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ABSTRACT 

This report Is a manual for the use of a computer program, 

ULTSTR, designed to be used to estimate the ductile collapse 

strength of conventional surface ship hulls under vertical 

longitudinal banding. The program is intended for use in the 

preliminary design stages and as such is approximate, being 

based on a variety of empirical solutions for the most probable 

ductile failure modes for grillage structure. The collapse 

moment is determined by Incremental Imposition of a curvature 

on the hull and computation of the equilibrium longitudinal 

moment which results, thus leading to the development of a 
moment-curvature relationship for the hull. Collapse is 

defined as the point at which the value of moment reaches its 
peak and then drops off. Ductile failure modes of structural 

yielding, beam-column buckling, and lateral-torsional (tripping) 
instability are Included, as well as the effects of lateral 

pressure loadings, fabrication-induced distortion, and initial 
prestrain. 

The report describes specific input instructions and pro¬ 

vides two illustrative examples representing two typical naval 

hull cross sections. In addition, the appendices contain brief 
descriptions of the theories progranmed for the various failure 

modes as well as complete output listings for the two illustra¬ 

tive examples. 

ADMINISTRATIVE INFORMATION 

The work described in this report was performed at the David U. Taylor Naval 

Ship Research and Development Center under the sponsorship of the In-House Explora¬ 

tory Development (1ED) Program, Program Element 62766N, Task Area ZF66412001, and 

Work Unit 1730-500. 

INTRODUCTION 

This report describes a computer program that may be used to predict the ap¬ 

proximate collapse strength of the hull girder in ductile failure under longitudinal 

bending. Section yielding, interframe Euler beam-column buckling, and interframe 

stiffener tripping are included as the probable ductile modes of failure. The pro¬ 

gram also accounts for the effects of materials having different yield strengths in 

plating and stiffeners, for lateral pressure loading, and for initial out-of-plane 

distortion due to fabrication. 

The basic theories on which this program is based originated primarily in a 

Joint project on ship structural design concepts involving representatives of the 



Royal Navy, the U.S. Navy, the Massachusetts Institute of Technology, and the Ship 

Structures Committee which upon completion, approximately ten years ago, was formally 

documented in References 1 and 2.* Further developments on this initial work, pri¬ 

marily directed towards various aspects of grillage behavior, were carried out by 

this author in the intervening years, and some of these developments were formally 

reported in References 3 and 4. Although current U.S. Navy design procedures include 

no requirement for estimating the ultimate longitudinal strength of the hull girder, 

an Increasing interest in this subject in general, and a specific Interest from the 

point of view of the latent strength of damaged structures led to the proposal that 

a program with such a capability be developed. Although other computer programs 

designed to address this same subject are either in existence or under development 

(see References 5 and 6), the primary focus of this project was the development of a 

program that was fast and easy enough to use that it could readily be applied in the 

preliminary stages of structural design. This emphasis on applicability in the early 

design stages resulted from the recognition that knowledge of the hull's ultimate 

moment capacity would have the greatest potential Impact if it were in hand early 

enough in the design process to influence the major decisions regarding the struc¬ 

tural configuration of the vessel. 

In the sections that follow, the assumptions and the approach utilized in the 

program are described, and comprehensive instructions for program operation are 

given. Several illustrative examples utilizing typical naval hull designs are pro¬ 

vided, and their input and output presented and evaluated. Finally, in the appen¬ 

dices, the structural theories upon which the analyses contained in the program are 

based are summarized, and the references from which more comprehensive treatments 

may be obtained are identified. 

ASSUMPTIONS AND APPROACH 

In addressing the ductile collapse of the hull girder, perhaps the most critical 

premise upon which the solution technique is based is that the collapse results from 

a sequence of failures of local components rather than from an overall simultaneous 

instability of the complete cross section. This allows one to address the collapse ' 
■ 

behavior of the hull by concentrating on the collapse behavior of the local com¬ 

ponents that make up the cross section, whether such components are represented as a 

*A complete listing of references is given on page 145. 
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single plate-beam com'jlnation, an individual gross panel (comprised of several plate- 

beams), or a complete cross-stiffened grillage. This is certainly convenient, since 

the collapse behavior of the above-mentioned components is technically tractable, 

although to varying degrees, and a significant body of literature exists on this 

subject. This implies :t.ot that the collection of solutions for the collapse of local 

components is absolutely comprehensive and totally consistent, but rather that their 

behavior is understood wej1 enough to allow development of a collapse model which 

provides the speed and accuracy needed in preliminary design and which can be 

utilized in a practical and meaningful fashion to address the major structural con¬ 

siderations. In contrast, addressing this problem as an overall simultaneous insta¬ 

bility of the complete cross section presents a major practical obstacle. Numerical 

analysis, and specifically the finite element method, is most likely the only ap¬ 

proach presently available that could be used to address this problem with any degree 

of rigor. And, in theory, the finite element method could treat this problem. 

However, in actual fact, the size and complexity of the mathematical model needed to 

treat the typical hull cross section is still effectively beyond the practical limits 

of time, cost, and capacity of today’s computing systems. This is most certainly 

true relative to the preliminary design process. Fortunately, it is the author's 

belief that ductile hull collapse is due to a sequence of local failures rather than 

a simultaneous occurrence, at least in the vast majority of cases. With the possible 

exception of grillage general instability, the most probable ductile failure modes 

are primarily local phenomena in which there is relatively little direct influence 

from the other major components of the cross section. (Of course, the overall cross- 

section parameters of the hull do influence the stress-strain levels on the individ¬ 

ual components.) Without this significant interaction between major components 

simultaneous failure is unlikely. Instead, a failure mode something like a chain 

reaction is more probable. Thus the choice of solution technique was dictated by 

what probably actually occurs rather than by expediency alone. 

The actual solution approach involves dividing the hull cross section into a 

set of "gross panel" elements and "hard corner" elements and then Imposing a curva¬ 

ture on the hull in small finite increments. This incremental loading concept is 

illustrated in Figure 1. Each increment of curvature is assumed to produce a linear 
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this issue at present; thus it has been assumed here that the assumption of linear 

strain is also "sufficiently" valid up to the point of hull collapse. This is cer¬ 

tainly consistent with the degree of engineering accuracy expected and with the 

approximations that of necessity have been made concerning other aspects of the pro¬ 

gram. As experience is gained with this preliminary program the issue of the validi¬ 

ty of this assumption may be more clearly illuminated, and changes may be required. 

Later versions of the program can be expected to incorporate the necessary 

modifications. 

At each value of curvature, the program evaluates the equilibrium state of each 

gross panel and hard corner element relative to its state of stress and stability 

corresponding to its particular value of strain. It then computes the total moment 

on the cross section by summing the moment contributions (stress * effective area * 

lever arm) of all of the elements that make up the section. In this manner a moment- 

curvature relationship is defined. Since the stress distribution, unlike that of 

strain, is not necessarily linear across the depth of the section, the location of 

the instantaneous neutral axis must be determined in an iterative fashion from the 

condition that the net force on the cross section must be zero. This force is com¬ 

puted in the same fashion as the bending moment, that is, by summing the contribu¬ 

tions of all the elements of the cross section. In the iteration process, the 

position of the instantaneous neutral axis is varied until the value of the net force 

is less than some predefined acceptable limit. In spite of the motion of the in¬ 

stantaneous neutral axis from increment to increment, the cumulative strain distribu¬ 

tion that results is still linear through the depth of the cross section, since it 

represents the superposition of a number of linear increments. 

Gross panel elements in the cross section can "fail" either through material 

yielding (in either tension or compression) or through some form of structural insta¬ 

bility (in compression only). The instability failure modes presently incorporated 

include: (1) Euler beam-column buckling and (2) stiffener lateral-torsional buck¬ 

ling (tripping). These modes are symbolically illustrated in Figure 2. Plate buck¬ 

ling is not included as an explicit separate failure mode because it influences 

collapse more indirectly, that is, through influencing plating effectiveness rela¬ 

tionships (effective breadth, width, etc.). These effects are considered in the 

analysis. Grillage general instability was also omitted as a failure mode in the 
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present version of the program. Because incorporating general instability will in¬ 

volve some significant modifications in programming logic, it was determined early 

in the development stage that this would be more appropriate for one of the "follow- 

W /ev-:i0ns 0f the program. The lack of a general instability mode need not be 

rpgarded as a serious shortcoming of the program at present; the structural propor¬ 

tions found in typical surface ships currently in design or in service seldom have 

general instability as their primary mode of failure. However, there may be in¬ 

stances when general instability may assume front stage, for example, if "light¬ 

weight" grillages incorporating thin gage, high strength steels are adopted for 

primary structure. In any case, grillage general instability should not be Ignored; 

it should be a prime candidate for one of the future modifications of the program. 

Although it is impossible to determine at a glance what failure mode may be 

most critical for a particular gross-panel element, we assumed that once instability 

is detected in a given mode, the behavior follows through to failure in that same 

mode. Interaction among different failure modes is incredibly complex and has not 

received much treatment. Because the development of a preliminary, operational pro¬ 

gram for hull collapse was the primary goal of this effort, the only practical 

approach that could be justified was that of ignoring this possible interaction. 

