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ABSTRACT

Finite element analyses of two geometries of double T tubular joints under axial loading have been
carried out for models in the uncracked condition and with three different crack sizes. The cracked
joints experience mixed mode loading and two methods have been used to derive total J values for
these mixed mode conditions and then used to construct failure assessment diagrams. The failure
assessment diagrams derived using J values direct from ABAQUS show good agreement with those
derived using area under the load displacement curves and both cases show that safe assessments of
cracked tubular joints can be made using standard PD 6493/R6 assessment diagrams provided
appropriate lower bound estimates of plastic collapse load of the cracked geometry are used.
Methods for deriving this collapse load and the applied stress intensity factor for cracked tubular

joints are described.
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INTRODUCTION

The BSI Document PD 6493 (BSI 1980,1991) was one of the first codified approaches to assessing
the significance of weld defects on a fitness for purpose basis and has been extensively used by
industry, particularly the offshore industry. When the first version of the document was issued in
1980 it gave guidance particularly on the effects on fracture and fatigue based on fracture mechanics
methods. Two parameters were used to evaluating the fracture behaviour, the first being K-the stress
intensity factor for linear elastic fracture mechanics and the second being the CTOD design curve for
checking on plastic collapse. The CTOD approach has been used particularly in the offshore industry
for fracture toughness requirements for parent material, weld metals and heat affected zones.

The R6 procedure (Milne et.al.1986) was developed using the failure assessment diagram (FAD)
concept for the power generation industry. The FAD accounts for the interaction between fracture
and plastic collapse, i.e. a fracture axis based on the stress intensity factor K, and a plastic collapse
axis based on either flow strength S; or yield strength L.. The effects of plasticity on the crack tip
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severity parameter K are taken into account by the shape of the assessment diagram, which forces the
user automatically to consider Plastic collapse at the same time.

b
diagram method originated in the CEGB R6 procedures and to try to extend the approach to
any form of structure, including offshore Structures. A further revision published in late

1996/early 1997 refines the details of the approaches of the 1991 edition but retain the same
principles.

Further research work has been carried out to determine the crack driving force and to confirm

the application of the FAD approach in PD 6493 to ultimate strength and fracture assessment of
cracked tubular joints.

BASIC ASPECTS OF PD 6493/R6 TREATMENTS

It is important to recognise that the K, parameter of the assessment diagram uses the linear
elastic stress intensity factor with no allowance for the effects of plasticity on the crack tip
driving force. As the S, or L, value increases so plasticity also increases the effective crack tip
driving force. If it is considered that fracture actually occurs when the tota] effective crack tip
driving force, Jep (elastic plastic value) reaches a critical value equivalent to the fracture
toughness, then this will occur at V(EJp) = K|¢. Since the applied linear elastic stress intensity

factor K; is equivalent t0+/(EJ¢]), where J,; =G in the linear elastic case, then

K Jel
Bt gl M
Ic ep

As plasticity increases so the ratio [Jg /J ep educes and this defines the ‘shape of the
assessment diagram with increasing S, or L.. The standard assessment diagrams in R6/PD6493
were originally derived to represent el /3 ep Plotted against Snet/Tflow for the case of

large plate under tension loading with a central crack. They have been shown to represent a
lower bound to curves derived for other common simple geometries.

The original developments of the assessment diagram approach in the R6/PD6493 procedures were
based on simple geometries under mode I loading only. Work carried out on mixed mode loading
(Budden and Jones 1989) has led to recommendations in an Appendix to the R6 procedure for such
loading. The basis of these recommendations is to use the standard assessment diagrams as derived
for mode I loading but to take account of mixed mode loading in the following way. For the fracture
(K:) axis, the applied stress intensity factor should combine the different loads as follows:

Keq = yKE+Kf + Ky /(1- v) 0)
It should be noted that this is essentially equivalent to adding the J components for elastic loading for
the different loading modes as scalar quantities and converting to a K value. Tt is recommended that
the fracture toughness for the denominator of K, should either be determined under mixed mode

loading or taken as the mode I toughness if it has been established that this gives the lowest
toughness conditions for the type of material concerned.

