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ABSTRACl' 

GENERAL LOADOC OF SOO-RIGID CONNECTIONS 

by Deryl Lee Earsan 

This paper presents the development of a model for 

the behavior of semi-rigid connections under general 

loading , including nx:ment reversals . The model is based 

upon experimental results of tests representing canbined 

gravity and cyclically varying wind loads reported here 

and elsewhere. The model is implemented into a canputer 

stiffness analysis of a simple frame and results are can

pared with approximate methods . Experimental data and 

analysis program listing are given in the appendices. 

The conclusions of the paper suggest that semi-rigid 

connections are aviable structural performance option for 

nx:ment transfer control. It is also suggested that by 

using a general connection model, rrore rational design 

and analysis methods could be developed 
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GENERAL LOADING OF SEMI-RIGID CONNECTIONS 

1 • INTROPUCTION 

Semi-rigid connections are becoming more attractive as 

designers search tor new structural pertormance options. 

Additionally, these type ot connections tend to be 

economical with respect to tabrication and erection costs. 

However,the lack ot general knowledge regarding their 

behavior and specitic guidelines regarding required 

pertormance limits their use. 

1.1 STEEL CONSTRUCTION TYPES AND CONNECTIONS 

There are three types ot construction permitted under 

the provisions ot Section 1. 2 ot the Specification for 

Design, Fabrication and Erection of Structural Steel 

Buildings issued by the American Institute ot Steel 

Construction (AISC). 

"Type 1, commonly designated as 'rigid frame' assumes 

that the beam-to-column connections have sufficient 

rigidity to hold virtually unchanged the original angles 

between intersecting members. 
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Type 2, commonly designated as I simple framing I assumes 

that, insofar as gravity loading is concerned, the ends of 

the beams and girders are connected for shear only, and are 

free to rotate under gravity load. 

Type 3, commonly designated as I semi-rigid I framing 

assumes that the connections of the beams and girders 

possess a dependable and known moment capacity intermedi ate 

in degree between the rigidity of Type 1 and the f l exibility 

of Type 2." (l).. These three types of connecti ons are 

shown diagrammatically in Figure 1. 

Consider a moment vs. rotation diagram of a connection 

shown in Figure 2. According to the previous definitions 

and standard treatment, Type 1 (fixed-end) and Type 2 

(pinned-end) connections represent the moment and rotation 

axes respectively. Type 3 (semi-rigid) connections 

represent anything between these axes. 

In actuality, however, most of the connections commonly 

considered as either fixed or pinned have some finite 

moment-rotation relationship (Figure 3). Indeed, the 

boundaries between each type of connection are undefined and 

subjective. A schematic representation of some common 

connection types and their relative moment-rotation 

relationships, representing varying degrees of rigi d i ty, is 

shown in Figure 4 (2) . 

• The number in parentheses in the text i ndi cate re f erences 
in the Bibliography. 
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Nevertheless, in most conventional analyses and 

designs of structural frameworks, idealized models of 

connections as either fixed or pinned continues as the only 

al ternate cases to be considered by the engineer. This, 

despite the experimental evidence which shows that rarely 

are either models valid. In fact, "experiments carried out 

over the past decades have shown that actual joint behavior 

always falls between the two cases" (3). 

In defense of the idealized models of connection 

behavior, the fact remains that they are easy to use and may 

represent behavior sufficiently well for most analyses. 

Implementation of actual connection behavior may be very 

complicated, depending upon the degree of accuracy desired. 

Full consideration of a connection's partial rigidity in 

analysis requires treatment of each connection as an 

individual structural unit, each with its own stiffness 

properties or matrix. To further complicate the matter, 

connection's behavior is highly nonlinear, as can be seen in 

Figure 4. The lack of specific guidelines regarding the 

connections and related servicability requirements, such as 

drift indices, makes the interactive decisions of frames and 

connections even more complicated (4) • The extra 

consideration required of semi-rigid connections may lead to 

a considerable amount of additional and demanding work for 

the designer. 
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Despite the drawbacks of the semi-rigid connection 

treatment, there is need for their study and the inclusion of 

the semi-rigid nature of most connections in analysis. In 

all structural systems, and specifically building frames and 

bridge deck systems, the connections will be subjected to 

shear and bending moments resulting from "continuous 

structural action." The amount of continuity depends upon 

the ability of the connections to resist moment (2). Thus, 

the entire structural system is affected by the connections 

just as if they were standard structural members, and the 

tact that "the use of idealized connection behavior may, in 

many cases, lead to e=oneous results" (5), perhaps they 

should be treated as such. 

This argument becomes more compelling when one 

considers the trends of modern construction practices. In 

the past, walls and cladding, though often neglected in 

design, served as extra stiffening factors, which in 

general, produced larger factors of safety and better 

servicability. Modern construction, using thinner walls 

and cladding of virtually negligible rigidity, coupled with 

modern connections which along with being less labor 

intensive are also more flexible, results in structures 

which are more flexible than their predecessors (5). 

These realizations have been recognized by the authors 

of the U. s. Limit states Design Code, referred to as the Load 

and Resistance Factor Design (LRFD) Specifications. In the 
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provisions of the LFRD Specifications, only two types of 

construction are designated (as opposed to the AISC 

Specifications which provide for three); Type FR, fully 

restrained connections, ' equivalent to Type 1 of the AISC, 

and Type PR, partially restrained connections, equivalent to 

Type 3, but also encompassing Type 2 of the AISC (3). 

FUrthermore, and of a more subjective argument, it seems 

necessary that structural designers understand the 

properties of the materials and the techniques they use in 

their profession, whether or not these properties need be 

incorporated in all cases. 

All reasoning behind consideration of semi-rigid 

connection behavior is not to avoid the possibly dangerous 

over-simplification of a structural system. The most 

significant aspect of semi-rigid connection behavior and 

analysis is that it provides for a new structural 

performance option and design refinement to the designer. 

Semi-rigid connections ca.n be considered as an additional 

tuning element of a structure's behavior. 

Consider Figure 5, which shows a simple portal frame 

under gravity loading. In the case of a pinned-end beam, 

the extreme moment in the beam is at a maximum, and the frame 

has its least resistance to lateral forces. In the case of a 

fixed-end beam, the moments at the center of the beam are 

reduced to their minimum at the expense of larger moments, 

their maximum, at the ends of the beam. This frame 
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condition has greatest resistance to lateral forces, but 

also the greatest amount of moment transfer to the columns. 

Traditionally, these two cases represent the only 

options available to the designer. In the case of the 

fixed-end beam, any adjustments in relative moments requires 

changing the relative moments of inertia or spans of the beam 

and columns. 

The use of semi-rigid connections results in a case 

intermediate between the pinned and fixed-end cases. The 

moments transferred to the columns can be reduced in 

proportion to the increase at the center of the beam. Thus, 

the relative connection stiffness, as well as the relative 

stiffnesses of the beam and columns, can be adjusted to 

change the moment distribution. As well, the frame still 

has an intermediate resistance to lateral forces. 

Clearly, this structural option could have an impact on 

structural optimization and economy in many situations. 

For example, use of the moment resisting capacity in 

connections traditionally modeled as pinned has been shown 

to provide significant economy in the case of roof pounding 

(6). Nevertheless, the additional and sometimes extensive 

design work discussed earlier and the savings of steel, 

fabrication, and erection costs, "do not always have clear 

guidelines as to the economic consequences of such design 

precision" (4). 
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There is, however, much current work being done in 

providing more general guidelines for the design, uses, and 

costs of semi-rigidly connected systems. The increasing 

use of computers in analysis makes the inclusion of semi

rigid joint behavior more attractive by reducing the 

computational demands of the designer, while providing a 

better understanding of the response characteristics of real 

frames. 

1.2 HISTORICAL DEVELOPMENT OF SEMI-RIGID CONNECTION 

TREATMENT 

While it may have always been intuitive that 

connections would undergo nonlinear moment-rotation 

deformation at some, presumably high, load level due to 

yielding of cllnnection components, the first attempts to 

experimentally analyze the moment-rotation characteristics 

of commonly used connections did not occur until the early 

1930's. These early results showed the highly nonlinear 

semi-rigid nature of these connections. One of the first 

publications was by J.C. Rathburn in 1935 (7). He 

experimentally determined the monotonic (static) moment V5. 

rotation curves for several connection configurations in 

common use. In the discussions of his publication , his work 

is referred to as necessary and of unquestionable 

contribution to structural engineering but also a "bitter 

dose" to the notion of the current accuracy in rigid frame 

analysis and formed further complications to problems 
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already so complicated "that few engineers other than 

college professors bother to solve". Also reported in the 

discussions of this paper, is a method of analyzing these 

connections that is still in use today, the Beam-Line 

Method. 

The Beam-Line Interaction Diagram, developed by c. 

Batho, is a direct method of determining the end conditions 

of a statically loaded member and connection by using the 

connection's monotonic moment-rotation curve together with 

the member loading, span, and moment of inertia. Its use is 

straightforward and illustrative of semi-rigid connection 

behavior. 

The basis of the Beam-Line concept is that the moment 

and rotation at the end of a beam (or any member) must be 

compatible with the moment and rotation achievable in a 

connection. For the connection, the moment-rotation 

interaction is most directly expressed by the moment vs. 

rotation curve of the connection (see Figure 4). This curve 

may be experimentally obtained, or, as is the current 

research emphasis, analytically generated. For the beam, 

there is a relationship between the end moment and the end 

rotation which can be expressed in terms of load, span, and 

moment of inertia. For example, a uniform beam with a 

moment of inertia I, length L, under a uniformly distributed 

load w, and equal restraining moments at each end, has an end 
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moment and rotation relationship given by the beam 

equation. 

e - - -
24 EI 2 EI 

This equation represents the beam-line on a moment vs. 

rotation plot and in the case of a single beam structure, can 

be easily plotted using the familiar points 

WL 2 

Fixed-End Moment 
12 

(Rotation-O) 

Pinned-End Rotation 
24EI 

(Moment-o) 

The intersection of the Beam-Line and the monotonic 

moment-rotation curve of the connection represents the only 

condition compatible for both the beam and connection under 

the given static loading and structural conditions (Figure 

6) • 

The Beam-Line concept illustrates not only the 

principle of semi-rigid connection behavior but also the 

importance of having a reliable moment-rotation curve for 

the connection in question. The AISC Specifications state 

that "Type 3 (semi-rigid) construction will be permitted 

only upon evidence that the connections used are capable of 

furnishing, as a minimum, a predictable proportion of full 

end restraint". Implying that a connection's moment-

rotation curve be available, this requirement has 
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contributed to the limited use of semi-rigid design and 

prompted considerable research into analytical generation 

of moment-rotation curves in addition to actual connection 

testing. A. V. Goverdhan has collected much of the 

experimental work and used it to evaluate many of the 

analytical predicting equations for monotonic connection 

moment-rotation curves (5). The need for the availability 

of connection moment-rotation curves for semi-rigid design 

has prompted some researchers to propose the establishment 

of experimental data banks (8). 

While the Beam-Line and the connection I s monotoni c 

moment-rotation curve form the basis of semi-rigid 

connection response to gravity loading, methods were 

developed which sought to simplify the design and analysis 

of semi-rigid construction and use them in resisting lateral 

wind forces. The earliest method was "Flexible Wind 

Connection Design". This apparently contradicting de scrip

tion was, and continues to be, the most widely used method of 

semi-rigid design. The method is typically used for the Top 

and seat Angle Connection with Web Shear Angles (Connection 

Type C, Figure 4). 