Although listed as a single failure mode, Euler beam-column buckling is actually 

treated in the program as having two distinct types of failure patterns. This is 

illustrated in Figure 3. Type 1 is characterized by all lateral deformations occur¬ 

ring in the same direction. Although dependent on all the various geometrical and 

material properties that define the structural system or element, this type of 

failure is primarily a yield strength-dependent phenomenon. AIsj, it can only occur 

when either lateral loading or initial fabrication distortion, or both, are present. 

In contrast, type 2 failure is characterized by an alternating buckling pattern. It 

is primarily modulus (E) dependent, at least as far as initial buckling is concerned. 

This type of failure can occur whether or not lateral load or initial distortion (or 

both) are present. In a sense, it is a true instability phenomenon in the mathemati¬ 

cal sense. ' The mathematical developments for both types of failure (as well as for 

tripping failure) as utilized in the program are described in more detail in the 

appendices 
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TYPE 1 BEAM COLUMN FAILURE 

■I 

Figure 3 - Beam-Column Failure Modes 

Regardless of the specific type of failure Involved, the general nature of an 

element's behavior can be described In terms of a "load-shortening" curve, Illus¬ 

trated in Figure 4. This curve has three distinct zones of behavior. The first 

represents a zone of stable behavior in which the load applied to the element is less 

than the critical value corresponding to its preferred mode of failure. Since load- 

dependent effectiveness relationships are utilized in this program for gross panel 

elements, the curve in this region will not generally be absolutely linear for such 

elements, although the deviations from linearity will need careful scrutiny for 

detection. The second zone, or plateau, occurs after an element has reached its 

critical load. On this plateau, the element will continue to deform without any in¬ 

crease in loading. This critical load may correspond to one of the possible forms 

of bucklirg or to the condition of material yielding. As the figure indicates, some 

elements have no third zone of behavior but remain indefinitely in the second zone 

after reaching their critical load. Gross panel elements under tension and hard 

8 



Figure 4 - Typical Gross Panel Load Shortening Curves 

corner elements (under either tension or compression) are characterized by this type 

of behavior. The third and final zone is characterized by a drop-off in the ele¬ 

ment's load carrying capability as deformation increases. This necessity for reduc¬ 

ing load to maintain equilibrium, called "unloading," can significantly affect the 

behavior of the overall hull cross section. 
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The effect of Including unloading in element behavior can be seen in Figure 5, 

which shows a typical moment-curvature diagram for a complete hull cross section. 

The figure shows that including unloading in element behavior will lead to a similar 

type of behavior in the composite cross section. In fact, to get unloading in the 

composite cross section requires unloading in the elements; including only the first 

two types (zones) of behavior in the elements will lead to a moment-curvature diagram 

for the cross section that asymptotically approaches limits (hogging and sagging) 



for the moments. The critical issue, however, if whether the peak moments defined 

including mloading differ significantly from the moment asymptotes. At present 

there is not enough experienc* with this subject to resolve this issue. 

DESCRIPTION OF INPUT TERMS 

The present version of the program is coded in the FORTRAN IV language and con¬ 

sists of a main program and twelve subprograms. The computer core required to run 

the program is quite modest (about 55,000 octal words on a CDC 6000 series computer) 

as the program is presently dimensioned. The capacity of the program, l.e., the 

numbe1' of allowable gross panel elements, hard corners, etc., can readily be changed 

by redimenstoning the various arrays in the program, which naturally will Influence 

the computer core required. 

To perform an ultimate strength analysis on a hull cross section, the mathemati¬ 

cal description of the structure must be input to the computer. The following is a 

list of the input terms and their definitions in the order required. The user must 

understand the precise definitions of these terms and must rigorously adhere to the 

correct input data formats, which are described in the next section. 

CHECK - An alphanumeric parameter that is set equal to "START" when it is the first 

card or line of input data and "STOP" when it is the last. 

HEAD - An alphanumeric parameter that provides the title or header statement on the 

program output. A maximum of 80 characters (including blanks) is allowed in this 

title. 

NEL - Number of gross panel elements in the structure. As presently dimensioned a 

maximum of 50 gross panel elements is permissible. 

NHS - Number of hard corners in the structure. As presently dimensioned a maximum 

of 40 hard comers may be defined. 

N7TF - Number of different stiffeners occurring in the cross section. Presently this 

number is limited to a maximum of 45. To be considered identical, stiffeners must 

have the same geometry and material. Thus, two stiffeners with the same geometry 

but different materials are defined as different stiffeners. 



mmmmÊÊmKm ....*.......i. 

HUMAT - Number of different meterieis In the cross section. At present s mexlmum of 

20 different materiel. 1. .lloved. A met.rl.1 1. defined b. It. Toung's modulus 

(E). Poisson's retío (v), yield strength (oy), end proportion.! limit r.tlon (Pr). 

(Note thet buckling of . herd corner element con be spproxlmately eccommodeted by 

..signing the element . unique m.t.rl.1 »hose "yield strength” l. set equ.1 to the 

defined buckling stress of the herd corner.) 

NCYMAX - Maximum number of Iteration cycls. to determine the location of the Instan¬ 

taneous neutral axis. For each Increment of curvature the location of the Instsn- 

teneous neutral axis 1. determined In an Iterative manner from the condition that 

the net force on the cross section must be zero. The logic built Into the program 

«ill continue to Iterate until either the convergence criteria Is satisfied or the 

number of cycle, reaches NCTMAX. Tha default value of this parameter Is 20. 

ROUT - A parameter to allow output of additional data on convergence criteria 

parameters (FARR. EPSH. EPSA. and EPSB, defined individually belo.) and on individual 

element contribution, to th. calculation, of "fully effective cross section chsrac- 

terlstlcs." A nonzero value for ROUT will cause these data to be provided In the 

output, whereas a blank or zero value will prohibit this output. 

PARR - A scaling factor used In th. logic to determine the location of th. instan¬ 

taneous neutral axis. When more than two cycles are required in the Iteration pro¬ 

cedure to determina th. Instantaneous neutral axis location, a two-stage process 1. 

invoked, th. Initial st«, successively evaluates neutr.l .«Is location. DEL (above 

i the baseline) to determine upper and lower bounds according to the relationship. 

DEL - DELa + F AX*AK*EPS 
i+1 i 

In this expression EPS is th. convergence criterion tolerance (see the definition 

for EPSH), AR is either -H.O or -1.0 (to Indicate direction of motion), and FAR is 

a scaling factor. Th. initial value of PAR 1. PARR. As the cycles continue (In the 

first stags only) FAX is successively accelerated 

FAX1+1 » FAX1 * ACCEL 

where ACCEL is the acceleration factor and is currently defined internally in the 

program as 2.0. The default value for the parameter FAKX is 50.0. 
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ACMP - Compartment length (transverse bulkhead spacing). Since general instability 

is not presently included in the program, this parameter is not now required and may 

be left blank. 

ATFR - Transverse frame spacing. 

AILS - Effective length for tripping. This parameter is included to allow for the 

presence of intermediate lateral supports or to include the effects of end conditions 

that red”ce the effective length for tripping. This value will be used for all 

gross panels unless overridden by the assigned values of AET(J) (defined below) given 

on the individual input data cards for gross panel elements. If zero or left blank 

on the input data card, AILS is assigned a default value equal to ATFR. A value of 

-1.0 will cause tripping to be ignored as a mode of failure [unless overridden by 

AET(J)]. 

Y1(J), Y2(J), Z1(J), Z2(J) - Coordinate locations of the Jth gross panel element 

edges. The coordinate system has its origin at the hull's baseline with the y-axis 

vertical and the z-axis horizontal, as shown on Figure 6. In general, the coordi¬ 

nate points for each gross panel element are placed at the midpoints of the plating 

panels between longitudinal frames such that the total width of the element is equal 

to an integer multiple of the longitudinal frame spacing. This is also illustrated 

in Figure 6. Since in rei.l structure longitudinal frame spacing is frequently some¬ 

what irregular rather than perfectly uniform, minor adjustments in the mathematical 

model must often be made based on engineering judgement. Because the longitudinal 

frame spacing is an important parameter in the structural behavior and the program 

comp-ites this value by dividing the width of the gross panel by the number of longi¬ 

tudinals included, the coordinate points for the gross panel should be adjusted so 

that the computed mean frame spacing is consistent with the value the user desires 

[see the definition for B(J)]. How large each gross panel should be depends on 

location, orientation (vertical, horizontal, etc.), and the occurrence of changes in 

plate or stiffener geometry and material. Since strain from vertical bending is 

uniform in structure oriented horizontally (constant y coordinates), gross panel 

elements may be quite large (i.e., contain a relatively large number of stiffeners), 

provided that no geometric or material changes occur in the structure. This situa¬ 

tion is typical of deck structure. For structure oriented vertically or at some 

1A 



Figure 6 - Definition of Gross Panel Elements 

reasonable eagle to the horlaontel, groas panel elementa should be .»ch »«aller, 

even 1( no geometric or material changea occur, since the strain changea linearly 

and the average value ulthln the groas panel 1. uaed to define the element, behavior 

The logic can be observed on the model presented In Figure 6. The choice of edge 

1 versus edge 2 is completely arbirtary. 