R
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ked
For the plastic collapse (S; or L; ) axis the collapse load should be taken as that for the cracke
section under the relevant combination of modes of loading.

i i joints, it i be able to
For application to the mixed mode loading which occurs in tubular joints, 11:: 1stne;:etsoszry h:lzss i
m::imsﬁ: the equivalent linear elastic stress intensity factor, the relevant fractur g

collapse load under the appropriate loading.

ANALYSIS OF FAILURE LOADS OF CRACKED TUBULAR JOINTS

] i
i i joi f the yielding/collapse mechanism

The situation i licated in tubular joints by the nature o . : ;

o S_m_lattlon Ztizrgh yielding may occur initially at the hoF spot st.ress cor}:lengrz:tlor:) rffsl;);:,efy

suid:' J:lm lsc;w loads, this yielding is contained by the surrounding elastic m‘aterl‘l1 ,e f:r ep; Sgigniﬁcant

irsc?ff::sir)x,g displacer;xents occur as global collapse] isdappgoetwhec.i[.ﬁn;‘ltxﬁ;ep;sr ;mzrters i

tions made about the collapse load in determi :

i ;}tlteo?ss;r:lfeii tubular joints in general. As noted above the collapse load must take accoun
assessme

of the mixed mode loading conditions in tubular joints.

i i local

The normal recommendations of the R6/PD 6493 Failure Assess.ment Pnalgrztimtare ‘l:,zi:ds tor:ctura]

: eckn(t)i plasticity increasing as net section yield is approached in statlcal)lf3 te;::umore i

‘s:irtiatior?s and hence on local collapse loads of an uncrlaclfe:l((ij' hgaxine:tgtrict:d L i

joi the initial yielding is re

tructures, such as tubular joints, . b

redgl::;itn; r::lteria] so the redundant structure can carry more load until final %l];);)ill tceog??szrease h

;urrthermore because the initial plasticity is contained in re<.iundan.t st.ructurlesi s et

thue J value v:/hen the cracked ligament first reaches yield will é):;;gmﬁce}?t z'hee;sossme L it

i isi PD permits :

i tructure. The 1996/97 revision of ‘

ftazlcallygldgge:zgﬁ;;ssenlloads if the user can demonstrate that the resultant assessment diagram is

ocal or

safe.

As part of the conventional design of tubular joi'nts in offshore _structu;s,t;ts li};:cs)gr;nggo;))rz(rzt;get }tlz
AP ‘;he i e Pulllliflheldg;% e)ifaggiee ;?v;h;olr—r{:lﬁaglf{ﬁa?}f: cthacteristic strength of the
i odes ! the .
bAaI;iIcﬁch;cllz:(Silggr;fmetry.( In previous work at UMIS.T (Cheaitani ;n(i "l?tlslrlctiaqar; ;,-909;35:;;,::

f cracked tubular joints and use of assessment diagrams for such j e
Streﬂgth'o : load for use in assessment diagrams should be obtained by mo 1fy.| g 1 .
ﬂ:‘e Zggl:‘:listiec lfni:racked strength by a load reduction factor based on the net cross sectional area due
char:

to the crack and on the geometry modifier Qg as follows.
cracked area

1 )
i - P ®
Axial Load Reduction FactOF{l Gibtersectionlehgin x T)j] [ Qp

where, Qg=1 for § <06
Q =gl for B>0.6 o)
*B(1-0833p)

The modified characteristic strength is a global collapse load which is }l:igher dt'l;iarzi 0;{ ;c}]suz::lhz ;2; :::2
i ie i igations that the modifie
It has been found in a series of mvestlgatlor.ls ' difiec '
collapslfi 'lofis than the load corresponding to twice the elastic cox"nphance limit in FE .ana?l)]/ses }:vhlcz
fitrr(:lfr:st;tes that overall plasticity is being well contained. It is important to recognise that the us
e
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@ @ bt bound estimate for plastic collapse load in this way is effectively limiting the plastic
~ Ssbermation at the joint to match the standard assessment diagrams and that it provides a convenient
ssypie approach for practical designers. Furthermore the use of the modified HSE characteristic
strength equations automatically takes account of the effect of mixed mode loading on plastic
collapse behaviour. This conservative estimate of ultimate strength will now be used to construct the
* FAD for tubular joints to demonstrate the principles outlined above.