The "Flexible Wind" connection design method is a 

design superposition of the connection components. The 

girders, together with the individually flexible web shear 

angles, are designed as a simple pinned-end assembly for 

gravity loads only. The relatively stiff flange angles are 
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designed for wind moments only. The columns are designed 

for wind moments and axial loads. Several notable buildings 

have been designed using this method, including The Empire 

state Building, The Chrysler Building, and The United 

Nations Security Building (9). 

Though the connections are Type 3 (semi-rigid), this 

method has been designated as Type 2 with Wind Connections. 

This, apparently, to exempt this long and widely used design 

method from the AISC's requirements for Type 3 (semi-rigid) 

construction. 

The first paper which rationalized parts of this method 

in terms of actual semi-rigid connection behavior was, 

"Directional Moment Connections - A Proposed Design Method", 

published by R.O. Disque in 1975 (10), at that time, Chief 

Engineer of the AISC. He based his analysis on the observed 

loading and unloading behavior of steel beam-to-column 

connections. Though his paper seems to deal primarily with 

what are considered as fully-continuous connections, it also 

seems applicable to the semi-rigid connection types 

considered here. 

He asserted that the moment-rotation curve of a 

properly designed steel connection has considerable 

ductility at some plastic moment. However, if the lateral 

loading rotates a beam-column connection in the opposite 

direction that produced the plastic hinge, the connection 

acts elastically. A moment connection, therefore, can 
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result in a plastic hinge in one direction but an elastic 

hinge in the opposite direction (Figure 7) . 

He continued that if the connection was designed for a 

1/3 increase in allowable stress for wind, then the 

connection should possess a plastic moment less than that of 

the girders and therefore plastic moments could develop in 

the connections under gravity load alone (Figure 8). Then, 

under wind loads, the leeward ends of the beams act as 

plastic hinges (additional wind moment in same sense as 

gravity moment) but the windward ends act as elastic moment 

connections (wind moment in opposite sense of gravity 

moment). Therefore, only the windward ends are available to 

resist moment (Figure 9). In his method, however, he 

proposes a more conservative column design than the 

traditional "Flexible Wind" connection approach. He 

proposes that the columns be designed to include the 

possibility of gravity moments equal to the design 

connection moments as well as the possibility of combined 

wind and gravity in the directional moment structure. 

In 1976, the American Iron and Steel Institute (AISI) 

published a paper promoting the "Flexible Wind" connection 

design method because of economy in design, fabrication, and 

erection (9). The paper also expanded the rationalization 

of the separation of gravity and wind moments and provided 

further insight into semi-rigid connection behavi or. 
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The paper's description ot semi-rigid behavior begins 

with a connection moment-rotation curve and a beam-line 

providing the initial conditions ot connection gravity 

moment and rotation at each end ot a beam. The sign 

convention is that both end moments are positive under 

qravity loading (Figure 10). 

When the wind blows positive trom lett to right, shown 

in Figure 11, the additional wind moment on the right 

connection is in the same sign sense as the gravity moment 

and thus the moment-rotation movement is up the connection 

moment-rotation curve trom point 0 to point 1. The moment at 

the lett end ot the beam is reduced by the directional sense 

ot the wind moment and unloads elastically to point 1'. It is 

assumed that both ends ot the beam rotate the same amount 

until the entire wind moment is developed. Since it is 

stitter, the lett connection provides more ot the resistance 

to the wind moment. 

If the wind ceases, as shown in Figure 12, the lett 

connection, unreduced by the wind moment, reloads 

elastically trom point I' to 2'. Relieved ot the additional 

wind moment, the right connection unloads elastically trom 

point 1 to 2. Both connections now having elastic 

stiftness, assumed equal, unload such that both resulti ng 

end moments are equal. 

It the wind now blows in the negative di rect i on (right 

to left), shown in Figure 13, an opposite sense of wi nd 
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moment is applied to each ot the connections. The lett 

connection now receives wind moment in the same sense as the 

gravity moment and loads elastically until it intersects the 

moment-rotation curve and then moves up the curve trom point 

2' to 3'. The right connection continues to unload 

elastically trom point 2 to 3. Again, each connection is 

assumed to rotate through the same angle until the total wind 

moment is developed. The right connection, having a slightly 

greater net stittness, resists slightly more ot the ~ind 

moment. 

When the wind stops again, Figure 14, both connections 

have presumably equal elastic stittnesses and unload equally 

trom point 3' to 4' and trom point 3 to 4. The only loads at 

this point are gravity moments, which are assumed to have 

reduced signiticantly. They are said to have "shaken down". 

Figure 15 shows what would happen in this analysis it the 

wind were to again blow in either direction. The connection 

is now entirely elastic. No matter which direction the wind 

blows the maximum moment in the connections will not exceed 

the previous maximum moment, point 3'. Thus, shakedown of 

the connections is complete. The result is an elastic wind 

connection with reduced gravity moment. 

In considering stability and servicability, the paper 

states that the softness ot the connection does not 

signiticantly attect pertormance. It suggests that the 

rest ot the trame analysis be conducted as it the connections 
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were Type 1 (fixed-end). This includes the effective 

lengths, K, of the members. However, the paper does 

reference a method to adjust the K factors of the AISC Type 1 

Alignment Chart using the initial stiffness of the 

conncetion as a stiffness reduction factor, increasing the 

effective length of a member (11). Furthermore, the paper 

asserts that the lateral drift of the structure can be 

computed considering the structure as a rigid frame. 

While each of these papers provide insight into the 

performance of semi-rigid connections and rationale for the 

"Flexible Wind Connection" design method, there are 

approximations and omissions, in both the publications and 

the design philosophy, which should be highlighted and form 

the basis of this work's objective. 

Description of connection behavior in both papers is 

based upon the monotonic moment-rotation curve loading and 

elastic unloading stiffness equal to the initial connection 

stiffness. At the time of publication, this behavior was 

consistent with most of the current experimental data in 

which connections were monotonically loaded and unloaded for 

a single cycle. This is also true of much of the loadings in 

current experimental research. As will be discussed later, 

however, there is evidence that the unloading stiffness can 

vary depending upon the magnitude of the moments and decay 

after several loading and unloading cycles. Even so, in 

some respect, both papers and the design method, disregard 
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the effect of the connection softness, that is, less than 

full riqidity, in the consideration of continuous frame 

action in response to lateral loads. While both papers 

provide some manner of reducing the K-factor of the columns, 

they do not consider the connection stiffness in determining 

lateral drift and the secondary effects of Axial load

Deflection (P-Delta) in the columns although both papers 

seem to imply methods based upon the design assumptions. 

This omission may be especiallY significant in case of 

columns subjected to high axial loads. 

The AISI I S paper includes the assumption that both ends 

of the beam rotate equally in response to wind moments. 

Clearly, this assumption is not true if the beam has any 

flexibility, though the deviation may be insignificant 

(Figure 16). Additionally, the AISI paper does not consider 

the effect of the residual difference in rotations at each 

end of the beam which results from the analysis (see Figure 

15). In accordance with the previous assumption of equal 

end rotation and beam equilibrium, the residual difference 

in rotations would require a residual drift of the frame in 

the direction of first wind loading (Figure 17). 

The foremost feature of the "Flexible Wind" connection 

design method is the superpositon of the separate gravity 

and wind loadings. The validity of the assumption that the 

superimposed moments will produce a reasonable 

representation of the actual moment distribut i on after 
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shakedown, seems to require favorable loading and geometry 

of the structural system. The rationale seems to rely on a 

connection, designed by standard allowable stress methods, 

which results in favorable initial gravity end conditions 

for the particular structure without the explicit use of 

either beam-line or connection moment-rotation curve. The 

initial conditions can have significant effects and may, 

perhaps, warrant more attention. 

The initial condition of high gravity end moments was 

rationalized in the previously discussed paper by Disque, 

provided that a single connection can resist the entire wind 

moment for both ends of a beam in one direction (Figure 7). 

This is also implied in the AISI I S paper (Figure 15) . 

However, these initial gravity end moments may be 

significantly higher than the connection design moment 

capacity, and a plastic moment capaci ty for these 

connections has yet to be well defined. High initial 

gravity moments would also result in an increase of the 

residual end rotation difference and greater residual drift 

(Figure 15). Additionally, a higher initial gravi ty moment 

would presumably result in a larger "shaken down" gravity 

end moment. These larger end moments would decrease the 

midspan moments of the beam and decrease the effici ency of 

the beam, designed for pinned-end conditions. 

Lower initial gravity end moments would i ncrease t 

likelihood of moment reversals in the connection, not 
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considered in either rationalization ot this design method. 

It this behavio.r is acceptable, however, the result may be an 

excessively conservative design. Not considering moment 

reversals not only makes additional demands on the 

rationalization ot the design method, as discussed, but as 

well, may not account tor additional connection restraint 

potential. The use ot only one direction ot moment 

represents only one-halt the plastic moment range of a 

symmetric connection (Figure 18). At present, even those 

engineers who regularly use semi-rigid design and perform 

full structural analyses ot the frame and connections advise 

against use ot these connections in resisting cyclic moment 

reversals because ot the lack knowledge regarding their 

response. 

Despite the assumptions, "Flexible Wind" connection 

design seems to be the most common method ot using semi-rigid 

construction. Evasion of the AISC provisions tor Type 3 

(semi-rigid) connections and eliminating the use of 

connection moment-rotation curves makes this method quite 

simple to use and reduces design time significantly. The 

design method does not, however, provide for a complete 

description of semi-rigid connection behavior under general 

loading (Figure 19), and despite the recommended use ot 

certain design assumptions in calculating frame action, does 

not represent a true structural analysis, such as that which 

could be used in a limit state analysis. 



i .. 
-19 -

1.3 SCOPE AND OBJECTIVE 

1) Test standard configuration semi-rigid connection 

assemblies subjected general loadings representing 

varying gravity and cyclically varying wind moments. 

2) Using the test results, develop a model to describe 

semi-rigid connection response to general loadi ngs. 

3) Develop a computer program which incorporates the 

connection model for the analysis of a simple frame, 

designed by the "Flexible Wind" connection method, 

subjected to various loading combinations and geometry 

variations. 

4) Using the computer program and the hysteresis model, 

investigate the acceptability of designing under the 

hypothesis of pinned connections for gravity loads , 

neglecting continuous frame action. 

While there are methods for the design of semi-rigid 

connections, they may not adequately account for variations 

in connection stiffness and those of connecti ng members. 

Also, initial conditions, ultimate conditions, or secondary 

effects may be inaccurately modelled. The purpose here is 

to determine if assumptions in normal design of semi -rigi d 

connections are reasonable, or if they are "over-

simplified" . 
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2. EXPERIMENTAL 

The following tests were conducted at the Washington 

University structural Laboratory (WUSL) in 1985 and '86 by 

the author. 

2.1 INTRODUCTION 

While there is limited test data available for certain 

connection configurations, including semi-rigid connec

tions, under monotonic loading and unloading through a 

single cycle (for example 5, 7, 8), there is even less for 

cyclic moment reversals (5, 12, 13, 14). Most of these 

cyclic tests are for continuously welded connections (12, 

13) • None of the reports found included testing under 

combined static gravity loads and cyclic wind loads. 