15 



T(j) _ Thickness of plating for the Jth gross panel element. 

B(j) - Longitudinal stiffener spacing for the Jth gross panel element. If B(J) 1« 

left blank or set equal to 0.0, the program will calculate B(J) by dividing the total 

gross panel width by the number of stiffeners on it. This is the recommended pro¬ 

cedure. B(J) should be assigned only if for some reason a value different from what 

the program would calculate is desired. 

NS(J) - Number of longitudinal stiffeners on th' Jth gross panel element. 

NSTIF(J) - Stiffener reference number for the Jth gross panel element. 

NEMAT(J) - Material reference number for the plating (alone) of the Jth gross panel 

element. 

AET(J) - Effective length for tripping for the Jth gross panel element. If AET(J) 

is zero or left blank, it will be set equal to the value of AILS defined earlier. 

Similarly, a positive, nonzero value of Affr(J) will override the value of AILS for 

the Jth element only. A value of -1.0 will cause tripping to be ignored as a failure 

mode for the Jt’i element. 

NGEN(J) - General instability code. Since general instability is not presently in¬ 

cluded in this preliminary version of the program, this parameter should be left 

blank. 

PREL(J) - Structural proportional ll.lt ratio tor the Jth groe» panel element. Thla 

parameter Is discussed In the appendices describing the element tellure modes. A 

default value of 0.5 is utilized in the program. 

ETA(J) - Tension yield zone ratio for the Jth gross panel element. This nondimen- 

sional parameter is the ratio of the width of the tension yield zone (on one side of 

the stiffener) caused by welding to the thickness of the plating. Values in the 

range 3.0-4.5 are commonly employed. 

PRSS(J) - Uniform lateral pressure loading (force per unit area) applied to the Jth 

gross panel element. Pressure loading is positive when applied to the outside sur¬ 

face (the side opposite to that to which the stiffeners are attached) and negative 

where applied to the inside surface. 

16 
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(ENLARGEMENTS OF HARD CORNER 
ELEMENTS FROM FIGURE 6) 

(YHI.ZHU2 (YHZZHZb 

_/ 

^ (YHZ.ZHZh 

-^TH3 

^(YHTZHIb 

AREA > ASHS(2) - YH12 
MOM. INERTIA * AIHS(2I - VH22 

, (YH2.ZH2Í5 
AREA = ASHS43) - YHI3 
MOM. INERTIA 

YHSI3I = ZHI3 
CENTROID 
YCOORD 

Figure 7 Representations 

NOTE: TO USE THE ABOVE FORMAT 
ALL SECTIONS MUST BE OF THE 
SAME MATERIAL. 

of Hard Corner Elements (Alternative Formats) 

TH - Thickness of hsrd corner piste element. As described In the preceding defini¬ 

tion, leaving this persister blank Indicates that hard corner data are being Input 

in the "second" mode. 

NHMAT(J) - Material reference number for the Jth hard corner element. If this 

parameter is left blank, a default value of 1 is assumed. 

PRHSTN(J) - Value of the initial strain for the Jth hard corner element. 

DSTF(J) - Overall depth of Jth tee stiffener (web depth + flange thickness). 

18 



TWEB(J) - Web thicknese of Jth tee stiffener. 

WFLG(J) - Flange width of Jth tee stiffener. 

TFLG(J) - Flange thickness of Jth tee stiffener. 

NSMAT(J) - Material reference number for the Jth tee stiffener. If left blank the 

material reference number for the highest numbered gross panel element that refer¬ 

ences this stiffener will be assigned. Although a gross panel's plating and stiffen¬ 

ers may be of different materials, both materials at present must have the same 

value of Young's modulus. 

E(J) - Young's modulus for the Jth material. 

GNU(J) - Poisson's ratio for the Jth material. 

SY(J) - Yield stress for the Jth material. 

PRMT(J) - Proportional limit ratio for the Jth material. This parameter is the 

ratio of the proportional limit stress to the yield stress and allows variations in 

the shape of the stress strain curve as shown on Figure 8. If left blank a value of 

1.0 is assumed. 

Figure 8 - Material Stress-Strain Curves 
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„LR - „»ber of load ranRoa. Curvatura la applied In Increment, of constant value 

within each load range. Having multiple load rang., allow, the al.ea of the cur, 

ture increment, to be changed. At preaent a maxlmm. of 10 load tenge, la permitted. 

NINC(J) - Number of curvature increments in the Jth load range. 

CIHC(J) - Six. of curvatura Incremanta (In units of length ) In the Jth load rang 

Positive curvature corre.pond. to hogging, negative to sagging, „hen a cross 

.action ha. en Initial .train dl.trlbutlon applied to It. the force »d moment b - 

le due to theae pre.tr.ln. can be evaluated bp setting „LR-1. --(1) 

CINC(l) - 0.0. The program will then compute the unbalanced force an cumu 

moment due to these prestrains. 
The input data Involve both dl.en.lon.1 and nondlmenalonel p.ramet . 

program doe. not regulre that any specific units be used, but It does re,uIre hat 

those used be . conal.tent set. That la. If pounds and Inches are used for the 

weight and length units, all parameters that have dimensions Involving weight or 

length must u.e pound, and Inches. Since certain parameters have come to be a..oci 

a ted with certain unit, (mainly through freguent use,, it can be 

end up with an lncon.iat.nt set of data because certain perameters muat 

in terms of units not commonly associated with them. 

INPUT DATA FORMAT 

The following card Images. In the order preaented. constitute the Input det. 

and must be prepared according to IV is 

tlngulsh between Integer and real variables. The P 
presumed in this respect; that Is. names for Integer variables are coded to eg 

with the letter. I. J. *. U «. or ». »her«, the n«aea of real v.rl.ble.begnwith 

an, of the remaining 20 letter, of the alphabet. The numbers on the sample 
y . j th. 80-column IBM card in which the respective values 

indicate the column numbers oi the 80 column . „ opr varlable8 
. * Tt. ia „articularly important that integer variables 

of the variables are punched. It is particularly v 

ln I-format and real variable. In R-format be right adjusted In their reapectlve 

columns. 



INITIAL CARDS 

The first card or line of input data must have the word "START" punched in the 

first 5 columns. As indicated in the preceding section on definitions, this value 

must be assigned to the parameter CHECK to initiate program computation. The second 

card contains the 80 character (maximum) alphanumeric title, which is printed at the 

top of the first output page. Internally this title is stored as a 20-element array 

parameter HEAD. 

GENERAL SECTION CHARACTERISTICS 

, NEL 
15 
16 

z ACMP 
110 
F10.0 

NHS 
610 

16 

N8TF 
11 16 

16 

ATFR 
1120 
FIDO 

NUMAT 
1(10 

« 

NCYMAX 
2121 
« 

AILS 
2130 
F10.0 

KOUT 
26 30 
IS 

BLANK SPACES 
31-60 

FAKK 
3140 
F104 

EPSH 
4160 
F10.4 

EPSA 
5160 
F10.4 

EPSB 
6170 
F10.4 

BLANK 
SPACES 

7180 



Three data cards, in the order shown, are required for each gross panel element. 

Gross panel elements must be numbered consecutively, starting from 1 (J * 1, ?, ..., 

NEL), with no gaps, but it is not necessary that the groups of three data cards be 

placed in this sequential order in the input data stream. 

HARD CORNER SPECIFICATIONS 



Aa with the gross panel elements, hard corners must also be numbered consecu¬ 

tively starting from 1, with no gaps, and may be placed in any sequence in the input 

data stream. If there are no hard corners, i.e., MHS ■ 0, these cards are omitted. 

STIFFENER CHARACTERISTICS 

There is one stiffener card for each unique stiffener, thus resulting in a total 

of NSTF cards. They may appear in any sequence within their own group but, like the 

other data, they must be numbered consecutively starting from 1, without gaps. 

MATERIAL SPECIFICATIONS 

23 



There 1. one «terlel epeclfIctlon crd for eech -terUl. ».king for e tot.l 

of NUMAT cards. Groa, p.n.1 el«»«nts. h.rd corner,, end atiffener. -, .U reference 

the same materiel .pacification card. The., card. alao be err.nged in an, order, 

but must be numbered consecutively starting from 1. vlthout gaps. 

Inct usen tal loading data are provided in the formats shown shove. If BLR is 

greeter than tero, then the cards following for NIHCU) and CIBCU) are reared 

As currently dimensioned, one card -ill be .deguste even for the maximum number o 

possible values for BIBC(J)i for CINC(J). however, two cards -, be required s 

the format used (8E10.0) only allow, a maximum of 8 entries per line or card. I 

»I* is tero or negative, then the card, for NINC(J) and CINC(d) are omitted. Thl. 

msy be desired, for example, when one needs the cross-section moment of Inertia 

calculation to determine what site Increments should be used. In this case the 

program will simply do all the preliminary calculation, up to the point where the 

loading data have been provided. Oat. sets for additional problems following 

still be executed. 

:! flfH! 
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EXIT CONTROL 

The card with "STOP" punched in the first four columns is always the last entry 

in the data deck. It is not, however, the last card for each problem. If several 

problems are being run sequentially, the first card following the loading data cards 

will be the "START" card for the next problem data set. Only the final problem in 

the series will have a "STOP" card, and it will be the absolutely final data entry. 