FINITE ELEMENT ANALYSES

The Double T (DT) type tubular joint was chosen for the FE analyses because this type of joint
eliminates possible complications due to chord length effects and is convenient for experimental
testing which was carried out in a separate industry project. Two different joint geometries (B ratios)
were analysed under axial tension. The geometries were identified as series M1 for B =0.5 and series
M2 for § =0.95. The dimensions of the DT joints are summarised in Table 1.

For each load case the following crack conditions were analysed using ABAQUS.

1). Uncracked Joint;

2). 15% through thickness crack, crack length = 15% of brace circumference;

3). 30% through thickness crack, crack length = 30% of brace circumference;

4). surface crack,
(B =0.5), crack length = 30% of brace circumference, crack depth = 75% of chord thickness
(B =0.95) crack length = 15% of brace circumference, crack depth = 75% of chord thickness

The following material properties were used: Modulus of Elasticity = 210,000 MPa
Possion's Ratio = 0.3
Yield Stress = 327 MPa

An isotropic work hardening rule, Von Mises yield criterion and incremental plasticity were used in
the analyses. The properties of the weld metal and HAZ were assumed to be the same as those of
the parent metal. For the elastic analyses the midside nodes on the crack tip elements were moved to
the 1/4 points in order to model the 1/Vr singularity. For the elastic-plastic.analyses the midside
nodes on the crack tip elements were left at the 1/2 points. For both the elastic and elastic-plastic
analyses the crack tip elements were quadrilaterals collapsed to triangular prismatic shape. An array
of 6 crack tip collapsed quadrilateral elements with tied tip nodes was used, i.e. the coincident nodes
at the crack tip were constrained as a single node. Attempts to analyse some FE cracked meshes
with independently moving crack tip nodes (untied tip nodes), in order to obtain the crack tip
opening displacements (CTOD) were macde. This was found to be impossible because of errors
encountered due to both extreme element distortions (crack tip elements turning inside out) and non-
convergence problems.

All joints were modelled with 20 noded brick elements C3D20 (with 27 integration points in each
element) including the effect of the weld profile. In order to model the stress distribution across the
thickness and to get better the values of J-integral, three layers of elements across the thickness
around the crack region were produced automatically by the mesh generation program PRETUBE.,
The other parts had one layer of elements across the thickness. The weld profile was modelled by
PRETUBE automatically according to the recommendations for the AWS Standard Flat Welds
Profile.
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FAILURE ASSESSMENT DIAGRAMS FOR CRACKED DT TUBULAR JOINTS

In this study, all FADs for the tubular DT joints have been constructed using HSE characteristic
i > 5 % %

failure collapse loads modified according to equation 3.

s calculated directly from ABAQUS have been used to cons'truct the FADdfor
These J values include mixed mode effects and from a series of other studies
i mixed mode loading. The FADs are

The J-integral value:

sracked tubular joint . .
:n be reported separately are considered reliable under

compared with the standard Level 2 FAD given in PD 6493.

| S L ©)
e Kic J ep

m a linear elastic FE analysis with the mid-side nodes on the

he stress singularity at the crack tip. The
The Ja was

The fracture axis is given by:

ined fro
where values of J were obtained . :
or i moved to the 1/4 points to give the st ! :
o elementsew:;fculated from large displacement elastic-plastic FE analysis.

s P Al Jep in the elastic-plastic analysis.

calculated under the same load values as

ABAQUS ] values for the M1 and M2 geometries are shown in Figst.hl
d 2. In these FADs, the values of I and Jo, were taken from the second node (J2) closest to the
and 2. In s

i joi rface cracked joints the
thickness cracked joints. For the su
auter s oE e g e ck were used to construct the FADs because these J

-i al at the deepest point of cra e
oo mft:frrld to be the maximum J values along the crack front. In each qf the }FAD'S’ Iet
Vﬂlugs XI;ZD is plotted to compare with the FADs for the different cracked joints x}? e;[c\D ien:;the
o i i ds were used to construct the ; !
can be seen that because conservative plastic collapse loa:j :r e o o, Tiic

g tubular joints lie outside the stan in 3.
o cutn:t:ZsfSl:athf:iigustandafrd FADs is safe for assessment of craf:ked tubular ](g.nts prq:ni:fet}g;
?nepr?l?zsatra takes account of the lower bound collapse load and of mixed mode loading as 1

use of the FE analysis results in these cases.