The objective of the tests on semi-rigid connection 

assemblies was to determine their behavior to general 

loadings representative of typical building conditions by 

subjecting them to loads representing varying gravity 

moments and cyclically varying wind moments, including 

moment reversals. 

2.2 DESCRIPTION OF TEST ASSEMB~Y 

The test assembly, designed to simUlate the effects of 

static gravity moments and cyclically varyi ng wind moments 

on semi-rigid steel beam-to-column connections, is shown in 

Figure 20. It consists of a column stub and two beam stubs 

connected by semi-rigid connections creating aT-Frame 

assembly. The ends of the beams are positioned in pinned 
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"trictionless" sleeves and a transverse tulcrum reaction is 

supplied near the top ot the column stub. Relative angular 

rotations between the beam stubs and columns are determined 

by measuring the relative displacements between the beam 

stubs and a level bar attached to the column stub. 

This assembly produces a condition where the external 

loads, applied axially to the top ot the column and 

transversly at the bottom ot the column, produce determinant 

reactions and moments in the connections. 

The pinned "trictionless" sleeves at the ends ot the 

beam reduce the axial load through the connection. This is 

important in that the connections resist much ot the applied 

moment by tension and compression coupling ot the tlanges. 

In actuali ty , however, the opposing reaction near the 

connections was measured at approximately 70% of the 

externally applied tranverse load, in the absence of the 

perpendicular reactions ot the column axial load. The 

presence of the axial load reactions may very well reduce the 

ettectiveness ot the sleeves. Even so, the tensile and 

compressive forces in the couples required to resist the 

applied moments at the connections are considerably greater 

than the maximum possible axial load reducing the 

signiticance ot its ettect. 

The test assembly T-Frame represents the intersection 

ot two beam spans to a column. The axial load, Pg , applied 

at the top ot the column, produces moments, Kg , which 
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represent those produced by gravity loads on the beams. The 

transverse load, Pv ' produces moments, Mv, which represent 

those produced by lateral or wind loads. This produces an 

additional moment in the same sign sense as the gravity 

moment on one connection, increasing the total moment 

applied at the connection, Me' On the other connection, the 

wind moment opposes the gravity moment, reducing the total 

moment (Figure 21). Thus, loading ot the connections can be 

produced which is similar to that used in the AISI' s 

rationalization ot the "Flexible Wind" connection design 

method previously outlined and more representative ot actual 

structural conditions than single cycle static or pure 

cyclic loading. However, the assembly requires that each 

connection resist an equal moment. 

2.3 TEST CONNECTIONS 

The connection tested is ot a typical semi-rigid 

contiguration consisting ot A36 steel web and tlange angles 

(Figure 22). The connection was designed so that the angles 

would yield prior to any yielding in the beam and column 

stubs, and bolts. It has a "Flexible Wind" design moment 

capacity ot approximately 1.6 kip-teet (9). The 

connections have Grade 8, 3/8" diameter bolts, nuts, and 

washers in 7/16" drilled holes. 

2.4 DESCRIPTION OF TEST LOADINGS 

Four types ot loadings representing the extreme 

conditions to which a connection would be subjected were 
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tested including two gravity moment conditions. An outline 

of the test loadings is presented in Appendix 1,. Table 1. 

The two gravity moment conditions represent the bounds of 

actual structural conditions. 

In the first case, a series of gravity moments were 

applied and held constant by the axial column load, Pg , while 

the lateral load moments, produced by Py , were cyclically 

increased. This condition represents the case where the 

initial gravity moment, once applied, is not allowed to 

"shake down" (see Figure 15). 

In the second case, an initial gravity moment was 

applied, producing a gravity rotation and deflection (see 

Figure 21). This deflection and net gravity rotation was 

then held constant by adjusting the gravity load while the 

lateral load moments were again cyclically increased. This 

loading represents the condition where gravity moment "shake 

down" is unimpeded. It also represents the case where the 

beam deformation inflection point is held at a constant 

location (see Figure 16). 

Equilibrium of the assembly does, however, require that 

both connections resist the same moment. As this situation 

is not always required in actual structural conditions, it 

represents a deviation from general loading behavior. This 

condition is, however, a lower bound of performance in that 

the greater proportion of moment is not resisted by the 

stiffer connection. Therefore, the test results for the net 
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joint moment-rotation behavior, that is the lateral wind 

moment vs. column rotation, will indicate greater rotation, 

thus a lower bound ot structural pertormance. The 

connections were also tested under a monotonic load and pure 

cyclic loadings. 

2.5 DESCRIPTION OF TESTS 

The tollowing sections give briet descriptions ot each 

ot the experimental tests. The experimental data is given 

in Appendix 1. 

In all the tests except 1 and 7, the tasteners were 

tightened to a torque ot 30 toot-pounds. This value was 

obtained by tightening several tasteners by the turn-ot-the

nut method and measuring them with a torque indicator 

wrench. The rest ot the tasteners were then tightened to 

the selected value using such a wrench. 

2.5.1 Test 1: Trial 

Test 1 was a trial test run for the test assembly. As 

such, the connections were not caretully tightened, 

resulting in significant bolt slip producing considerable 

rotation in the connections. The data tor Test 1 is not 

included here. 

2.5.2 Test 2: Constant Gravity Moment 

In Test 2, an initial gravity moment ot 1 kip-tt was 

applied and held constant while a lateral wind moment was 

applied and cyclically increased to produce a maximum joint 

(both connections) moment of 14 kip-ft. The design moment 
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for the joint being twice that of each connection or roughly 

3.2 kip-ft. Each lateral load increment was applied in two 

complete cycles. Deflections were recorded at each load 

increment. 

Figure 23 shows the net joint moment vs. joint rotation 

for Test 1, representing the lateral wind moment vs. column 

rotation. The sign convention for the joint moment

rotation being counter-clockwise positive, as indicated in 

Figure 20. 

Figure 24 shows the indivdual connection moment vs. 

rotation results for Test 1. The sign convention for the 

individual connection moment-rotation graphs being that the 

directions of gravity moment and rotation are positive, 

similar to that of the AISI's rationalization analysis of 

"Flexible Wind" connections (see Figures 10-15). 

2.5.3 Test 3: Constant Gravity Moment 

In Test 3, an initial gravity moment of 3.2 kip-ft was 

applied to the connections. This gravity moment was held 

constant while a lateral load joint moment was cyclically 

increased to 12 kip-ft, with two complete cycles for each 

load increment. The joint moment-rotation results are 

shown in Figure 25 and the connection moment-rotation 

diagrams are shown in Figure 26. 

2.5.4 Test 4: Monotonic Loading 

Test 4 is a monotonic loading of the connections and 

joint. With no gravity load applied, a lateral load moment 
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was incrementally increased in one direction to a total 

joint moment of 14 kip-ft. 

Figure 27 shows each of the connection moment-rotation 

curves and the average symmetric moment-rotation of the 

connection. The joint moment-rotation curve is the first 

quadrant of Figure 27 with double the moment values. 

2.5.5 Test 5: Constant Gravity Angle 

In Test 5, an initial gravity moment of 3.2 kip-ft was 

applied to the connection and the deflections measured. 

Assuming equal deformation, the vertical deflection of the 

column represents the gravity rotation of the connections. 

By maintaining this vertical deflection, the gravity angle 

is also held constant. The lateral wind moments were then 

incrementally cycled, two cycles per increment, to a maximum 

joint moment of 4 kip-ft while adjusting the gravity load to 

maintain the deflection until the gravity moment "shook out" 

completely, that is, until both the gravity and wind moments 

were zero. 

Figure 30 shows the joint moment-rotation diagram for 

each incremental cycle. The connection moment-rotation 

curves are shown in Figure 31. 

2.5.6 Test 6: cyclic Wind Moments 

For Test 6, no gravity moment was applied . The 

connections were subjected to cyclic lateral lo~d moments 

only. The moments were incrementally increased with two 

cycles per load step to a maximum of 12 kip-ft. 
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The joint moment-rotation results tor each cycle are 

shown in Figure 34. The connection moment-rotation results 

are shown in Figure 35. 

2.5.7 Test 7: CYclic Wind Moments 

In Test 7, the tastener torque was increased to 50 toot

pounds to examine the ettect ot slip in the connection. The 

loads were applied similar to those in Test 6. No gravity 

moment was applied and the lateral wind moments were 

cyclically incre~sed to a maximum joint moment ot 14 kip-tt. 

Figure 37 shows the joint moment-rotation behavior and 

Figure 38 shows that ot the individual connections. 

2.6 TEST RESULTS 

The tollowing sections give briet discussions of 

results observable in the moment-rotation hysteresis loops 

tor each ot the tests. A more general analysis of 

connection behavior is contained in the next section which 

deals with development ot a hysteresis model based upon 

these and other test results. 

2.6.1 Test 1 Results 

While the complete results of Test 1 are not included 

here it is worth noting that the etfect of the bolt slippage 

in these connections produces an exaggerated pinching of the 

moment-rotation hysteresis. It extreme enough, the bolt 

slippage is directly observable through a horizontal (zero 

stiffness) portion ot the moment-rotation response. 



, 
:> - 28 -

2.6.2 Test 2 Results 

The effect of a low qravity moment means that the 

initial end conditions of a beam, determined by the beam-

line and connection curve, are at a location nearer the 

origin of the connections moment-rotation curve. As such, 

each of the connections have qreater ranges of relatively 

stiff behavior as can be seen in Fiqure 24. This results in 

a qreater range of stiff behavior for the joint. Fiqure 23 

shows that the joint has a relatively tight moment-rotation 

hysteresis up to a moment approximately + or - 8 kip-ft, 

roughly 2.5 times the design capacity of both connections or 

5 times that of one. It should be reiterated here, however, 

that the test conditions represent the lower bound of 

performance by requiring that both connections resist 

equivalent moments, 

relative to stiffness. 

rather than moment distribution 

Fiqure 24 shows that the connection behavior 

corresponds to an initial loading along a curve whose 

profile is similar to that of a monotonic moment-rotation 

curve with relativly elastic unloading and that the joint 

hysteresis widening corresponds to peak loadings along the 

low stiffness upper region of this curve profile, not the 

occurrence of reverse moments. At low loads, the connection 

response exhibits stiff behavior in what is shown as 

negative moment reversals as would be expected in a 

symmetric connection with a low initial gravity moment. The 
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reverse bending stiffness does not decrease significantly 

until the occu.rence of larger peak rotations. 

2.6.3 Test 3 Results 

The effect of a high gravity moment means that the 

initial end conditions of the beam are high on the connection 

moment-rotation curve, nearer the region of "soft" 

connection stiffness, and initial gravity angles are 

greater. Thus, as wind load is applied, one connection 

loads into the increasingly softer range while the other has 

a large range of elastic unloading stiffness. Therefore, as 

would be expected, the joint moment-rotation hysteresis is 

slightly more open at lower joint moments as can be seen in 

Figure 25, though atill relatively tight to the same moment 

as in the low gravity moment condition, + or - 8 kip-ft. 

However, the connection moment-rotation loop remains 

tighter at higher moments than in the lower gravity moment 

Test 2. 

The individual connection behavior, Figure 26, again 

shows a behavior that corresponds to loading along a curve 

similar in profile to a monotonic moment-rotation curve and 

stiffer, relatively elastic unloading. Figure 26 also 

shows that the stiffness under lower net moment reversals, 

though softer, does not drastrically diminish to zero. The 

behavior which produces the stiffer joint moment-rotation 

performance at higher loads is indicated in Figure 26. The 
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high initial moments have established large ranges of 

elastic behavior in the direction of the gravity moment. 