DESCRIPTION OF OUTPUT 

Output from the program is, in general, self explanatory. No units are given, 

because, as previously explained, no specific units other than a consistent set are 

required. Including the chosen units in the problem header statement might be a 

wise approach. 

The output from the program can be roughly divided into two sections, an 

"expanded" echo of the input data and the actual program output results labelled as 

the "Moment-Curvature History." A few explanatory notes concerning each section are 

appropriate. 

INPUT DATA ECHO 

This section is basically an echo of the input data and is intended primarily 

to allow data verification. As these data are presented, however, some changes and 

additional parameters appear, which require definition. 

a. Parameters labelled "WIDTH," "SIN," and "COS" that appear with the gross 

panel element data refer to the width of the gross panel between side points and the 

sine and cosine of the angle of inclination of the panel to the horizontal, or 



b. All of th« turd cornar element date are presented in terms of the element's 

area (AREA), vertical lever arm (Y-COORD), and moment of Inertia about its own cen¬ 

troid (MOM. IN.) regardless of what input data format was used. 

c. Values of each stiffener's area (AREA), vertical moment of inertia (IZZ), 

and moment of inertia about its web plane (IYY) are provided along with its four 

physical dimensions. These values are for the stiffener alone. 

d. In addition to the input parameters, the shear modulus, calculated according 

to the relationship (G - E/(2(l+v)), and the yield strain are provided for each 

material. When the proportional limit ratio is less than one, the lower linear por¬ 

tion of the material stress-strain curve is connected to the yield plateau by a 

section of a quadratic curve so that the material yield strain in this case, ey, is 

defined by the expression, 

£y ' / U-Vj 

e. If the output is requested using the parameter KOUT, an element by element 

breakdown is provided for the vertical moment of inertia calculation for the fully 

effective cross section. Each element is identified by its number, its type (GP . 

for gross panels, HDCNR for hard corners), and its component ("P" for plating, S 

for stiffeners). Also provided is ET/E, the ratio of the component's modulus to the 

modulus of the reference material (material number one being used as the reference 

material), (ET/E)AREA, the components effective area, LEVER, the vertical lever arm, 

M0M1 and M0M2, the component's first and second moments, respectively, and 10, the 

component's moment of inertia about its own centroid. The results of the calculation 

are summarized at the bottom of the table. This summary is provided alone if the 

detailed output is not requested. 

f. A table is provided that lists for each gross panel element the critical 

buckling strains «ni stressas for naterial yielding. Euler been-column buckling 

(type 2 failure only), and stiffener tripping. These .alues effectively represent 

the "boundaries" between the rone of stable behavior and the second rone, or buckling 

(or yielding) plateau, discussed In an earlier section. These values are computed 

according to the theories described In the appendices. Scanning this table allows 



i"1...... 

the user to identify for each groe, penei the critical failure »ode, uniese It hap¬ 

pen. to be bean-column buckling type 1. since the critical value, for this »ode are 

not at present included in the table. 

,. The final data presented in the "input" section are referred to as the 

initial (unloaded) cross section characteristics. These values differ fron those 

computed for the fully effective cross section only in that they Include the In¬ 

fluence of assumed residual stresses In reducing the effectlveneas of plating loaded 

in compression. (The presence of residual stresses Is Included by means of the 

ETA(J) parameter.) Difference, in the t»o sets of values are usually noticeable but 

not significant. 

MOMENT-CURVATURE HISTORY 

Data in tabular form for each gross panel element, and for each increment of 

curvature are provided in this section. The following elaborations are presented 

to more clearly define several key points in this output. 

a. The term "CYCLE" refers to the iteration cycles used to determine instan- 

taneous neutral sals location. A value of l Indicates that the Initial tolerance 

check (see EPSA) was met, a value of 2 indicate, that the second but not the first 

(see EPSB) »as met, and a value of 3 or greater Indicates that the two-staged Itera¬ 

tion procedure was re,wired. If the default value of NCYMAX (-20) 1. used, a value 

of 21 for CYCLE indicates that the procedure did not converge In the allowed number 

of cycles. In general, a value of NCYMAX+1 will appear for CYCLE when this occurs. 

b. The "instantaneous n.a. location (starting value)" refers to that value 

determined (If necessary) through the iteration procedure and used to produce the 

incremental strains presented in the table following. 

c For each gross panel element the table provides data on modulus (area 

weighted mean), incremental or reduced effective width ratio (BEP/B), cumulative 

effective width ratio (BE/B), usually referred to just as effective width, lucre 

mental strain, cumulative strain, cumulativa stress (also an are. weighted meanK 

and the failure code. A failure code of zero generally Indicate, no failure, that 

is the gross panel i. still in the zone of stable behavior. (A yield failure con- 

ditlon, however. -Ill also indicate zero.) When buckling of some type occurs, this 

->7 





Figure 9 - Midship Section, Hull A 

element. Although such an approach cannot provide unloading behavior, it can pre¬ 

vent the development of unreasonably high stress levels in elements where buckling 

can be expected to occur at stress levels well below the material’s yield point. 

The complete computer output listings for the two examples are provided in 

Appendix F. The previous section described what this output provides. Bending 

moment versus cumulative curvature from these data are plotted in Figures 15 and 16 

These plots illustrate how the degree of redundancy of the structure influences the 

nature of the hull's behavior in the neighborhood of its peak, or ultimate, moment 
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Figure 10 - Midship Section, Hull B 
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Figure 11 - Grout Panel and Hard Corner ID'a, Hull A 
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Figure 12 - Gross Panel and Hard Corner ID's, Hull B 
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Figure 13 (Continued) 
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Figure 14 - Input Data Listing for Hull B 
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Figure 14 (Continued) 
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Figure 14 (Continued) 
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capacity. Where little redundancy exists, as in hull A, the collapse is character¬ 

ized by a sudden and sizeable drop in moment capacity due to the often almost 

simultaneous collapse of major pieces of structure. Where greater redundancy exists, 

as in hull B, the collapse process is more gradual, with the successive failure of 

smaller units of structure, leading to a moment-curvature curve whose slope de¬ 

creases in a more gradual manner until it eventually reaches zero and then turns 

negative at its peak moment. This peak moment is usually defined as the hull's 

"ultimate strength"; however, hulls with significant redundancy can have local moment 

peaks, that is, a moment-curvature behavior that builds up to a peak moment value, 

drops off a bit, and then builds up to a greater peak value before dropping off in 

capacity again. Certainly, in theory at least, more than one of these local peaks 



Figure 16 - Moment-Curvature Curve for Hull B 

can occur, although whether this is likely in actual practice is problematical. 

When one or more such local peaks do occur, however, the issue of how to define the 

hull's ultimate strength becomes somewhat murky. If a definition is required, the 

interpretation probably will have to be made on a case-by-case basis, since not 

enough data exist at present to support any broad generalizations. 

When a large piece of structure "fails" (most often this means moving into the 

zone of "unloading" behavior) a consequence often observed is the movement of the 

instantaneous neutral axis location outside of the confines of the hull cross 

section. (Mathematically this means that the increments of strain for each element 

must all be of the same sign to produce a zero force balance in the cross section.) 



Such behavior may be noticed in the output for hull A. When this amount is very 

large, as it can be, then the viability of the predicted behavior for curvature in¬ 

crements imposed afterwards must be questioned. Although mathematically this 

behavior is sound, the concurrence of "Mother Nature" in this regard is not so cer¬ 

tain. Fortunately the problem has been mainly academic so far, since the failures 

that produce this phenomenon virtually always cause the hull to collapse, which 

means that they occur in the immediate vicinity of the hull's peak bending moment. 

The examples described to this point include neither lateral load nor 

fabrication-induced distortion. Input data for hull A, including both of these pa¬ 

rameters (corresponding to a wave 20 ft high and lateral distortions equal to 1 in.), 

are listed in Figure 17. The moment-curvature results for the sagging condition in 

this case have been included on the plot of Figure 15. (The hogging condition moment 

curve is virtually identical to that for zero pressure.) The actual output data for 

this example would be identical in format to that already provided except that 

type 1 failure is now a possibility and could be so indicated under the FAILURE CODE 

column. When the loading conditions differ, the relationships between the cumulative 

hull curvature and the individual element strains can differ significantly from one 

loading case to the other. Thus considerable care is needed in comparing moment- 

curvature relationships when different loading conditions are involved. 

CONCLUSIONS 

When this project was first conceived about 2 years ago, the clear goal of all 

efforts was development of a preliminary working version of a computer program that 

would enable the structural naval architect to estimate the longitudinal bending 

moment capacity of a ship's hull with a minimum of effort. Because the effort was 

more a developmental than a research effort, it was understood from the beginning 

that "short cuts" and "gross approximations" would be needed in this preliminary 

version of the program. Tharefore, we now hope that further research and development 

will address some of the recognized shortcomings, so as to put future editions of 

the program on a more solid footing. While not an all-inclusive list, several areas 

requiring further inquiry, which the author regards as more significant, are dis¬ 

cussed below. 
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Figure 17 (Continued) 

2 1.10 309.7 
3 307.0 242.0 
4 284.5 267.5 
5 6.25 302.0 
õ 0.00 0.00 
7 10.36 17.04 
1 7.90 0.17 
2 8.00 0.23 
3 5.96 0.20 
4 12.00 0.23 
5 9.86 0.18 
6 18.44 0.31 
7 10.00 0.23 

. 1 30.0E6 0.30 
3 
5 2 14 

-1.0E-6 -0.5E-6 -0. 
STO» 

7.8 
303.0 267.5 0.625 
303.0 267.5 0.625 

0.50 20.0 0.750 
661.5 

3.94 0.20 1 
4.00 0.25 1 
3.97 0.22 1 
4.00 0.27 1 
3.95 0.20 1 
7.00 0.44 1 
4.00 0.27 1 

45000.0 

-6 

45 

i—. 