The FADs derived from the

i i AQUS.
In the above section, FADs were constructed by the vzlilues1 of J-@:Eg;ilpgg:gzt gorrzsﬁsl?s i? -
! lculate the J-integral values wi
One of the methods used to ca ' e e el
-displacement curves using the

thod (work done) from load-disp N : e

e{\erlgy ment cur(ve up to a given total deflection. This same energy method wxl'l ns.vl\./ bet us% .
:11ISI_J acen:leew method for construction of FADs to confirm their general applicability to J

erive a

subject to mixed mode effects as follows:

: _ TelAel ©)
As a general equation, Jel = ————C
1'lepAep o
J ep = —————C
n
8
where, Agl = ZPdeli ®)
i=0
n
9
Aep = 2 Pdepi )
i=0

and T« , Miep are coefficients for elastic and elastic-plastic analysis .respectwely,
el > Tlep
C is a coefficient dependent on the geometry of the cracked specimen.
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Elarhe amd Landes (1979) concluded fi i i
il 1 L ed from CT specimen exper i
gemwaally found for other cases that ’ pemmeniElitests; Gnd it hasieey

Mel ®Mep  for a/w>0.5 (10)
Hence J can be expressed as: J= ki
. an

Substituting Eqns., (6) to (9) into Eqn. (5), then

Ry mofle = Jel _ [MelAel/C _ [Ag
Jep NepAep /C Aep e
A

Py x&
when i=1 —*ﬁ— Sell (13)

where the values of load for each incref i i i
et ment are the same for elastic analysis and elastic -plastic

Agl
ep

when i=n, Limit —0.

. . A
Hence the fracture axis K, is converted to solve A, =Ll , which is the ratio of elastic area of

. » ep
lwocrik t(:j ela.lstlc-plastxc area of work. This is easy to calculate because A, is only relevant to the
oad an .dlsplacement values and these pairs of values can be obtained from either FE analysis
:;O g;(llf.erm;ent;ld.tesr A large number of FE analysis results have shown that with good
ing load-displacement result i i
g P ults from FE analysis are very reliable up to the stage of

Although A, i_s ‘equivalent to the. ratio J, because A, is derived from J,, A, is much simpler than J,
in thh defmmon and calculation method and is automatically relevant to any mixed moder
loading which may be present. When the load is very low, 8¢ Bep and A; ~ 1. When the

load increases, the effects of plasticity increase also. For these higher loads, §¢) < § epand A, <

(lx.)“faxps A, rejducées. from 1 tz 0, the effect of plasticity is reflected in the shape of the FAD. The
se axis, S; is retained as described previously because this is essenti in

o | . tially controlling th
amount _of plasticity at thc? crack. A typical load-load point displacement curve is plotted i1g1 Fie
3. In this figure, the relationship between A, and Acp (Bet and 8y, ) is clear. g

Based on PD6493 Level 2, the FADs have been constructed as A, vs. S, for the tubular joi

models M1 and. M2 using the FE analysis results and these FADs are pl(r)tted in Figs 4a Jc(i) ”5“
From a comparison of the two sets of FADs, it can be seen that both sets of FADsg a rean :
closely when the collapse axis is defined by the same method. This new method (enir ]
method) only uses the global behaviour parameters (load values and displacements) and hgy_areTa
unrelatec.l to the local mesh at the crack tip region. Furthermore it is the ratio of the worl(:ndC i
for glastnc and elastic-plastic analyses and so the effect of the mesh for the whole mod ?n'e
relatively small provided a similar mesh is used in both cases. The energy-area method ho el 5
It;een applied to the surface crack joint cases. All FADs show generally good agr:esr:ei(:
| et(\jvzt.an the two sets of FADs prc?duced from ABAQUS direct values of J or the area under the
bc:zwe ;ipiflzegllerzz c?rve ;’or the different crack and geometry cases. There is a small difference
ma dirthojr ;1 ; }i\é[j. surface crack cases where the area method gives results slightly
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DISCUSSION