2.6.4 Test 4 Results 

The average symmetric monotonic loading curve for the 

connection is shown in Figure 27. One-half of this curve 

can also be used to represent the monotonic moment-rotation 

curve of the joint assembly by doubling the moment values. 

Comparison of the connection monotonic moment-rotation 

obtained in Test 4 with the average initial loading peak 

profiles of the connections in Tests 2 and 3 are shown in 

Figures 28 and 29 respectively. These results indicate that 

the behavior of the connections in cyclic loading is related 

to the monotonic moment-rotation curve of the connection, 

even when the loading includes net moment reversals. 

2.6.5 Test 5 Results 

By holding the gravity angle constant, the net result 

is a much tighter and stiffer joint moment-rotation 

hysteresis, as is evident in Figure 30. Figure 31 shows the 

connection moment-rotation curves. 

The stiffer behavior of the j oint assembly is a result 

of the gravity moment shakedown and the restraints imposed 

upon the connection behavior by the test conditions. The 

gravity moment shakedown is implicitly evident in the 

connection moment-rotation curves. Maintenance of the 

initial gravity angle required reducing the gravity moment 

such that the connections maintained equal moment and angle 
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differences. This reduction is evident when comparing the 

connection moment-rotations curves of this test (Figure 31) 

and Test 3 (Figure 26). Though both tests began with the 

same conditions, the moment in either connection in Test 5 

never excceds 5.5 kip-ft, even though the j oint wind moment 

is 6 kip-ft, while at the same wind loading in Test 3, the 

moment in either connection has reached almost 6.5 kip-ft. 

Analysis of the data shows that the gravity angle did 

begin to increase significantly during the last series of 

cycles and may explain the small instances of apparent 

negative stiffness of the connections near zero moment 

(Figure 31). 

Figure 32 shows that again the profile of the initial 

peak loading curve for the connections in Test 5 is roughly 

that of the monotonic connection moment-rotation curve. 

The shakedown of the gravity moments is explicitly 

shown in Figure 33 which shows the applied wind connection 

moment versus the gravity moment at each load step. 

2.6.6 Test 6 Results 

With no gravity moment applied, the result is a more 

flexible joint moment-rotation behavior. Figure 34 shows 

that the appreciable widening of the joint moment-rotation 

hysteresis occures at a lateral moment of +/- 8 kip-ft. 

The individual conncection moment rotation curves 

(Figure 35) show once again that the connection behavior 

corresponds to loading along a moment-rotation curve profile 



• • 
l~ 
,~, 

.... - 32-

similar to that of a monotonic curve and relatively elastic 

unloading. However, without the initial gravity deforma

tion, neither of the connections will be elastically 

unloading during initial application of a lateral load 

moment, which accounts for the wider joint hysteresis. 

These results also show that moment reversals begin to 

result in low stiffness as the unloading rotation intersect 

(zero moment) gets larger. 

Figure 36 shows the comparison between the monotonic 

moment-rotation curve of Test 4 with the average initial 

peaks of the connection moment-rotation curves of Test 6. 

The softer curve of Test 6 believed to be attributed to slip 

in the connection fasteners. This slip is indicated in both 

the joint and connection moment-rotation curves (Figures 34 

and 35 respectively) as sections of low, linear stiffnesses 

at higher moments corresponding to a rotation range of 

approximately 0.02 radians. This value is equivalent to the 

maximum bolt slip from the 1/16" oversized holes, top and 

bottem, over the 6" beam depth. 

2.6.7 Test 7 Results 

By increasing the fastener tightening to reduce the 

occurence of bolt slippage, the result is significanlty 

stiffer joint. Figure 37 shows that the joint moment-

rotation behavior is nearly linear up to a j oint moment range 

of + or - 10 kip-ft. As well, Figure 38 shows that the 

individual connections exhibit a similar increase in 
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stiffness. Figure 39 shows the average initial connection 

moment-rotation peaks for Test 7 and the monotonic curve 

from Test 4. 

2.7 DISCUSSION OF TEST RESULTS 

The most evident feature of these tests regarding the 

behavior of these semi-rigid connections to general loading 

is that the individual connection loading curves are closely 

related to the monotonic moment-rotation curve of the 

connection (Figures 27-29, 32, 36, and 39) despite the 

apparent deviation in Tests 6 and 7 (Figures 36 and 39 

respectively). If this deviation can be attributed to bolt 

slippage, as the results suggest, then the significance of 

this effect will be less in a full-size beam and connection. 

Another result is that the connections unload from this 

curve to zero moment with relatively elastic stiffness, 

which is, at lower rotations, roughly equal to the initial 

loading stiffness of the connection. This elastic 

unloading stiffness does seem to reduce somewhat in 

proportion to the extent of rotation (Figures 24, 26, 31, 35, 

and 38). 

When reloading without a net moment reversal, the 

connections maintain this stiffness to the point of 

unloading from the initial loading curve profile, then 

follow this curve profile under further loading (Figures 24, 

26, 31, 35, and 38). 
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At the occurrence of net moment reversals, the 

stiffness of a connection is reduced in proportion to the 

amount of rotation and does not load along a displaced 

initial loading curve. Rather, the connection seems to load 

along a path from the rotation at moment reversal towards a 

point on the symmetric initial loading curve profile at the 

origin. If large enough, the reverse moment path will 

eventually intersect and load along this profile (Figures 

24, 26, 31, 35, and 38). 

From the moment reversal loading path, the connection 

again unloads elastically and after zero moment, the 

connection loads with a relatively linear elasticity towards 

the maximum point attained on the initial loading curve 

(Figures 24, 26, 31, 35, and 38). 

The behavior outlined here for the connections in one 

direction of net moment is, with the exception of reduced 

unloading stiffness in proportion to rotation, equivalent to 

that used in the AISI' s rationalization of the "Flexible 

Wind" (9) and Disque's "Directional Moment" (10) connection 

design methods, even after the occurrence of net moment 

reversals. By including the behavior of the connections in 

reversed moment conditions, a model can developed to 

represent the simplified response of semi-rigid connections 

to general loading. 
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3 • MODEL DEVELOPMENT 

By applying the results of the tests of a standard semi-

rigid connection configuration to loading conditions 

representing varying gravity and cyclically varying wind 

loads, a simplified model for semi-rigid connections of 

similar configuration to general loading will be developed. 

This model will then be used to generate comparitive results 

to experimental data reported here and elsewhere. 

3.1 GENERAL CONNECTION BEHAVIOR 

By examining the deformation of a standard semi-rigid 

connection in response to moment, an attempt can be made to 

qualify the major features of observable experimental 

behavior. To begin, consider a standard semi-rigid 

connection configuration consisting of web and flange angles 

and its symmetric monotonic moment-rotation curve shown in 

Figure 40. 

If loading occurs in one direction, defined as 

positive, the connection loads up along its moment-rotation 

curve and deforms to a position shown in Figure 41. The 

standard assumptions regarding the resisting forces in the 

connection (2), can be visualized in the deformation 

pattern. In this configuration, the beam rotates about a 

point near the bottom flange angle which is closed and in 

compression. The top flange angle, along with the web shear 

angles, are in tension and have been pulled away from the 

column face. If the moment is large enough, plastification 
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will have occurred at some points in the tension elements and 

nonlinear rotation will have occurred, as is indicated in 

the figure. The moment at the connection is resisted by the 

tension and compression couple developed in the connection 

components. It the web angles are small enough and the 

gauge length ot the column tasteners large enough, as is 

encouraged in desiqn, then the major moment resisting couple 

is developed in the tlange angles. 

As the moment is reduced, the connection unloads to 

zero moment with relatively elastic stittness equal to the 

initial stiffness. However, there exists residual 

deflection in the top flange and web angles due to the 

plastification and hinging which occurred during the initial 

loading. Thus, a residual rotation exists in the 

connection, Figure 42. It a positive moment were reapplied, 

the connection would load elastically with the same 

stittness to the point ot initial unloading. Upon turther 

increase ot positive moment, the connection would resume its 

path along the monotonic curve. 

It, after posi ti ve unloading, a negative moment is 

applied to the connection, the top tlange angle will go into 

compression and the bottom tlange angle into tension. 

Recognizing the ditference in geometry at this point, the 

top flange not yet in bearing with the column tace, compared 

with the initial positive loading condition where the bottom 

flange was in closed bearing, it is evident that the negative 
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m.oment reversal loading path will not be as stitt as the 

elastic positive unloading nor will it tollow the path ot the 

negative monotonic curve displaced to the residual rotation. 

Rather, as the connection assumes a transitional detormation 

where both the top and bottom tlange angles are open, its 

stittness will be reduced and its moment-rotation path will 

also be transitional, Figure 43. 

With turther application ot negative moment, the 

compression in the top tlange will be sutticient to close the 

angle into tull bearing against the column tace. This 

situation is comparible with some point ot the initial 

positve loading curve or initial negative loading instead of 

positive, one tlange angle in tull bearing against the 

column tace and the other angles in tension, Le. pulled away 

torm the column tace. Thus it seems reasonable that the 

negative loading path will intersect and begin loading along 

the negative monotonic curve at some point, Figure 44. The 

initial point ot intersection seems to roughly correspond to 

the elastic limit ot the connection I s negative monotonic 

moment-rotation curve. This could be rationalized by 

noting that the moment at the elastic limit ot the monotonic 

curve corresponds to torces in the tension tlange which 

produce yieding. When reversed, the negative elastic 

moment produces compression torces in the displaced tlange 

capable ot yielding and thus sutticient to close the tlange 

against the column tace. 
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If the negative moment is relieved, the connection 

would again unload elastically to zero moment with residual 

deflection in the bottom flange. With the next positive 

loading, the situation is again a case of moment reversal. 

NOw, however, the elastic limit of the connection in 

positive moment is the maximum point of unloading from the 

positive monotonic curve . 

This rationale of observable experimental behavior 

forms the basis for the development of the model for semi

rigid connection response to general loading. A somewhat 

similar description of experimental behavior by 

Azizinamini, et. al. at the University of South Carolina 

(14) includes some high cycle fatique effects which will be 

discussed in a later section. 

3.2 BASIC MODEL 

The basic model, wi thout fatigue effects, for the 

general behavior of a standard semi-connection 

configuration consisting of flange and web angles is an 

empirical model based upon observable experimental behavior 

and the rationale of this behavior, in terms of connection 

deformation, was outlined in the previous section. The 

model can be simply stated as follows: The moment-rotation 

path of the connection linearly intersects the monotonic 

curve at the elastic limit in that direction. After 

intersection, the load path is along the monotonic curve. 
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The connection unloads elastically with stiffness equal to 

the initial elastic stiffness of the monotonic curve. 

Thus, the basic model behavior is equivalent to the 

previously outlined connection behavior except the 

transitional paths have been linearized. The elastic limit 

is either the initial monotonic elastic limit or the point of 

maximum excursion on the monotonic curve for that loading 

direction. This basic model for the general loading 

behavior is defined entirely by the connection's monotonic 

moment-rotation curve in both loading directions. 

To dempnstrate the model's application, consider a 

symmetric connection with a monotonic moment-rotation curve 

shown in Figure 4Sa. If loading occurs in a direction 

defined as positive, the connection loads along the 

monotonic curve to some point Ml+ (Figure 4Sb). If the 

moment is removed, the connection unloads with the initial 

connection stiffness, Ke, to some residual rotation, Rl+. 