.'i i ! jj J ' "111 * i Ilf I till iiyíní 

. ..^...1. .. 



1. Plating Effectiveness - Plating effectiveness has been the focus of much 

research over many years. Here the question concerns the influence of buckling or 

initial distortion, or both, on the shear lag or effective breadth behavior of 

stiffened plating. This question has been raised because of the author's hypothesis 

that a reduced or incremental effective breadth concept should be employed (rather 

than "width") in computing the moment of inertia 1 of the plate-beam cross section 

for beam-column buckling, as defined by Equation (C.l) in Appendix C. 

2. Tripping Failure - Improved predictive techniques for tripping failure are 

needed, particularly in the elasto-plastic range. This is especially significant 

for plate-beam cross sections incorporating stiffeners having lower yield strength 

materials (relative to their plating), since the theory currently used can never 

give tripping stresses greater in absolute magnitude than the stiffener yield stress. 

The validity of such predictions needs to be evaluated and modifications to the 

theory incorporated, as necessary. 

3. Post-Buckling Behavior - Post-buckling behavior in general, involving all 

the modes of failure presently considered, probably includes the greatest number of 

gtoss approximations and educated guesses used in developing the program. Rigorous 

attack of this subject is incredibly complex, but recent advances in numerical 

analysis methods have clearly made certain types of post-buckling behavior analyti¬ 

cally tractable. Perhaps the greatest challenge in this regard is to develop from 

these numerical analyses simplified, empirical relationships compatible with the 

program's method of operation. 

A. New Capabilities - The preceding items have addressed shortcomings of the 

theories presently included in the program. This item, however, refers to develop¬ 

ments that would increase the capability and applicability of the program. Such 

items might include: a) the addition of grillage general instability as a failure 

mode; b) the considerations of additional types of loading, such as shear, torsion, 

or horizontal bending; c) the effects of dynamic loading; and d) the consideration 

of transversely framed ship hulls. Certainly, other items could be added to the 

list. 

The various shortcomings and limitations listed above do not imply that the 

program presented in this report has no practical value. On the contrary, the 



several sample problema de.crlbed pretty clearly demonstrate that even this Initial 

version can provide a great deal of extremely useful Information »1th relatively 

modest effort. This capability should prove valuable during preliminary hull design. 

And, at the very least, it should provide the basic building block for the future 

development of a more rigorous and comprehensive ultimate strength design tool. 
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APPENDIX A 

PLATING EFFECTIVENESS RELATIONSHIPS 

Plating effectiveness relationships play an important role throughout the col¬ 

lapse mode theories bummarized in the following appendices. Therefore the effective¬ 

ness relationships utilized in these theories are concisely presented here, with a 

minimum of theoretical and empirical back-up. For a more thorough description of 

the origins of these expressions, readers should consult the references cited. In 

this regard, however, an important point must be emphasized concerning the sign 

convention adopted. The assumption that tension is positive and compression is 

negative was chosen and strictly adhered to throughout this report. This poses a 

slight problem, because most of the references on compression behavior tend to assume 

the opposite, namely, that compression is positive. Thus the reader should keep this 

difference in mind when consulting any of the references cited in the appendices. 

EFFECTIVE BREADTH 

Effective breadth, closely related to the phenomenon of shear lag, is treated 

first because of the extremely simple form of the relationship assumed. Denoting 

the effective breadth by be, its relationship to the longitudinal frame spacing b is 

the following: 

b = b 
e 2 

(A. 1) 

This assumption is based on the work of Clarkson. 

EFFECTIVE WIDTH 

The theory behind the effective width formulation, ie somewhat Involved and la 

described in detail in References 1 and 2. The results of these developments are 

summarized here. 

The effective width relationships can be represented in a more concise form 

if the plate slenderness parameter, ß, is introduced. This parameter is defined as 

- * 7^2- 
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where t 

a 

plate thickneaa 

tensile yield stress of the plate material 
yp 
E ■ Young's modulus of the plate material. 

A modification of this slenderness, ße, can also be defined 

ß E 
(A. 3) 

which is the original slenderness ß with the yield stress replaced by the actual 

inplane compressive edge stress 0e in the plating. 

Using the above slenderness parameters, the effective width relationship util¬ 

ised in the hull collapse program is the following: 

1.0 R_ ß < 1.0 
e — 

ß > 1.0 
e 

(A. 4) 

In these expressions be now refers to the effective width and the term R, is a 

residual stress reduction factor which is intended to take into account the reduction 

in plating effectiveness resulting from fabrication-induced residual stress. Intro¬ 

ducing the constant parameter, 

(A. 5) 

k 12(l-Vp) 

in which V refers to the Poisson's ratio of the plate material, and the "structural 
P t| 

tangent modulus ratio, 

., nil?)’ 
E " 62 i 20,, 

reduction factor can be defined as follows, 



The ratio (o /a ) relatea the level of compressive residual stress in the plating 
r yp 

o to the plate's yield stress. It is assumed that this compressive stress must 

balance the tensile yield zone along the edge of the stiffener induced by welding 

the stiffener to the plate. The width of this tensile block on each side of the 

stiffener is denoted by nt and hence equilibrium requires that the level of residual 

compressive stress be defined by the relationship 

/ ~°r \ . 2n 

\ °yp ) <b^>-2n 
(A. 8) 

Faulkner (Reference 1) recommends that values of n of 4.5 to 6 are typical for ships 

as welded, but values of 3 to 4.5 are more appropriate for design after allowing for 

shakedown. 

Since the effective width as defined by Equation (A.4) is based on the total 

stress oe, it might be called a "cumulative" effective width. Closely related to 

this cumulative effective width is what has been termed a tangent width, reduced 

effective width, or even an incremental effective width, so called because it repre¬ 

sents the effectiveness of the plating as it is stressed from the level 0e to oe + 

Aoe. Denoting this quantity by b¡, it can readily be shown that if b' is defined as 

AP = Ao b't, then this leads directly to the relationship 
e e 

b' 
e 

b 
e 

db 

+ d(-a I 
(-ae) (A.9) 

Thus the formulation of b¡ is not independent of that for be> and if the above is 

applied to Equation (A.4), the result becomes 
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(A.10) 

Note that if the effective width is not load dependent, then be and b¡ will be 

identical. 

A similar parameter will also exist with respect to the concept of effect ve 

breadth. Ho»ever «1th th. a.au.ptIon of effective breadth a. defined by Equation 

(A.1)t the effective breadth and the reduced or Incremental effective breadth are 

identical. 



APPENDIX B 

BEAM-COLUMN COLLAPSE - TYPE 1 

Consider a beam-column of length a as shown on Figure 3 loaded by a uniform 

lateral loading q (force per unit length) and an axial inplane force P and character¬ 

ized by an initially distorted shape which is approximately represented by the 

function 

The behavior of this beam-column in terms of its additional lateral deflection w is 

described by the following differential equation, 

- Pw sin -- M - 4 qax + 4 qx2 
o a e 2 2 

(B.l) 

Since this beam-column is considered one of many repetitive elements (in the longitu¬ 

dinal direction) that are essentially similar in geometry and loading, the boundary 

conditions at its ends (where the support is provided by transverse web frames or 

bulkheads) are assumed clamped. With these assumptions, straightforward strength 

of materials methods can be used to determine the values of the bending moments 

(positive when the plate is in compression) at the beam-column's ends and center as 

well as its total (w+wq) midpoint deflection. These moments and deflection are 

given by 

(B.2a) 

for the ends and 

(B.2b) 
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Me • ïst [«pi+1 ^ (r) (1-C08 x-x ,ln X)+i1* fx “ln x)] (B-5a) 

M - + M . 
c — pl 

(B.5b) 

w ■* w + 
tí o AEIX 

i , V 2 2Pw ) 

l’if) +ïôàT| x 3i"x 

M + (?) (cos X-l) 

. 4 aw 
1 a . _o 

32 q EIX2 l-» 
(B.5c) 

At some point, as the axial end displacement -u continues to increase,* the situation 

will be reached when both end and center moments are at their fully plastic values. 

When this occurs plastic hinges are assumed to form at the ends and center, and the 

beam-column is further deformed as rigid body motion of two bars linked together. 