On the basic assumption that failure will occur when a driving force parameter reaches a critical
value of a resistance parameter, under mixed mode loading both the driving force and resistance
parameters should be those for the mixed mode conditions. Under mixed mode loading the total
J value is the sum of the contributions from each of the modes present, although a major effects
of mixed mode loading is to increase the mode I contribution itself because of the additional
plasticity under combined loading. If a finite element analysis of the cracked structure is
available estimates of the total J value may be obtained directly from ABAQUS, from the area
under the load displacement curve or in other work to be reported separately by conversion
from the crack tip displacements. The crack tip displacement method has the advantage that it
enables the relative contributions from the different modes to be established although account
must be taken of the different constraint factors for the different modes at different load levels.

Other related work at UMIST has also shown that the fracture toughness under mixed mode
loading conditions may be different from that under the conventional test conditions of mode 1
only. For tests carried out on thin samples of steel from model tubular joints tested, it appears
that the toughness results for mixed mode IIII in which the ratio of mode III to mode I
components of J was about 40% showed a reduction in fracture toughness expressed as total J
of about 25% compared to the mode I only case. Since the mode III loading is by shear and the
yield strength in shear is significantly lower than the yield strength in tension, it is not surprising
that the effect of mode III on ductile tearing is to cause a reduction in overall toughness.

It has been shown in the present work that the standard R6/PD 6493 assessment diagrams can
be used satisfactorily for assessment of cracked tubular joints provided total J values for mixed
mode loading are used for the K, fracture axis and a lower bound estimate used for collapse load
to limit plasticity at the cracked section to match the behaviour underlying the standard cases.
For practical assessment purposes it is necessary to have methods available to estimate the
equivalent applied stress intensity factor and fracture toughness for the degree of mixed mode
loading present, and to have a method available to estimate the lower bound collapse load.

It has previously been suggested by UMIST that a simple way to provide an upper bound
estimate of the equivalent K value for cracked tubular joints is as follows:
ch———OLO'HS«/ﬂ:_a (14)
where oys is the local stress in the uncracked joint at the position corresponding to the
ends of the crack, 2a is the total crack length around the perimeter of the weld toe region and o
is a coefficient. This result was derived by taking the total J values from a series of elastic
analyses of DT and K joints with B ratios in the range 0.3 to 0.95. The results are presented in
Table 1 for the present analyses where it can be seen that the ratio K/K., is typically about 0.3 to
0.5 for these cases. In other geometries somewhat higher values closer to 1 have been obtained
and hence the use of o=1 in equation 14 is recommended to give safe results.

CONCLUSIONS

Mixed mode loading is important in cracked tubular joints and studies have been carried out to
develop procedures to estimate crack tip driving forces under such conditions.
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glabal sollapse strongth for cracked tubular joints is a satisfactory basis to construct Table 2 Estimation of Stress Intensity Factor for Cracked DT joints

Assessment Dingram because this provides a simple means of matching the amount
. s##kily al the crack to that underlying the standard assessment diagrams. This lobal E : : 15%T-T-C 30% T-T-C 30% S-C
1 ifi B g M1 B=0.5 axial tension
#wdiagas atrength has been defined by modifying the uncracked HSE characteristic strength by a 69.0 138.5 14.25
feduction factor based on loss of cross sectional area due to the crack and on the geometric a-crack length (mm) : :
maodifior Qy, Kirorn 10.25 13.44 9.9
: : : 353 10.3 11.84
Failure Assessment Diagrams have been constructed using J-integral results directly from FE SCF 1
analyses and from an energy/area method including mixed mode loading cases.  All FADs fall = 38.44 49.39 18.22
outside the standard PD 6493 Level 2 FAD hence use of the standard FAD to assess cracked S 3 0.543
tubular joints is safe in conjunction with the modified global collapse load. Kror/ou~ma 0.3 0. :
. . : % T-T- 30% T-T-C 15% S-C
Applied elastic stress intensity factors for mixed mode loading in tubular joint geometries for - M2 =0.95 axial tension e D
both surface and through thickness cracked cases may be estimated by using crack dimensions = a-crack length (mm) 140.0 280.0 14.25
together with the stress concentration in the uncracked tubular joint at the crack position. ‘ o 458 272
- Kror i - :
- SCF 9.45 7.35 10.41
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af giobal collapse strength for cracked tubular joints is a satisfactory basis to construct
il Pallurs Assessmont Diagram because this provides a simple means of matching the amount
af plasticity at the crack to that underlying the standard assessment diagrams. This global
wollapso strangth has been defined by modifying the uncracked HSE characteristic strength by a
reduction factor based on loss of cross sectional area due to the crack and on the geometric
modifier Qp,