The connection is now elastic for positve moment loading up 

to Ml+. 

If the connection is reloaded with a positive moment it 

will load from Rl+ to the positive elastic limit, which is 

now Ml+, and with further moment will load along the 

monotonic curve to some point M2+ (Figure 4Sc). 

Once again, if the moment is removed, the connection 

unloads elastically with stiffness Ke to a new residual 
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rotation, R2+ (Figure 45d). The connection is now elastic 

for positive moment loading up to M2+. 

If negative moment is applied, the linear loading path 

is from the residual rotation, R2+, to the initial negative 

elastic limit, -Me I ' then along the negative monotonic curve 

to some point MI- (Figure 45e). 

Removal of the negative moment produces elastic 

unloading with stiffness Ke to a residual rotation, RI

(Figure 45f) . The connection is now elastic for negative 

loading to MI-. 

If a positive moment is applied once again, the loading 

path will be linear from RI- towards the positive elastic 

limit, M2+ (Figure 45g). If, however, the positve moment is 

removed prior to M2+ at some intermediate moment, M3+, the 

connection will again unload elastically, although the 

positive elastic limit remains M2+. 

NOw, if the moment is cycled from M3+ to MI-, the 

connection moment-rotation hysteresis is defined by the 

positive and negative elastic limits, points M3+ and MI-, 

together with the elastic stiffness, Ke, and the residual 

rotations R3+ and RI- (Figure 45h). 

3.3 BASIC MODEL GENERATION OF EXPERIMENTAL RESULTS 

The basic model can be applied to the test loadings 

reported previously to generate comparative results with the 

experimental data. 
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Model Generation of Test 2 Results Using Test 4 

Monotonic Connection CUrve 

The model generated results for Test 2 uses the 

monotonic curve obtained in Test 4. This curve is 

reproduced in Figure 46 with the extreme ranges projected as 

the final tangent. 

The model connection curves for the Test 2 loadings are 

shown in Figure 47, beginning with load cycle 3. The first 

two cycles would be straight lines along the initial loading 

path shown as dashed lines. Although they are linear 

approximations of much of the connection behavior, they 

agree quite well with the experimental results which were 

shown in Figure 24. 

Superimposing the results (not shown here), shows that 

the model generated curves are bounds of the actual test 

curves. The model and actual results do. deviate at some 

points. First, and most notably, although the model 

generated curves are quite close to the actual curves at the 

loading peaks, both in location and stiffness, the linear 

approximations of the unloading and transitional loading 

regions do not show the double curvature nature of the actual 

connection curves. As well, the models residual rotations 

at zero moment tend to be larger than the actual data. 

The individual connection curves generated by the model 

can be used to generate joint moment-rotation response to 

lateral loading. The model generated joint moment-rotation 
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hystereses for Test 2 are shown in Figure 48. Again, these 

results compare very well with the actual data that was shown 

in Figure 23. The model generated joint hystereses, as with 

the model connections moment-rotation curves, produce 

reasonably good behavioral bounds and general trend 

reproduction. The locations of peaks and near peak 

stiffnesses coincide well. The double curvature of the 

lower ranges, however, are not reproduced by the linear 

paths of the model and correspondingly, the residual 

rotations and widths of the hystereses are somewhat 

exaggerated. 

3.3.2 Model Generation of Test 3 Results Using Test 4 

Monotonic Connection Curve 

Again using the monotonic curve from the results of 

Test 4, the model can be applied to generate results of the 

Test 3 loadings. The effect of the difference between the 

initial peak connection loading curve of Test 3 and the 

monotonic curve of Test 4 (Figure 29) on the model generated 

resul ts becomes apparent in the difference between the model 

generated connection curves, shown in Figure 49, and the 

actual data, shown in Figure 26. The softer monotonic curve 

used in the model results provides for significantly greater 

initial rotations. This also has the effect of imposing 

greater residual rotations from positve un loadings which, in 

turn, produce much less negative connection moment stiffness 

than the actual results. Thus, while many of the general 
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trends of the data are reproduced in the model, they are 

exaggerated. 

These same comments are true when comparing the 

generated joint results, shown in Figure 50, with the actual 

results, shown in Figure 25. That is, while much of the 

general behavior is well represented by the model generated 

results, there is some exaggeration of the hystereses 

widths. While some of this effect is due to the linear 

approximations of connection behavior, much is due to the 

relative softness of the monotonic curve used in the model 

with respect to the peak curve of Test 3. 

3.3.3 Model Generation of Test 3 Results Using Test 3 

Initial Loading Peaks Connection CUrve 

If, instead of using the monotonic curve of Test 4, the 

initial peak loading connection curve of Test 3 is used as 

the monotonic curve for the model (See Figure 29), then the 

model generated results for the connection curves (Figure 

51) better approximate the actual curves (Figure 26). This 

was rationalized in the discussion of the test results by 

saying, in effect, that the peak curves and the monotonic 

curve of Test 4 deviate because of connection slip and that 

in larger beams this deviation would not be as significant, 

While these model generated results are closer to the 

actual results than those given previously, they still only 

approximate the actual behavior in the same manner as 

discussed for the Test 2 model results. Additionally, the 
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effect of the models softer approximation of the behavior 

near zero moment and moment reversals is especially 

noticable in these connection curves as well as qeneratinq 

wider and more skewed joint hystereses (Fiqure 52). 

3.3.4 Model Generation of Test 5 Gravity Moment 

Shakedown Usinq Test 4 Monotonic Connection CUrve 

Usinq the basic model with the Test 4 monotonic curve, 

the qravity moment "shakedown" of the Test 5 loadinqs is 

qenerated in Fiqure 53. While the qravity moment has not 

yet "shakendown" to zero, the model results do show qood 

aqreement with the experimental trends. 

3.3.5 Model Generation of Test 5 Gravity Moment Shakedown 

Usinq Test 5 Initial Peaks Connection CUrve 

The qravity moment "shakedown" of the Test 5 loadinqs 

applied to the basic model usinq the Test 5 peak loadinq 

curve (see Fiqure 32) is shown in Fiqure 54. The qenerated 

results do not differ siqnificantly from those above, 

indicatinq that the model and/or these particular loadinqs 

and results are not so sensitive to the exact profile of the 

monotonic curve. 

3.4 DISCUSSION AND LIMITITATIONS OF BASIC MODEL 

Comparison of the model qenerated results and the 

actual results shows that while the model does approximate 

the qeneral trends and features of the actual behavior, it 

has the tendency to exaqqerate them. The major 

characteristics of the relationship between the actual and 
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modeled behavior can be highlighted in terms of particular 

model assumptions of the various regions of the load paths or 

stages of loading. 

The most fundamental component of the model is the 

connection's monotonic moment-rotation curve. The model is 

sensitive to different curves, especially in the regions of 

maximum curvature or maximum stiffness changes. Because, 

as discussed earlier, the model's bounding hysteresis is 

basically defined by the points of maximum excursion on the 

"monotonic" curve used and its initial stiffness, the rest 

of the model's approximating behavior is also sensitive to 

the features of this curve. 

It seems then, that much of the model's accuracy in 

predicting connection behavior, is dependent upon the 

assertion that the initial loading peak curves (Figures 28, 

29, and 32) are equivalent to the monotonic curves of that 

particular test connection. Thus, the earlier assumption 

to this effect, that the deviation of these curves with the 

monotonic curve of Test 4 was due to the effect of bolt 

slippage, which is magnified by the small beam depth of the 

test assembly, becomes a more important point of possible 

contention regarding the veracity of this basic model 

assumption. However, even with the use of the monotonic 

connection curve of Test 4, the model does represent to some 

degree, the general behavior of the connection test data. 
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A feature of the data which is not represented at all by 

the basic model is the slight "walking" or cyclic increases 

of the moment controlled rotations of the load cycle peaks, 

Although not especially large or significant in the test 

data reported here, it will be incorporated into model 

adjustments presented in the next section which considers 

other test data. 

The next major feature of the model is that, with the 

exception of loading along the monotonic curve, the various 

loading and unloading paths are linear. While this 

approximation is fairly accurate of the lower moment cycles 

and the more extreme moment regions of the higher moment 

cycles, the actual behavior near the zero moment regions of 

both the unloadings and moment reversals is somewhat 

different. The result is that the model tends to 

overestimate the rotations or rotation changes in these 

regions. If these regions correspond to the extremes of the 

connection load cycles, as in much of Test 3, the result is 

wider and more skewed net joint moment-rotation hystereses. 

In spite of these apparent short-comings, there is much 

positive to be said of this basic model. First is that the 

model is so basic. Though there are deviations from the 

linear paths used, the fact remains that they are easily 

applied to the monotonic curve to generate both individual 

connection and combined joint modelling for any loadings. 

Additionally, the need for only the connection's monotonic 



c; 
•• 
• 

- 47-

curve takes advantage of the extensive effort on analytical 

methods of producing these curves. Finally, the model does 

reproduce much of the connection's general behavior, even 

though some of the behavior tends to be exaggerated. 

If the effects of the model's deviations from actual 

behavior are examined, it may be that they are not entirely 

undesirable, at least in the sense of their deviations. As 

mentioned, the model tends to produce bounds of the 

connections actual behavior. These deviations are least at 

the lower moment cycles. Therefore, the model seems to be 

representative of connection behavior at lower working load 

levels. 

At higher load cycles, the model produces fairly good 

approximations of stiffness and rotations near the extreme 

peaks, the areas which would seem more critical. If there 

is deviation, it tends to be an overestimation of rotations 

and a corresponding underestimation of stiffness, a 

conservative deviation for stability and servicablitity 

requirements. 

Thus, this basic model seems to provide some degree of 

representation of general connection behavior. Its 

tendency to oversimplify and exaggerate certain behavior is, 

for the most part, conservative. An exception to this is in 

the case of using this model to calculate hysteresis areas, 

where the linear simplifications do not produce very 

accurate estimates . 
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3.5 MODEL WITH DEGENERATIVE EFFECTS 

The fact that the moment-rotation path of the semi

riqid connection does chanqe somewhat during constant 

magnitude load cycling, as was mentioned above, indicates 

that the connection behavior is subject to fatigue effects. 

A study conducted at the University of South Carolina of 

similar semi-rigid connection configurations subjected to 

static and cyclic loads considered some of these fatigue 

effects (14). Included in the conclusions was that in 

cyclic loading the connections exhibit ductile behavior with 

the eventual establishment of generally stable moment-

rotation hysteresis loops. The cyclic tests were 

displacement controlled and incrementally cycled through 

ten reversals after establishment of a stable hysteresis 

loop. This generally resulted in a total of 12 to 15 cycles 

at each displacement amplitude. 

Since both static (monotonic) and cyclic tests were 

performed on many of the connection configurati ons, the 

first comparison to be made between the model assumptions 

and the South Carolina data (14) is the coincidence of cyclic 

moment peaks and the monotonic curves. Figure 55 shows the 

monotonic curves of the static tests compared with the 

average moment peaks or final peaks from the corresponding 

equivalent cyclic test specimen. The codes used are those 

of the original authors and are such that the numerical 

prefix denotes the beam depth, the S or C refers to static or 
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cyclic, and the numerical suffix is a specimen and test 

designation. 