In this case the total lateral deflection wT of the midpoint of the beam-column is 

given approximately by 

(B.6) 

■ 

where (u/a) , is the value of axial end "strain" at which both M and M achieve 
pl e c 

their fully plastic v-ilue, (u/a) is the current value of this "strain," and wcpl is 

the value of total lateral deflection (midpoint) corresponding to (u/a)pl. In this 

situation as the beam-column is further compressed the lateral displacement wT con¬ 

tinues to grow. Since the moment capacity at the three hinge locations is limited 

by their respective fully plastic values, equilibrium can be maintained only if the 

absolute value of the axial force P decreases in the correct proportion. This is 

referred to as "unloading." If the values of the fully plastic moment for Mg and Mc 

are assumed to remain constant, then the relationship between lateral displacement 

and axial force for this unloading behavior is given by 

*To be consistent with the convention for stresses, positive values of (u/a) 

are assumed tensile, and negative values compressive. 



(B.7) P " (Mepl_Mcpl+ 8 qa )/t 

in which the terminology indicate* that the respective fully plastic values for M 

and Mc (with their appropriate signs) are used. The assumption that the fully 6 

plastic moments remain constant as the compressive axial load decreases is clearly 

questionable; however, it is probably a conservative assumption, and developing a 

more mathematically rigorous description of the unloading phenomenon is beyond the 

scope of the present effort. 

Since the total cross section moment for the hull is computed by integrating 

the stress over its effective area, the axial load above is converted to edge stress 

ae by simPly dividing by the effective area A (based on the effective width b ). 
e e 

In this expression it is assumed that the effective area remains constant at the 

value corresponding to the peak value of P, namely that value occurring when the end 

shortening is equal to (u/a)p^ and both Me and Mc have just achieved their fully 

plastic values. Again, this is a debatable assumption that can be justified only by 

I expediency and the recognition that a more rigorous treatment is a potential subject 

for future development. In any case, the stress computed according to Equation (B.8) 

is the actual edge stress only if stiffener and plate are of the same material; if 

stiffener and plate materials differ this stress is in effect a mean cross section 

stress. This is acceptable, however, since the integration for the computation of 

the longitudinal moment does not require that the precise state of stress in plate 

and stiffener be known in this case. 

An estimate of the tangent modulus in the unloading region can be made by com¬ 

puting the derivative d(oe)/d(u/a). (This parameter is used in the program to 

estimate the instantaneous neutral axis location.) This results in the expression 

¿(O 
Et* d(OT 

I 2 P H-(u/a) 
(B.9) 
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pr™ the expressions presented It should he cl.er that the direr Ion of « 

(indicated by its sign) cen have a slgnlfirMt Influence on the behavior o 

beam-column. Since there is not enough experimental date fro. actual neve vessel, 

to clearly define the directional patterns to be expected for «o. t s a 

mithin the program that the distortion occur, in its potentially most = ^ 

tion. that is. in the same direction as the applied lateral load. If no lateral 

load is present, a positive value of is arbitrarily adopted since in this case 

the value of the axial collapse load la independent of the sign of «„. 

An example of load shortening curves for this type of collapse is provide 

i pxhibit the plateau described earlier and shown in 
18 These curves do not exmoic tne 

This is because the asedien has been made that the relationship betmeen 

axial end stress 0 and displacement u r^ins linear until all three pl.stic hinges 

have formed. Once'this occurs additional end displacement mill thus result in an 

,_d,.t. "dropping off" in the value of the eguilibrlum end streas. 



APPENDIX C 

BEAM-COLUMN COLLAPSE - TYPE 2 

In contrast with the type 1 form of beam—column collapse, beam—columns can also 

collapse in a mode in which the lateral deflections alternate in directions from one 

bay to the next. In this case the beam-column behaves more as if it were simply 

supported at the support points provided by the transverse web frames and bulkheads. 

Although the theory summarized in the following differs in some respects, many 

aspects of the development can be found in considerably greater detail in References 

1 and 2. 

Consider first the situation where a straight column of length a is loaded only 

by an axial load. The elastic buckling load for the column is calculated according 

to the relationship 

o 
ere 

tt2EI 

A a 
e 

(C.l) 

in which the moment of inertia I of the combined plate-stiffener cross section is 

based on the reduced effective width b', whereas the effective area A is based on 
6 6 

the effective width b . 
e 

If both plate and stiffener materials are identical then the elastic buckling 

stress is modified using the tangent modulus as follows 

(C.2) 

In this case the tangent modulus is approximated using the Ostenfeld-Bleich quadratic 

parabolae, namely 

Et 4o(o -kj) 

r“" a2 
(C.3) 

Replacing a by acr above leads to the expression for the inelastic column buckling 

stress 



"»Wim.... ............I.I.. ..........1...III... 

cr 

ere 
-0 <0-0 

ere — 2 y 

-0 > -r- CT 
ere 2 y 

(C.4) 

Since bg and b' are stress dependent, the above equations must be solved in an 

Iterative fashion, the cycles completed only when the stress value assumed in com¬ 

puting b and b' is "tolerably" close to the computed value of a 
e e cr 

If the plating and stiffener materials have different yield strengths, then the 

above computation procedure must be modified somewhat. In this case the inelastic 

"modification" depends on which material has the higher yield stress. If the plating 

tensile yield, 0yp, is greater than that of the stiffener, 0ya, the inelastic column 

buckling stress is based on an area-weighted mean yield stress, a , in the following 
ym 

manner 

where 

(C.5) 

o 
ym 

0 bt+o A 
yp ys s 

bt+A 
s 

(C.6) 

and Ag is ue stiffener cross section area. Equation (C.5) is used only if the 

absolute value computed from (0 ) is less than a ; otherwise, the critical in- 
cr m ys 

elastic stress is set equal to “0y8* Since the current procedure allows differences 

only in yield strengths between plate and stiffener materials (no modulus variations 

acceptable), values of (o ) calculated from Equation (C.5) correspond to the stress 
cr m 

levels in both plate and stiffener. 



If °ys > ayp’ the inelastic modification is made with respect to the higher 

yield stress material, namely 

(°cr^stiff 

ys 

ere 

ys 

-1 

\ ere / 

-O < T O 
ere — 2 ys 

-o > ■!■ a 

ere 2 ys 

(C. 7) 

Once the inelastic buckling stress is computed for the stiffener material using the 

above expressions, the inelastic stress level for the plating is computed simply 

from the condition of strain compatability of the two components and the knowledge of 

the two materials' stress-strain curves. Except for these modifications, the itera¬ 

tion procedure for similar versus different materials is identical. 

When the end shortening u/a reaches the value of the strain corresponding to the 

inelastic column buckling stress, the column is assumed to have buckled. As the 

shortening increases beyond this value the edge stress on the column (and hence the 

axial load P) is assumed to remain at the inelastic buckling value while lateral 

deflections at the midpoint of the column grow according to the relationship 

w 
2a 

n M7Ï) (C.8) 

where (u/a) is the end shortening corresponding to o and (u/a) the current value 
cr cr 

of the shortening. [The origin of Equation (C.8) is in nonlinear slender column 

theory.] Provided that Pw remains less than the fully plastic moment at the center 

of the beam (taking into consideration the appropriate signs of the moment), the 

axial inplane stress ae and hence load P remains constant as previously indicated. 

At some value of (u/a) the applied moment Pw will re*.-:h and then exceed the 

fully plastic value, which is the maximum value the columi can support. As the 

shortening continues to grow beyond this value, unloading must occur if the column 

is to remain in equilibrium. Thus the absolute magnitude of the axial load will 

drop in accordance with the relationship 

P » + M ./w 
- pi 
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As with type 1 beam-column collapse, the assumption is made that the fully plastic 

moment Mpl and the effective area remain constant [at the values corresponding to 

(u/a)cr] during the unloading process. Thus the edge stress (representing a mean 

value if plate and stiffener materials differ) is simply determined according to 

ae " p/Ae (C.iO) 

The presence of lateral pressure or fabrication distortion or both is assumed 

not to influence the critical stress ocr at which buckling in this mode occurs. 

What pressure and distortion can do, however, is to force the column to fail by the 

type 1 mode of failure (already discussed in the preceding Appendix B) or to alter 

the behavior of the column in the post-buckling regions. This change in post- 

buckling behavior is addressed in the following paragraphs. 

At or just before the occurrence of buckling, according to the theory presented 

in Appendix B, a certain moment and deflected state exist in the beam-column due to 

the combined action of the axial and lateral loads and the initial distortion. These 

moments and deflections, denoted here by M , M , and w_ for convenience, are 

computed according to Equations (B.2), (B.4) or (B.5), whichever is appropriate. 

After buckling occurs, the moment state at the ends defined by M is assumed to 
ecr 

be essentially "locked in" (since it arises from the loads still present) and the 

total midpoint lateral deflection then becomes the sum of w„ and an additional 
Ter 

amount given by Equation (C.8), and denoted here by wb. In this condition equili¬ 

brium of moments requires that the center moment be equal to 

Mc ■ Mecr + 1 0-2 - P(“Tcr4vb) <c-l» 

When wb grows to the point where Mc reaches its fully plastic value, a plastic hinge 

will form at the center and further shortening will require that unloading occur. 

(As with the zero pressure case, it is assunu.d that P remains constant up to this 

point in the post-buckling range.) Thio value of wb, called wbpl, is given by 



..... ---------- ....... *1 ' 

bpi 

M -M .+ 4 qa2 
ecr cpl 8 - w, 

Ter 
(C.12) 

where, as before, Mcpl indicates the center moment at its fully plastic value. 