Failure Assessment Diagrams have been constructed using J-integral results directly from FE
analyses and from an energy/area method including mixed mode loading cases. All FADs fall
outside the standard PD 6493 Level 2 FAD hence use of the standard FAD to assess cracked
tubular joints is safe in conjunction with the modified global collapse load.

Applied elastic stress intensity factors for mixed mode loading in tubular joint geometries for
both surface and through thickness cracked cases may be estimated by using crack dimensions
together with the stress concentration in the uncracked tubular joint at the crack position.
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Table 1 Geometries of Tubular Joints used in FE Analysis
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fable 2 Estimation of Stress Intensity Factor for Cracked DT joints
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M1 P=0.5 axial tension 15%T-T-C 30% T-T-C 30% S-C
14.25
#-crack length (mm) 69.0 138.5
”;-(" i 10.25 13.44 9.9
e
‘IC‘!T 11.353 10.3 11.84
' JH 38.44 49.39 18.22
agyvmna
o 3 0.3 0.543
Kior/ouvma 0.
M2 B=0.95 axial tension 15% T-T-C 30% T-T-C 15% S-C
14.25
a-crack length (mm) 140.0 280.0
Kron 5.1 4.58 2.72
—
;CF 9.45 7:35 10.41
\/_‘ 25749 28.39 9.06
opyvma
/ 0.36 0.3
Kror/ouvma 0.36
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Burdekin and Yang Failure Assessment Diagrams

M2 Series M1 Series
Failure Assessment Diagram Failure Assessment Diagram
1.2 1.2
= 1 \ﬂ% i
i,"/ 08 fommmmme e L TR 208
5 B
210/6 Lot Stand FAD e s comene v MRS L © 0.6 +-1StandFAD |------oomommm ool o
o = 7 i
@ © T-
204 3L o | SO AR A Sk oMU TRl st o cn. 10l o iith S I i
& M230T-T-C i M130T-T-C
O 2 el U e e e LA - e P R = e e e e e e
" M130S-C
Ot | . 0 T 0 e 0 o o ot R /RO
0 0.2 0.4 0.6 0.8 1 1.2 . 0 0.2 0.4 0.6 _0.8 1 1.2
Sr, Collapse Axis Sr, Collapse Axis
Fig. 2. Series M2 failure assessment diagram Fig. 4. M1 series FADs by energy method
M2 Series
Failure Assessment Diagram
142
Load-displacement Curve
M2 15% T-T-Crack
10000 =
(0]
4 Sep 1 <
8000 =t = —= /elastic ______ PR 2
elastic : il
Z 6000 demeee / - elastic & il 806 - [ SlanaFAD I .l a0 e s S Sl
= plastic ® T
o 5 T-T-C A
§ 4000 fomofm et sl e ol e
—~ 7]
S el I M230T-T-C :
2000 -fom e i el e e
A g /x ” M215S-C | ok i
O e T [ Ra— § . O e e e R et e et
0 10 20 30 40 50 0 0.2 0.4 0.6 .0.8 1 1.2
Displacement at the brace 1 end (mm) . Sr, Collapse Axis
Fig. 3. Load vs. load-point displacement curve for illustrating

the areas used to J energy calculations Fig. 5. M2 series FADs by energy method