Examination of Figure 55 shows that while the points of 

the static and cyclic test peaks are not always entirely 

coincident, they are generally consistent in shape and, 

though less so, in magnitude. It is uncertain how much of 

the deviation is due to statistical variance. Certain 

features relating to expected fatigue effects can be seen 

from these figures, however. In the figures where more than 

the final peaks are shown, the trend at each successive 

displacement peak is towards less moment. This feature is 

consistent with the general increase in the displacement of 

the moment controlled tests reported earlier. Figure 55 

also seems to indicate that the higher cycling produces less 

moment capacity and stiffness at the higher moment ranges. 

Thus, it can be concluded that using the monotonic 

curve in the model assumption is again reasonable although 

some adjustment near the higher moment range could be made. 

In examining the cyclic peak profiles and the monotonic 

curves (Figure 55), two possible means of adjustment were 

considered, though both with somewhat similar results. The 

cyclic peak moment-rotation profiles seem to flatten out at 

a point somewhat coincident with the incidence of the 

constant linear stiffness which occurs in the upper regions 

of most semi-rigid connection monotonic curves. In these 

connection configurations, it is assumed that much of this 
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upper linear stiffness is the result of plate diaphragm 

action in the much deformed connection components. 

Generally nearby on the monotonic curve and just as good an 

approximation of the flattening of the cyclic peak curve in 

these results, is the moment on the monotonic curve 

corresponding to the intersection of the initial and final 

linear stiffnesses. This is the method that will be used 

here to adjust the monontic curve of the model to include 

degenerative effects and which will be used to generate 

comparitve model results with the South Carolina data. 

While a rationilzation for this adjustment and method is not 

being offered here, the adjustment does seem consistent with 

the notion of degenerative effects. The adjusted monotonic 

curves of the South Carolina test results for degenerative 

model application of tests 14CI-3 and SCI and 2 are shown in 

Figures 56 through 60. 

By applying the basic model to the adjusted monotonic 

curves and applied test deflections, comparative model 

results can be generated. The stable hystereses of the test 

results and model generated results for Test 14C1 are shown 

in Figure 61. While there is representation of the test 

resul ts at the peaks, one feature that is evident in 

comparing the test and model results in Figure 61 is the 

deviation of the unloading stiffnesses and residual 

rotations . The deviations here being even more pronounced 

than in the basic model application to the tests reported 
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earlier. As well, the test results indicate that linear 

unloading stiffness approximations decrease in some 

proportion to the magnitude of displacements and moments. 

This, too, does not seem inconsistent with expected fatigue 

effects . 

In an attempt to represent the degrading unloading 

stiffness mentioned above, a method is proposed where the 

unloading stiffness is reduced by reducing the residual 

deflection produced by the initial elastic unloading from 

the truncated monotonic cu.rve. An arbitrary elastic 

residual rotation reduction factor of 1/3 applied to the 

model seems to produce results which best balance the need 

for representation of most of the experimental behavior. 

Model generated results using this unloading stiffness 

reduction method with a factor of 1/3 are shown along with 

test results in Figures 62 through 66 for Tests l4Cl-J and 

8Cl-2. 

3.6 MODEL GENERATED RESULTS 

Comparing the degenerative model results and test data 

in Figures 62 through 66 for Tests 14Cl-3 and 8Cl-2 indicates 

that the model does represent much of the general behavior of 

these connections. There are still discrepancies which 

result from the model and its linear approximations. Most 

of the deviation between the model and test results is still 

of the stiffness near zero moment and overestimation of the 

residual rotations. 
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Some of the coincidence between model and test results 

is, however, masked by the non symmetry of the South Carolina 

test results. A possible explanation of this non symmetry is 

offered by the authors of these results as being due to the 

method in which the connections were assembled. They 

suggest that initial alignment and tightening of one flange 

angle at the expense of force fitting the other may have 

produced this nonsymmetrical behavior . This is, though, 

still the standard field erection procedure and its result 

should not be entirely disregarded since it represents 

behavior which could be expected. 

The representation of actual behavior at and near the 

extreme peaks is much better, both in terms of stiffness and 

peak location. As can be seen in comparing these figures, 

the adj usted model does represent much of the general 

connection behavior. 

3.7 DISCUSSION AND LIMITATIONS OF DEGENERATIVE MODEL 

Much of what was discussed previously regarding the 

performance of the basic model can also be said of the 

degenerative model. The model does seem to represent much 

of the actual connection behavior considering its 

simplicity. Obviously, better behavior representation 

could be obtained by including more linear segments, 

especially at the transitional region around zero moment. 

Again, however, this seems less warranted when one considers 

that the representation of this model near peaks, seemingly 
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more critical points, is tair1y accurate. As well, where 

the model does deviate, these deviations would appear 

conservative tor the same reasons outlined in the discussion 

ot the basic model. Also, though, the model does not 

provide tor accurate estimation ot the hysteresis area. 

Though seemingly consistent with some ot the expected 

ettects, the adjustments made in the basic model to include 

these ettects are empirical and somewhat arbitrary. The 

truncation ot the monotonic moment rotation curve, though ot 

no real consequence in applying det1ection control test 

values, would present a problem in applying moment control. 

This teature does provide tor some sort ot plastic moment 

representation, however. 

The method ot reducing unloading stittness by reducing 

the residual rotation ot initial elastic unloading by some 

tact or is, again, empirically based. The selection ot a 1/3 

reduction tactor represents a value which best seemed to 

produce representative behavior trom this simple model at 

extreme peaks and residual rotations and is arbitrary. 

It will be assumed here that unloading trom any point 

less than the elastic limit will occur with equal stitfness. 

That is, the unloading stittness trom any point is always 

determined by the elastic limit in the same direction. 

Thus, all positive (or negative) unloading stiffness is 

equal to the unloading stiffness from the maximum positve 

(or negative) moment (Figure 67). 
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An issue to be considered is under what circumstances 

are the adjustments of the degenerative model applicable. 

These adjustments are empirically based upon pure cyclic 

tests with several cycles of full moment reversal. It seems 

possible that much of the degrading properties result from 

this type of loading. It is not likely that this type of 

loading is representative of standard building semi-rigid 

beam to column connection loading. However, the 

degenerative model does represent more conservative 

stiffness properties. Thus, though more conservative, the 

degree to which these cyclic adjustments in the connection 

model represent the actual behavior in typical loadings is 

uncertain and as SUCh, the increased complexity of the model 

because of these adjustments mayor may not be justifed. 

Also, it must be emphasized that these adjustments are based 

upon a relatively few number of cycles and are not cons i dered 

to account for all possible cyclic effects. 
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4. COMPUTER ANALYSIS OF PORTAL FRAME USING 

SEMI-RIGID CONNECTION MODEL 

In keeping with the justification of developing a model 

for standard configuration semi-rigid connections under 

general loading conditions, the connection model developed 

can now be used in a structural analysis of a simple pinned

base column frame under the effect of constant gravity and 

various wind loadings. Using results like these, the design 

and analysis assumptions of these types of connections can 

be assessed. 

4.1 DESIGN FRAME AND CONNECTIONS 

For this analysis, the frame design was based upon the 

use of a specific connection along with frame span and 

height. The design frame is shown in Figure 68. The 

connection chosen was one tested by the South Carolina group 

(14), l4S and C2, and modelled in the previous section. It 

is shown in Figure 69. This connection was selected because 

of the availability of test data including its monotonic 

curve. There are analytical methods to generate the 

connection monotonic curve (for example Reference 5). The 

initial elastic stiffness of the connection, Kel in Figure 

68, is based upon the experimental data. The beam and 

column selection is somewhat arbitrary but thought to be 

reasonable. 

Given the . spans, members, and connections, the 

allowable loadings could be determined. The beam has an 
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allowable pinned-end load capacity of 1.167 kips/ft 

determined by allowable stress design assuming adequate 

lateral bracing. 

The connection and frame capacities were determined by 

the "Flexible Wind" design method. The connection 

components are separated and the shear web angles are found 

to have a shear capacity of 42.5 kips. This value is much 

higher than that required by the distributed gravity loading 

determined by the simple beam capaci ty. However, this 

effect will not be considered here. The moment capacity of 

the connection is determined by the allowable stress design 

of hangar type connections and has an allowable mom·ent 

capacity of 14 kip-ft or 168 kip-in including a 1/3 increase 

for wind stress. 

The corresponding allowable lateral load at the beam 

height is then determined by finding the lateral load which, 

along with axial load-lateral deflection effects, produces a 

fixed-frame moment of 14 kip-ft in the now assumed fixed 

connections. The effect of the gravity loading, other than 

providing a column axial load, is not considered. The 

allowable lateral load is determined to be 2.0 kips. 

Because the column selection was arbitrary, the columns 

have additional axial load capacity. Using the method 

developed by DeFalco and Marino (11), the allowable axial 

load capacity of the columns in this frame is 80 kips, or an 

additional 66 kips in each column. This capacity uses 
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design values, as determined according to Reference 11, of 

C.-O.8S, G.-l.164, Gb-infinity (for consistency with 

computer matrix analysis), and Z-ljKej from data (14) and a 

resulting effective column length factor of K-2.4. 

4.2 LOADING 

Using the values of allowable gravity and lateral 

loads, representative load factors of 1.7 for gravity and 

1. 3 for lateral are applied to obtain analysis load values of 

Gravity Load - 2.0 kipsjft 

Lateral Load - 2.6 kips. 

Two methods of loading will be applied and are shown 

diagrammatically in Figure 70. In both loading cases, the 

gravity load is applied in its entirety first, before any 

lateral loading is applied. The two cases represent 

different lateral loading schemes. One case is were the 

lateral load represents an increasing direct lateral load. 

In the other case, the lateral load is cyclically increased. 

Both loading cases are applied until frame failure. The 

cyclic loads are not dynamic. 

4.3 COMPUTER ANALYSIS PROGRAM 

A computer program was written to perform the analys i s 

of this frame and loading including the connection 

performance. A listing of this program is given in the 

appendix. The program obtains the balanced member end 

actions and displacements of the pinned-base portal frame 

with semi-rigid connections whose behavior is represented by 
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the degenerative model developed previously, under the 

etfect ot gravity and lateral loadings. The program uses an 

Newton-Raphson linear tangent stiftness technique for 

incremental loadings to incorporate the connection 

nonlinearities and the moment magnitication approximation 

to the axial-column detlection (axial P-Delta) effect. The 

loading continues until an incremental load application does 

not produce balanced member-end-action convergence after 10 

iterations. 

The program uses a subroutine to apply the degenerative 

connection model to the connection response of the loadings. 

The truncated monotonic curve from the South Carolina data 

(11) is shown in Figure 71. Other model parameters, also 

determined trom the experimental data are 

Initial Elastic stiffness, 

Elastic Limit, 

Plastic Moment, 

4.4 ANALYSIS RESULTS 

Kel-3.67E05 kip-injrad 

Me-242 kip-in 

Mp-720 kip-in 

The lateral load vs. lateral frame deflection for the 

cyclic loading peaks is shown in Figure 72. The frame 

failed atter reaching a lateral load of -5.72 kips for the 

first time. This is 220% greater than the factored lateral 

load, almost 290% greater than the design lateral load, 2 

kips. However, deflection greatly increases after 

surpassing the factored design lateral load of 2.6 kips. 

The loading was done with lateral load increments, pinc, of 
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0.052 kips, and cyclic peak increments, Padd, of 0.520 kips. 

