-2[1710575+09 to 0.2098592_5+09 : 1
2 10.2098592E+409 to 0.2026126E+09 0
3 | 0.2026126E+09 to 0.1953661E+09 0
4 0.1953661E+09 to 0.1881196E+09 0

5 |-0.1881196E+09 t0 0.180873TE+09 1
6 | 0.1808731E+09 0 0.1736266E-+09 0
7 0.1736266E+09 to 0.1663801E+09 0
8 0.1663801E+09 to 0.1591336E+09 4
9 0.1591336E+09 to 0.1518871E+09 2
10 0.1518871E+09 to 0.1446406E+09 | 0
11 0.1446406E+09 to 0.1373940E+09 1
12 0.1373940E+09 to 0.1301475E+09 1
13 0.1301475E+09 to 0.1229010E+09 1
14 0.1229010E+09 to 0.1156545E+09 0
15 0.1156545E+09 to 0.1084080E+09 1
16 0.1084080E-+09 to 0.101161SE+09 1
17 0.1011615E+09 to 0.9391500E+08 2
18 '0.9391500E+08:to 0.8666850E+08 0
19 0.8666850E+08.to 0.7942198E+08 342
20 0.7942198E+08 t0 0.721754TE+08 7
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Table C.4 - R-node stress ranges (Pipe model, 2 mm deep internal defect)

COLOR R-NODE STRESS RANGE TOTAL
'NUMBER | ELEMENTS
1 0.1861797E+09 to 0.1785329E+09 1
2 0.1785329E+09 to 0.1708861E+09 0
3 0.1708861E+09 to 0.1632393E+09 0
4 0.1632393E+09 10 0.1555925E+09 0
5 0.1555925E+09 to 0.147945TE+09 0
6 0.1479457E+09 to 0.1402989E+09 0
7 0.1402989E+09 to 0.1326521E+09 0
8 0.1326521E+09 to 0.1250053E+09 1
9 0.1250053E+09 to 0.1173584E+09 2
10 0.1173584E+09 to 0.1097116E+09 4
11 0.1097116E+09 to 0.1020648E+09 1
12 0.1020648E+09 to 0.9441803E+08 3
13 0.9441803E+08 to 0.8677122E+08 1
14 0.8677122E+08 to 0.7912441E+08 301
15 0.7912441E+08 to 0.7147760E+08 1
16 0.7147760E+08 to 0.6383079E+08 5
17 0.6383079E+08 to 0.5618398E+08 0
18 0.5618398E+08 to 0.4853717E+08 0
19 0.4853717E+08 to 0.4089036E+08 . 0
20 1

| 0.4089036E+08 to 0.3324355E+08
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. Table C.5 - R-node stress ranges (Thick wall pipe model)

_ R-NODE STRESS RANGE

COLOR TOTAL
' NUMBER ELEMENTS
1 0.777ST98E+08 to 0.7529202E+08 1
2 0.7529202E+08 to 0.7282606E+08 0
3 0.7282606E-+08 to 0.703601 LE+08 0
4 0.703601 LE+08 to 0.6789415E+08 0
5 0.6789415E+08 10 0.6542819E+08 0
6 0.6542819E+08 to 0.6296224E+08 0
7 0.6296224E+08 to 0.6049629E+08 0
8 0.6049629E+08 to 0.5803033E+08 1
9 0.5803033E+08 to 0.5556437E+08 1
10 0.5556437E+08 to 0.5309842E+08 1
11 0.5309842E+08 to 0.5063246E+08 1
12 0.5063246E+08 to 0.4816651E+08 2
13 0.4816651E+08 to 0.4570055E+08 1
14 0.4570055E+08 to 0.4323460E+08 0
15 0.4323460E+08 to 0.4076864E+08 4
16 0.4076864E+08 to 0.3830269E+08 286
17 0.3830269E+08 to 0.3583673E+08 8
18 0.3583673E+08 to 0.3337078E+08 | 4
19 0.3337078E+08 to 0.3090482E+08 1
20 1

0.3090482E+08:t0 0.2843886E+08
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Figure C.16 - R-node plot (Multiple defects, Model 1)




. Table C.6 - R-node stress ranges (Multiple defects, Model 1)

COLOR R-NODE STRESS RANGE: TOTAL
1 10.2304945E+09 10 0.2197333E+09 2
2 '0.2197333E+09 t0 0.2089721E+09 0
'3 .. . [ 0.2089721E+09 to 0:1982108E+09 | 0
4 0.1982108E+09 t0 0.1874496E+09 | 2
5 0.1874496E+09 t6 0.1766883E+09 2
6 0.1766883E409 to 0165927 1E+09 2
7 0.1659271E409 to 0.1551658E+09 | 4
8 0.1551658E+09 to 0.1444046E+09 | 2
9 0.1444046E+09 to 0.1336433E+09 | 19
10 0.1336433E+09 to 0.1228821E+09 17
11 0.1228821E+09 to 0.1121208E+09 2
12 -0.1121208E+09 to 0.1013596E+09 13
13 0.1013596E+09 to 0.9059834E+08 14
14 0.9059834E+08 to 0.7983708E+08 622
15 0.7983708E+08 to 0.6907584E+08 63
16 0.6907584E+08 to 0.5831460E+08 9
17 0.5831460E+08 to 0.4755334E+08 9
18 0.4755334E+08 to 0.3679210E+08 0
19 0.3679210E+08 to 0.2603086E+08 0
20 - 3

0.260308GE+08.t0 0:1526960E+08'
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Figure C.17 - R-node plot (Multiple defects, Model 2)
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Table C.7 - R-node stress ranges (Multiple defects, Model 2)

COLOR R-NODE STRESS RANGE TOTAL
NUMBER | ELEMENTS

1 0.2216399E+09 to 0.2131534E+09 1
2 10.2131534E+09 to 0.2046668E+09 1
3 '} 0.2046668E+09-to 0.1961803E+09 0

4 0.1961803E+09 to 0.1876938E+09 0
5 0.1876938E+09 to 0.1792072E+09 0
6 0.1792072E+09 to 0.1707207E+09 0

7 0.1707207E+09 to 0.1622342E+09- 1
8 0.1622342E+09 to 0.1537477E+09 5

9 0.1537477E+09 to 0.14526 1 1E+09 4
10 10.145261 1E+09 to 0.1367746E+09 6
11 0.1367746E+09 to 0.128288 [E+09 4
12 0.128288 1E+09 to 0.1198015E+09 3
13 0.119801SE+09 to 0.1113150E+09 | 2
14 0.1113150E+09 to 0.1028285E+09 6
15 0.1028285E+09 to 0.9434195E+08 6
16 0.9434195E+08 to 0.8585542E+08 8
17 0.8585542E+08 to 0.7736890E+08 330
18 10.7736890E+08 to 0.6888237TE+08 5
19 0.6888237E+08 to 0.6039584E+08. 3
20 11

'0.6039584E+08 to 0.5190930E+08
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