Because of the alternating nature of the buckling pattern a hinge at the center 

is all that is required to cause the beam-column to behave like two rigid, linked 

bars. Consequently, after the formation of the hinge, the total lateral deflection 

of the midpoint of the beam-column is given approximately by 

wT * ± [(«Tcr^bpP^ 2 a2 [(a)pl~(a)+2 (a)pl"(a) (]] 

1/2 
(C.13) 

where (u/a) is the value of axial end shortening corresponding to wbpl and is ob¬ 

tained fromPEquation (C.8) by rearranging and substituting wbpl for w, resulting in 

B), 
(C.14) 

Using Equation (C.13) for wr the axial load required so that equilibrium is main¬ 

tained and the resulting axial stress are the following: 

M -M .+ 4 qa2 
ecr cpl 8 (C.15) 

P/A„ (C.16) 

This approach also relies on the assumptions that effective areas and fully plastic 

moments remain constant during unloading. In addition, however, certain inconsis¬ 

tencies in this approach have effectively been ignored. Primarily this involves the 

fact that although the buckling pattern is an alternating one, the lateral pressure 

loading is not, so that in reality, plastic hinges generally will not form at the 
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midspans simultaneously In adjacent beam-columns. The ramifications of Ignoring this 

are not at all clear; It can only be hoped that this results In a conservative esti¬ 

mate of the beam-column's behavior. Our ignorance of elasto-plastic behavior in the 

post-buckling range is great, and yet some approach must be adopted here. This is 

the primary justification for the approcch chosen. Future versions of this prelimi¬ 

nary program may benefit from the development of more rigorous, or at least more 

consistent, solutions. 

In any case, as with the type 1 failure mode, the tangent modulus in the un¬ 

loading region can readily be estimated. This gives the identical form 

(C.17) 

The inconsistencies alluded to earlier in this appendix also arise in regard to 

the choice of the appropriate sign for the fabrication distortion wq. As with type 1 

failure, the direction of w is assumed to be identical to the direction of the o 
lateral loading for determining the moment state at buckling, but the direction of 

the fabrication distortion in adjacent longitudinal bays and its precise interaction 

with the bay in question is effectively ignored, and hence the inconsistencies arise. 

When nc lateral load is present, wq is assumed to follow an alternating pattern 

because this is clearly the most severe situation in this case. 

Examples of load shortening curves for this collapse mode are provided in 

Figure 19. 
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Figure 19 - Load Shortening Curves for Beam-Column Collapse (Type 2) 
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APPENDIX D 

STIFFENER TRIPPING COLLAPSE 

A comprehensive treatment of stiffener tripping (but not including post-buckling 

behavior) has recently been published and is Hated as Reference 4. For the develop¬ 

ment of the theories summarized below readers should consult that reference. 

The elastic inplane tripping stress (denoted here by -Ocre) f°r a stiffener 

under inplane axial loading can be written in the form of a quadratic equation as 

follows. 

«-“er/ (k2Vk6) + <-0cre)<klVk2k3-2k5k6> + (klkJ-k5) ’ 0 
(D.l) 

in which the k^'s are defined as 

D 2 
w /a 

h-'Mf) (1+3R) 

'2 "s Jctw (jS T 1A0 1A0 

k (l+ÍR) 

j c 

k4 “ - V + dc fcw (¾ + ÍÃ R ‘ R ) 

A_ + d_t.. (^+ iAn R * 1AO R ) 
18 . 19 

3D 2 
k _ « (ü_\ (l+R) 
5 ,2 Vmît / 

d 
c 

«2 ( 3 17 .. D + \ 
dc tw 135 420 R + 140 R I 

Many of the parameters appearing in Equation (D.2) are defined on Figure 20. The 

rest are defined below. 
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liWPiRiiliiilM 

D - Flexural Rigidity of Stiffener <*eb 
w 

Et2 

j - - o 
W 12(l-v2) 

A - Stiffener Cross Section Area 
s 

s 
d t + ft, 
W W w I 

I - Polar Moment of Inertia About Shear Center 
ps 

P9 
I + Ad -2Adz 
p sc a c 

G - Stiffener Material Shear Modulus 

E 
G - 2(l+v ) 

8 

m - Tripping Mode Number 

The P.r™*ter * 1» » dlmenelonl... rot.tlon.1 re.tr.int Prometer thet ieJlc.te. the 

amount of rot.tlon.1 re.tr.int th.t the pUtln, to which the .tlff«er 1. .tt.ch.d 

provides to resist tripping. This parameter is defined as 

R - 
(' 
Cd \ 

ï 
3 / w / 

i+ 
(¾) 

(D.3) 

in which the parameter C Is the rot.tlon.1 sprlnj con.t.nt (In unit, of mo«ent/r.d/ 

length) of the .upportlng pUtln,. The fonmletlon for C recommended In Keference 

is: 

C - 
o t1- v) (D.A) 

0 < e — pb 

in which a . is the plate buckling stress 
pb 
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T 

I - MOMENT OF INERTIA ABOUT THE WEB PLANE 

ïï 

HEIGHT OF SHEAR CENTER ABOVE TOE (ORIGIN) 

d 4-r- 
V f 

MJtfX.tJt" 

r - LONGITUDINAL WARPING CONSTANT 

J - ST. VENANT TORSION CONSTANT 

J ■ 1 

I - VERTICAL MOMENT OF INERTIA ABOUT TOE (STIFFENER ALONE) 

I - i t d3 + f t, (d3+ Tõ ) 
t 3ww wfyc 1/ i/ 

I - POLAR MOMENT OF INERTIA ABOUT TOE 
P 

I -1,+1 p t z 

Í - HEIGHT OF CENTROID ABOVE TOE 

ï ■ D 
Figure 20 - Geometrical Tripping Parameters for Tee Stiffeners 
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pbe 
-O . < 0.5 O 
pbe - yp 

Pb 

yp (-4¾) -o , > 0.5 o _ 
pbe yp 

(D.5) 

based on the classical elastic plate buckling stress 

4tt2D 

TPbe ” ’ tb2 

(D.6) 

and C is the unloaded rotational spring constant. The recommended relationship for 
o 

C is o 

C 
o 

2-,2 

!¥ [- (!) ] (D.7) 

in which the parameter D, also appearing in the expression for Cpbe, refers to the 

flexural rigidity of the plating. Hence 

D 
Et' 

12(l-Vp) 
(D.8) 

The elastic tripping stress calculated according to Equation (D.l) is corrected 

for "inelastic effects" in a fashion similar to that for beam-column buckling, namely 

(D.9) 

Since the rotational resistance provided by the plating is load dependent, the 

solution for o must be carried out in an iterative fashion. Convergence is 
cr 
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achieved when the computed value of from Equation (D.9) is within an accepted 

tolerance of the value of o assumed in Equation (D.4). 
0 

In the theoretical development of the tripping Equation (D.l), the mode number 

m. strictly speaking, should take on only integer values. However, one may notice 

that in the expressions for the coefficients k the mode number always occurs in com¬ 

bination with the panel or stiffener length, a. Thus it is possible to define an 

effective length for tripping, labelled aet, which is equal to a/m, and which can be 

used to approximate various degrees of rotational restraint in the plane of the 

stiffener web provided by the connecting structure at the stiffener's ends. For 

example, in the current design practice in use in the U.S. Navy for determining when 

ILS (intermediate lateral supports) are required, the effective length for tripping 

assumed is equal to a//?. This corresponds to a value of m » /!. For the hull col¬ 

lapse program it is reasonable (as a rough guide) to assume values for aet in the 

range a to a/2 when no ILS are present, and appropriately smaller values when such 

supports are present, the specific values depending on the number and location of 

the supports. 

When lateral pressure is present, the axial tripping stress is modified to re¬ 

flect its influence. (Fabrication distortion effects are not presently taken into 

account.) The beam is treated as uniformly loaded with clamped end supports. The 

angle of rotation, 3, about its line of attachment to the plating ia assumed in the 

form 

g » 0 I K sin — +(K-1) sin 
31TX 

et et ] (D.10) 

in which the (initially) unknown coefficient K controls the relative mix of the first 

and third mode shapes. The effect of the rotational resistance provided by the 

plating is ignored in dealing with uniform pressure loading because experience with 

the solution has shown it to be overly optimistic when rotational restraint is in¬ 

cluded. This is a conservative decision that can be at least partially jua.ified on 

the grounds that: (1) the amount of rotational restraint present is frequently small 

or zero because of the value of arr relative to Opb; (2) critical tripping pressures 

are usually quite high because of the relatively small regions of compressive stress 
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Reference 4 describes in complete detail how the appropriate value of K is determined 

for use in Equations (D.ll), (D.14), and (D.15). 

With q determined, the critical elastic tripping stress acre computed from 
ere 

Equation (D.l) is modified as follows 

(D.16) o 0 ere ere 

This stress, which now includes the effects of pressure, is then used in exactly the 

same fashion in determining the inelastic axial tripping stress (including the itera¬ 

tion process) as previously described. 