At the design load, the frame drift (lateral deflection over 

story height) is 0.0033, at the factored load it is .0045. 

The connection moment-rotation behavior is given in 

Figure 73. The initial gravity moment in the connection is 

583 kip-in or 48.5 kip-ft, 350% greater than the design 

moment capacity of the connection. Another feature from 

this analysis is that the rotation in the connection 

windward to the direction of first lateral loading (the left 

connection in Figure 68) continually increases and stiffness 

decreases, while the leeward connection remains relatively 

stiff and elastic. 

The gravity moment shakedown for this case, as 

approximated by the average moment at each end of the beam, 

is shown in Figure 74. The figure gives the average beam end 

moment vs. the applied lateral load, P. At the design 

lateral load the average end moment is 93% of the initial 

gravity moment, 583 kip-in, at the factored lateral load it 

is 90%. 

Figure 75 shows the "Flexible Wind" design moment 

distribution at design loads after "shakedown" has occurred. 

The corresponding moment distribution from the analysis at 

design loads is shown in Figure 76. The design and analysis 

moment distributions after shakedown of the factored loads 

are shown in Figures 77 and 78 respectively. These figures 

show that actual and design load distributions can vary 



• <.> 
t ~ 

- 60-

considerably, underestimating negative gravity moments at 

the beam ends or unbalanced gravity moments into the 

columns. 

Figure 79 shows the lateral load vs. lateral frame 

deflection for the same beam and cyclic loading with the 

additional allowable axial column loads of 66 kips. The 

frame failed to converge after a lateral load of 4.29 kips, 

165% greater than the factored lateral load, 2.6 kips, and 

215% greater than the design lateral load, 2.0 kips. The 

lateral drift at design is 0.004 and 0.009 at the factored 

lateral load. 

Also shown in Figure 79 is the lateral load vs. lateral 

frame deflection for direct (i.e. monotonic) wind loading. 

Under direct loading, the frame stiffness was diminished but 

its failing lateral load was significantly higher, 8.45 

kips, 425% and 325% greater than the design and factored 

lateral loads, respectively. 

The lateral load vs. lateral frame deflections for the 

three common connection stiffness analysis approximations 

are shown in Figure 80 superimposed on the values in Figure 

79. The three cases represent three condi tions of 

connection stiffness in response to lateral loads; the 

fixed-end (infinite connection stiffness) and the initial 

elastic stiffness for both connections (Ei) suggested in the 

AISI "Flexible Wind" connection design method (Reference 9) , 

and the one-half (1/2) initial connection stiffness for both 



'7 • 
• • 

Co> -61-

connections (Ei/2) approxilllating the elastic-hinge end 

conditions ilIIplied in Disque I s "Directional Moment" 

connection method (Reference 10). The connection stiffness 

value of Ei/2 gives the best approximation through low 

lateral load values up to even the factored lateral load. 

The other stiffness approxilllations are somewhat 

unconservative for low lateral loads and considerably more 

so at higher loads. 

Figure 81 shows the peaks of the lateral load vs. 

lateral frame deflection for varying beam moments of 

inertia. The design beam, W14x30, has a moment of inertia 

of 291 inches 4 • The initial connection gravity moments are 

also given. 

4.5 ANALYSIS DISCUSSION AND CONCLUSIONS 

The results of the analysis are dependent on the 

veracity of the connection model. This is especially true 

at the higher load cycles and direct loads where the 

truncation of the monotonic curve and/or the unloading 

stiffness decay features of the model become more 

significant factors in the frame response. 

From the analyses presented here, the "Flexible Wind" 

connection design method seems to produce a structural 

system capable of withstanding the required loads, although 

the design assumptions are not well represented. The 

conclusions from this particular frame analysis are as 

follows: 
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4.5.1 Servicability 

In so far as calcul~ting lateral deflections or drift 

due to wind loads only, treating semi-rigid connections as 

fully fixed is clearly unconservative at all but the lowest 

load values. Using the initial elastic stiffness of the 

connections is representative at low load levels but becomes 

unconservative at higher loads. Accounting for only the 

windward connection stiffness, or here, approximating this 

condition by making each connection stiffness one-half the 

initial elastic connection stiffness best represents the 

lateral behavior, even at factored loads. . However, this 

approximation can also become unconservative at higher 

loads. 

4.5.2 Practical Considerations 

The design method seems to produce acceptably 

conservative systems. However, the assumed design load 

distribution is not well representeted, especially in the 

case of initial gravity moments which can be much higher than 

even the design moment capacity of the connection. The 

method becomes less conservative as the beam becomes more 

flexible. In the case of very stiff beams, however, it can 

be excessively conservative. It must be reiterated that 

fatigue or dynamic effects may greatly change behavior. 

4.5.3 Gravity and Wind Moment Separation 

The design concept of separation of gravity and wind 

moment is not well represented by the actual behavior or load 
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distribution. The existence of gravity moment does reduce 

the wind failure load, not only because of buckling but 

because of connection behavior and deterioration, as well. 

The initial gravity moment conditions may be much greater 

than even the design moment capacity of the connection. 

Addi tionally, these results are very dependent upon the 

relative stiffness of the connecting members, especially the 

beam. Unless the beam is very flexible, the "Flexible Wind" 

method seems to produce an acceptably conservative 

structural system. In some cases, a very conservative 

system. However, high axial loads in the columns and 

secondary P-Delta effects may significantly change results. 

4.5 . 4 Using the Benefits of continuity 

The design assumption of "shakedown" of the beam end 

negative gravity moments reduces the required unbalanced 

gravity moment capacity of the columns but increases the 

required midspan capacity of the beam. This analysis shows 

that "shakedown" of the gravity moment is not occurring to a 

degree which is compatible with these design assumptions. 

This indicates that the required beam capacity could be 

reduced to account for the gravity restraining moments at 

its ends while the columns, however, may need increased 

capacity for unbalanced gravity moment transfer. 
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5. PISCUSSION ANP CONCLUSIONS 

A simple model has been developed for the general 

moment-rotation behavior of a standard semi-rigid 

connection configuration consisting of web and flange 

angles. These connnections are widely used and represent an 

inexpensive connecting system. These connections also have 

the potential to represent a new structural performance 

option in their capacity to control the amount of moment 

transfer to connecting members. 

It is believed that such a model is needed to develop 

new and more rational design and analysis provisions of 

these connections by conducting analyses like those 

presented here. CUrrent methods of design exist (9) which 

place these connections under AISC Type 2 provisions (1 ) and 

seem to produce accept"bly conservative systems in most 

cases. However I the implied design assumptions do not 

represent actual conditions because of unrealistic load 

separations and neglect of load and stiffness interaction. 

A design method may very well be possible which could tune 

the connection performance to optimize distri buti on of 

moments to the beams and columns and incorporate 

servicability provisions while allowing for 

a) the separation of wind and gravity moments in the 

analysis procedure 

b) the use of continuity 

c) a conservative design. 
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Further work is needed to develop more rational design 

and analysis provisions for . these connections. Because of 

the dependency of accurate connection modelling in any 

analysis, more experimental work of connections and 

analytical refinements are needed to make the 

characteristics of these connections readily accessible 

and representative. As well, work is needed in determining 

the effect of these connections on various structural 

systems and loadings. Because of their complexi ty , 

additional study is also needed in determining the economic 

consequences of their use. 
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TYPE 2 

TYPE 3 

Figure 1. Diagrammatica1 Representation of AISC connect ion 
Types. 
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Figure 2. Moment vs. Rotation of Idealized Connect ion 
Types. 
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Figure 3. Moment vs. Rotation of Actual connection Types. 
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Figure 4. Relative Moment vs. Rotation Relationships of 
Typical steel Beam-Column Connections. 
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LOADING MOMENTS 

Figure 5. Portal Frame Moment Distributions with Different 
Connection Types. 
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Figure 6. Beam-Line Interaction Diagram. 
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Figure 7. Loading & Unloading Model for "Directional 
Moment Connection" (from Reference 10). 
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H 

Gravity Loading with Plastic Hinges for "Direc
tional Moment Connection" (from Reference 10) . 

v=o 
)-r-

H 

<-V4 -V5 -V6 )-

V=O 
Figure 9. Wind Loading with Plastic Hinges for "Direc

tional Moment Connection" (from Reference 10). 
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Figure 10. Semi-Rigid Connection End Conditions Under 
Initial Gravity Loading Conditions (!romRefer
ence 9) • 

M 

I 

I 

L----------------------8 
Figure 11. Semi-Rigid Connection End Conditions: First 

Wind Load in positive Direction (from Refer
ence 9). 
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Figure 12. Semi-Rigid Connection End Conditions: First 

Wind Unloading (from Reference 9) • 
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Figure 13. Semi-Rigid Connection End Conditions: Wind Load 

in Negative Direction (from Reference 9) . 



" 

M 

I 
I 

I 
I 

- 76 -

1/2 Mw 

1/2 Mw 

e 
Figure 14. Semi-Rigid connection End Conditions: Wind 

Unloading (from Reference 9). 
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Figure 15. Semi-Rigid connection End Conditions: Elastic 

Wind Connection with Gravity Moment "Shake 
Down" (from Reference 9 ) . 
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Figure 16. Inflection Points of Beam Deformation. 
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Figure 17. Residual Drift of Frame. 
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Figure 18. Symmetric Moment-Rotation CUrve for Semi-Rigid 
Connection. 
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Figure 19. Moment Reversal of Semi-Rigid Connecti on. 
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Figure 20. Semi-Rigid connection Test Assembly. 
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Figure 21. Assembly Loading Representation. 
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Figure 22. Test Connection Detail. 
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a) Test 2 : Load cycle 1 
Joint Moment-Rotation. 

b) Test 2 : Load cycle 2 
Joint Moment-Rotation. 

J 

Figure 23. Test 2: Joint Moment vs. Joint Rotation 
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c) Test 2 : Load cycle 3 
Joint Moment-Rotation. 

d) Test 2 : Load cycle 4 
Joint Moment-Rotation. 

Figure 23 continued. Test 2: Joint Moment vs. Joint 
Rotation 
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e) Test 2 : Load CYcle 5 
Joint Moment-Rotation. 

t) Test 2 : Load Cycle 6 
Joint Moment-Rotation. 

Figure 23 continued. Test 2: Joint Moment vs. J oint 
Rotation 
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Test 2 : Load CYcle 7 
Joint Moment-Rotation. 

Test 2 : Load CYcle 8 
Joint Moment~Rotation. 

Figure 23 continued. Test 2: Joint Moment vs. Joint 
Rotation 
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a) Test 2 : Load cycle 1 
connection 1-2. 

c) Test 2 : Load cycle 2 
Connection 1-2. 
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b) Test 2 : Load cycle 1 
Connection 3-4. 

d) Test 2 : Load CYcle 2 
Connection 3-4. 

Figure 24. Test 2: Connection Moments vs. Rotations. 



e) 

g) 

Test 2 : Load CYcle 3 
Connection 1-2. 

Test 2 : Load CYcle 4 
Connection 1-2. 
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t) 

h) 

Test 2 : Load cycle 3 
Connection 3-4. 

Test 2 : Load CYcle 4 
Connection 3-4. 

Figure 24 continued. Test 2 : Connection Moments vs. 
Rotations. 



i) Test 2 : Load CYcle 5 
Connection 1-2. 

k) Test 2 : Load CYcle 6 
Connection 1-2. 
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j) Test 2 : Load cycle 5 
Connection 3-4. 