The approach to handling tripping in the post-buckling regions is very similar 

to that for beam-column buckling. Once tripping has occurred the axial force in the 

stiffener is assumed to remain constant while the sideways deflection of the stiffen¬ 

er increases with increasing end shortening. Denoting the sideways deflection of 

the flange by v, its relationship to the end shortening (by analogy with slender 

column theory) is hypothesized to be given by 

(D.17) 

where (u/a) in this case corresponds to the critical end shortening associated with 

0 for stiffener tripping. As long as Ps(v i/d^-the subscript s indicates the 

load in the stiffener-is less than the fully plastic moment of the stiffener alone 

about its web plane, the constant load, constant stress behavior will continue. 

When P (v z/dc) exceeds this value, however, a plastic hinge forms in the stiffener 

and unloadingCwill occur (due to the alternating nature of the lateral tripping 

deflections). The load in the stiffener then becomes 

(D.18) 

where in this case Mpl refers to the horizontal fully plastic moment 



The presence of lateral pressure is assumed to Influence the post-buckling 

behavior only through its influence on the value of the horizontal fully plastic 

moment. The bending moment at the center of the beam, Mc> calculated for the lateral 

loading q and the axial force P at the occurrence of tripping is computed according 

to Equations (B.2), (B.4), or (B.5) as given in Appendix B. The stress in the 

flange due to this moment, 0f^g is computed (based on an effective breadth of b/2) 

and an increment of force equal to 

is added to the axial force Ps due to the end loading. Thus when the horizontal 

fully plastic moment is computed it is based on an axial load in the stiffener of 

rather than P alone. (Since fabrication distortion is considered in the determina- 
s 

tion of the moment M , its presence is felt in a very secondary way in the tripping 
c 

phenomenon.) ’ 

Once the axial force in the stiffener is determined according to Equation (D.18) 

the axial stress in the stiffener is simply equal to 

(D.19) o 
e 

stiff 

Although there is no sound theoretical basis for it, it is assumed that the effective 

stress in the plating takes on the same value, namely 

(D.20) a a 
e e 

stiff plate 

As with beam-column collapse, once the hinge forms in the stiffener, the two 

halves are assumed to deform relative to each other like two linked rigid bars. Thus 

the sideways deformation of the midpoint of the flange is given approxiamtely by 
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-i I®,-®**I®!,,-«)‘h] 

;r- » --- ■“— 
tuting vtpl for V, leading to 

(!),„• 0,,-5(¾ 
(D.22) 

/ 1Q\ ^ rn an effective value of the tangent modulus can be 
From Equations (D.19) and (D.21) an etreccive 

deduced, namely 

1 2 _s l+(u/a) 
2 Et * 4 aet A 

(D.23) 

s V 

Examples of load shortening curves 

Figure 21. 

for this collapse mode are provided in 
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Figure 21 - Load Shortening Curves for Tripping Collapse 
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APPENDIX E 

FULLY PLASTIC MOMENT 

VERTICAL BENDING MOMENT 

The expressions for the fully plastic 

moment which are presented below are valid 

for plate-beam combinations of the same 

material as well as for those in which the 

plating and stiffeners are made of ma¬ 

terials having different yield strengths. 

The calculations are made on the basis of 

an equivalent section, assumed to be 

totally of one material, in this case that 

of the stiffener, in which the thickness of the plating remains unchanged, but the 

actual width of the material assumed to be effective, Is replaced by an equiva¬ 

lent width, be , according to the relationship 

eq 

0 
• b , 

ays epl 
(E.l) 

To facilitate the writing of the expressions which follow, some shorthand nota¬ 

tion is Introduced. The parameters defined are 

Plate Area 

A - b *t 
P eq 

Web Area 

A « (d-tc) t »dt 
w f w w w 

Flange Area 

Af - f 't* 
f w f 

Mean Depth 

m 
d+t 

2 
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... 
... .. 

Tlie expressions that follow are 
based on the assumption that the total axial 

in the presence of this load is 

case th. knoaladg. of P and th. 8ao».tr, of the croa, aec- 

II completely* defina th. location of the plaatlc neutral arla = -e th. o^ter 

aurf.ce of the plate, and thua the value of the full, ^ ^ V ^ ' 

three poaalble location, for c uuat be con.ld.red, each of uhlch r.ault. 

expressions for c and 

• Plastic Neutral Axis in the Plate 

0 < c < t 

' ■ (WV ^)/ » "e,) 

Mpl • V [V 2 C" 2 L)] 

where 

b c < A 
eq - f 

M , “ 0 

pi ys 
[».,■= (vf ■=) + 8t- (V‘-TB-du)+Äf (d-+t+ 2 v4.)] 

where 

9 . [b c-Af]/tu 

Mpl ■ °ya [beqC K'^ ^ ^ ' “'d^ 

(t+fV4»)+Af (V^T'f4-)] 
where 

8 “ lbeaC'Af'Aw1/beq 

< A, + A + (t-c)b eq 



"pi - V [v (vf8) tbeq(t-c) (f t+Tc-ä») 

+A„ (c+rVdJ+Af (d»+t*Ttf-d.)J 
where 

3 ” [Af+Aw+beq(t‘c)1/beq 

and 

(t-c)b + A + Af < be eq w f — eq 

• Plastic Neutral Axis in Web 

t < c < d + t 
— — w 

c. (vAu-V2tV 

Mpl ■ 0y. [Ap (V f') +tw(t-c) (fc+ (d+t- T8 

where 

8 “ [Ap+tw(c_t)1/fw 

and 

A + t (c-t) < A p w — I 

Mpi ’ “y. [ap (V T1) (t'+T'-O 

+8tw (dvr+t-T8"d»)+Af (V'+T'f'1*«)] 

where 

s - [Ap,tv(c-t)-Af]/tw 

and 

*f i Ap + i Af+ t.(d«-c+t) 



!»...... 
,-,,-^rrTXT-immr^n-.....-, , rr,„ 

MMMM’HMMWIMMMMMMHWMMHMMIWI'MIIMIMW'M1 H^tlwMWIWHl'illlliil'iW^KMWiliiiiiiiiiiiiiM , ,«, 

MPi • °y8 [s (vtO +1.8 (ve-r*) 
(Ü^-dJ+A, (Vt+ft(-d.)] 

where 

s “ [A.-A +t (d -c+t)]/t 
f p w w J w 

and 

Ac + t (d -c+t) < A + t (c-t) < A, + d t f W W — p y — f V % 

Hpl • V [»«pq8 (v f8) ^VV“*0 (~2-d.)+Af {**"■- Ttf"dm)j 

where 

s - [A,+t (d -c+-t))/b 
f w w eq 

and 

A, + t d < A +,-. (c-t) 
f W W — p w 

• Plastic Neutral Axis in Flange 

d + t<c<J + t + t, 
w — — w f 

c » A,-A -A +2f (d +t)- 
f p w w w ys 

M 
Pi °ys [Ap (V fO +Aw (V'- fdw) +fw(dw+t-c) ( 

■*V (d+t'-T8‘dm)] 

c+d +t 
w 

-d) 
m/ 

where 

s “ [A +A +f (c-d -t)]/f 
1 p w w w w 

and 

A + A + f (c-d -t) < A, + f (d +t-c) 
p w w w — t ww 

w* 
"3 

»rmr,™ 



where 

s “ [f (d+t-c)-A -A ]/f 
w p w w 

and 

A. + f (d +t-c) < A + A + f (c-d -t) < A- 
f w w — p w w w — f 

M . * o ("a (d - \-t) + t s (d -t- 4"s) +f (d+t-c) (- d )1 
pi ys p\ni2 / w\m 2 / w \2 in / J 

where 

s * [f (d+t-c)-A]/t 
w p w 

and 

A, < A + A + f (c-d -t) < A, + A 
f— p w w w — f w 

V ’ 0y8[beq8 (VT8) +fw(<Ht-C> -dn.)] 

where 

s - (f/b)(d+t-c) 
w eq 

and 

A + A- < A +A +f (c-d -t) 
w f — p w w w 

The above expressions employ the sign convention adopted generally, that is, 

tension is positive and compression negative. If a positive value of a is used in 
ys 

the above (meaning tension in the stiffener flange), the resulting moment, Mp^, will 

be positive and will cause compression in the plating. 

HORIZONTAL BENDING MOMENT 

In the prediction of collapse due to stiffener tripping, the horizontal (or 

lateral) fully plastic moment for the stiffener alone is required. As in the 
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previous case, it is assumed that the axial load (in this case not the total load but 

that in the stiffener, P8) is known and that the fully plastic moment in the presence 

of this load is desired. This leads to the following: 

• Plastic Neutral Axis in Web 

<|c| £0.5 tw) 

M - O 
pi ys 

2 o (d +tf) ys w t 

[<„ (K-’K (K"')] 
• Plastic Neutral Axis Outside of Web 

(0.5 tw < |c| < 0.5 fw) 

If the sign of c, representing the side of the web on which the plastic neutral 

axis is located, were significant, there would need to be two distinct expressions 

for c for the case "outside of the web." Since only the value of the moment is re¬ 

quired by the program, the expression above, which effectively gives the absolute 

value of neutral axis location c, is sufficient. 
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APPENDIX F 

OUTPUT DATA LISTINGS 

o 
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