1) Test 2 : Load cycle 6 
Connection 3-4. 

Figure 24 continued. Test 2: Connection Moments vs. 
Rotations. 



m) Test 2 : Load Cycles 7 
, 8. Connection 1-2. 
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n) Test 2 : Load Cycles 7 
, 8. Connection 3-4. 

Figure 24 continued. Test 2: Connection Moments vs. 
Rotations. 
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a) Test 3 : Load Cycle 1 
Joint Moment-Rotation. 

b) Test 3 : Load Cycle 2 
Joint Moment-Rotation. 

• 

Figure 25. Test 3: Joint Moment vs . Joint Rotat i on 
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d) 
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Test 3 : Load Cycle 3 
Joint Moment-Rotation. 

Test 3 : Load Cycle 4 
Joint Moment-Rotation. 

Figure 25 continued. Test 3: Joint Moment vs. Joint 
Rotation 
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e) Test 3 : Load cycle 5 
Joint Moment-Rotation. 

!) Test 3 : Load CYcle 6 
Joint Moment-Rotation. 

Figure 25 continued . Test 3: Joint Moment vs. "Joint 
Rotation 
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a) Test 3 : Load Cycle 1 
Connection 1-2. 

c) Test 3 : Load Cycle 2 
Connection 1-2. 

b) Test 3 : Load Cycle 1 
Connection 3-4 . 

d) Test 3 : Load Cycle 2 
Connection 3-4. 

Figure 26. Test 3: Connection Moments vs. Rotat i ons. 
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e) 

q) 

Test 3 : Load cycle 3 
Connection 1-2. 

Test 3 : Load CYcle 4 
Connection 1-2. 
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f) 

h) 

Test 3 : Load CYcle 3 
Connection 3-4. 

Test 3 : Load cycle 4 
Connection 3-4. 

Figure 26 continued. Test 3: Connection Moments v s. 
Rotations. 



i) 

k) 

Test 3 : Load Cycle 5 
connection 1-2. 

Test 3 : Load Cycle 6 
Connection 1-2. 
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j) 

1) 

Test 3 : Load Cycle 5 
connec.tion 3-4. 

Test 3 : Load Cycle 6 
Connection 3-4. 

F iqure 26 continued. Test 3 : Connection Moments vs . 
Rotations. 
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"Figure 27. Test 4 Monotonic Moment-Rotation Curve. 
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Figure 28. Test 2 : Initial Connection Loading Peaks CUrve 
and Test 4 : Monotonic Moment-Rotation CUrve. 

Figure 29. 
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Test 3 : Initial Connection Loading Peaks Curve 
and Test 4 : Monotonic Moment-Rotation Curve. 



Figure 30. Test 5 
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Joint Moment vs. Joint Rotat i on 
Load cycles "1 through 3 . 
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a) Test 5 : Load Cycle 1 
Connection 1-2. 

cJ Test 5 : Load Cycle 2 
Connection 1-2. 
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b) 

d) 

Test 5 : Load Cycle 1 
Connection 3-4. 

Test 5 : Load Cycle 2 
connection 3-4. 

Figure 31. Test 5 Connection Moments vs. Rotations. 
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e) Test 5 : Load Cycle 3 
Connection 1-2. 
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f) Test 5 : Load Cycle 3 
Connection 3-4. 

Figure 31 continued. Test , 5 : Connection Moments vs. 
Rotations. 
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Figure 32. Test 5 : Initial Connection Loading Peaks Curve 
and Test 4 : Monotonic Moment-Rotation Curve, 
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Figure 33. Test 5 : Applied Lateral connection Moment vs. 
Gravity Moment. Gravity Moment Shakedown. 
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a) Test 6 : Load CYcle 1 
Joint Moment-Rotation. 

b) Test 6 : Load CYcle 2 
Joint Moment-Rotation. 

Figure 34. Test 6 Joint Moment vs. Joint Rotation 
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c) 

d) 
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Test 6 : Load CYcle 3 
Joint Moment-Rotation. 

Test 6 : Load CYcle 4 
Joint Moment-Rotation. 

Figure 34 continued. Test 6 
Rotation 

Joint Moment vs. Joint 
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e) Test 6 : Load Cycle 5 
Joint Moment-Rotation. 

!) Test 6 : Load Cyclp. 6 
Joint Moment-Rotation. 

Figure 34 continued . Test 6 
Rotation 

Joi nt Moment vs. Joint 



a) 

c) 

Test 6 : Load CYcle 1 
Connection 1-2. 

Test 6 : Load CYcle 2 
connection 1-2. 
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b) 

d) 

Test 6 : Load cycle 1 
Connection 3-4. 

Test 6 : Load cycle 2 
Connection 3-4. 

Figure 35. Test 6: Connection Moments vs. Rotations. 



e) Test 6 : Load Cycle 3 
Connection 1-2 . 

q) Test 6 : Load Cycle 4 
Connection 1-2. 
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t) Test 6 : Load Cycle 3 
Connection 3-4 . 

h) Test 6 : Load Cycle 4 
Connection 3-4. 

F iqure 35 continued. Test 6: Connection Moments v s . 
Rotations. 



i) Test 6 : Load cycle 5 
Connection l-2. 
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j) Test 6 : Load cycle 5 
Connection 3-4. 

k) Test 6 : Load Cycle 6 
Connection l-2. 

Figure 35 continued. Test 6: Connection Moments vs . 
Rotations . 
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Test 6 : Load cycle 6 
connection 3-4. 

Figure 35 continued. Test 6: connection Moments vs. 
Rotations. 
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Figure 36. Test 6 : Initial connection Loading Peaks Curve 
and Test 4 : Monotonic Moment-Rotation Curve . 
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a) Test 7 : Load Cycle 1 
Joint Moment-Rotation. 

b) Test 7 : Load Cycle 2 
Joint Moment-Rotation. 

Figure 37. Test 7: Joint Moment vs. Joint Rotation 
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d) 
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Test 7 : Load Cycle 3 
Joint Moment-Rotation. 

Test 7 : Load Cycle 4 
Joint Moment-Rotation. 

Figure 37 continued. Test 7: Joint Moment vs. Joint 
Rotation 
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f) 
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Test 7 : Load CYcle 5 
Joint Moment-Rotation. 

Test 7 : Load CYcle 6 
Joint Moment-Rotation. 

Figure 37 continued. Test 7: Joint Moment vs. Jo i nt 
Rotation 
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q) Test 7 : Load CYcle 7 
Joint Moment-Rotation. 

Figure 37 continued. Test 7: Joint Moment vs. Joint 
Rotation 

a) Test 7 : Load CYcle 1 
Connection 1-2. 

+ 
b) Test 7 : Load cycle 1 

Connection 3-4. 

Figure 38. Test 7: Connection Moments vs. Rotations. 



c) 

e) 

Test 7 : Load Cycle 2 
Connection 1-2 . 

Test 7 : Load Cycle 3 
connection 1-2. 
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d) Test 7 : Load Cycle 2 
Connection 3-4. 

!) Test 7 : Load Cycle 3 
Connection 3-4. 

Figure 38 continued. Test 7: connection Moments vs. 
Rotations. 
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q) Test 7 : Load Cycle 4 
Connection 1-2. 

i) Test 7 : Load Cycle 5 
Connection 1-2. 

h) Test 7 : Load Cycle 4 
Connection 3-4. 

j) Test 7 : Load Cycle 5 
Connection 3-4. 

Figure 38 continued. Test 7: Connection Moments vs. 
Rotations. 
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k) Test 7 : Load Cycle 6 
Connection 1-2. 
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1) Test 7 : Load Cycle 6 
Connection 3-4 . 

Figure 38 continued. Test 7: Connection Moments vs. 

-' --

Rotations. 
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Figure 39. Test 7 : Initial Connection Loading Peaks Curve 
and Test 4 : Monotonic Moment-Rotation Curve. 
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Figure 40. Moment-Rotation & connection Deformati on. 
Initial Conditions. 
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Figure 41. Moment-Rotation & connection Deformation. 
positive Loading. 
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Figure 42. Moment-Rotation & Connection Deformation. 
positive Unloading. 



, 
I~ 
< 
<J 

-121 -

+M 

--------------+-+------------+e 

~ 

~\ 

Jr 

J 
-r 

I 

• 

I 

• 

I 

, , 
I 

I 
I 

• 

> ~ 

Figure 43. Moment-Rotation & Connection Deformation. 
Moment Reversal to Negative Loading. 
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Figure 44. Moment-Rotation & connection Deformation. 
Continued Negative Loading. 
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a) Initial Conditions. 

+M 1.42+ 

, 
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I , 
RI+ +e 

c) Positve Loading from Zero 
to Ml+ and on to M2+. 

+M 
1.41+ 

RI+ +8 

b) Positive Loading to Ml+ & 
Unloading to Zero at Rl+. 

+M M2+ -
" .' , , , , KE , , 

I 
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R2+ 
+e 

d) Positive Unloading from 
M2+ to Zero at R2+. 

Figure 45. Basic Model Example. 
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e) Negative Loading trom Zero 
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g) Positive Reloading trom 
Zero at Rl- to H3+. 
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t) Negative Unloading trom 
Hl- to Zero at Rl-. 

+M +ME • ,. ' 
, ' 

h) Positve Unloadi ng trom 
H3+ to Zero at R3+ , 
Homent- Rotation 
Hysteresis tor M3+ to 
Ml- Cycles. 

Figure 45 continued ... Basic Model Example . 
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Figure 46. Projected Test 4 Monotonic Curve for Model 
Application. 
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a) Test 2 : Load cycle 3 
connection 1-2. 

, 
f . 

c) Test 2 : Load CYcle 4 
Connection 1-2. 
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b) Test 2 : Load cycle 3 
Connection 3-4. 

d) Test 2 : Load CYcle 4 
Connection 3-4. 

Figure 47. Model Generation of Test 2 Connection Curves 
Using Test 4 Monotonic Curve. 



e) Test 2 : Load cycle 5 
Connection 1-2. 

g) Test 2 : Load CYcle 6 
Connection 1-2. 
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t) Test 2 : Load CYcle 5 
Connection 3-4. 

( 
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I 
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h) Test 2 : Load cycle 6 
Connection 3-4. 

Figure 47 continued. Model Generation ot Test 2 Connection 
CUrves using Test 4 Monotonic Curve. 
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i) Test 2 : Load cycles 7 
& 8 connection 1-2. 
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j) Test 2 : Load. cycles 7 
& 8 Connection 3-4. 

Figure 47 continued. Model Generation ot Test 2 Connection 
CUrves using Test 4 Monotonic Curve. 
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a) Test 2 : Load Cycle 1 
Joint Moment-Rotation. 

+ 
b) Test 2 : Load Cycle 2 

Joint Moment-Rotation. 

Figure 48. Model Generation of Test 2 Joint Moment
Rotation Hystereses using Test Monotonic Curve . 
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c) 

d) 
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Test 2 : Load Cycle 3 
Joint Moment-Rotation. 

Test 2 : Load Cycle 4 
Joint Moment-Rotation. 

Figure 48 continued. Model Generation of Test 2 
Moment-Rotation Hystereses 
Test Monotonic CUrve. 

Jo i nt 
us i ng 



e) 

t) 
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Test 2 : Load Cycle 5 
Joint Moment-Rotation. 

Test 2 : Load cycle 6 
Joint Moment-Rotation. 

Figure 48 continued. Model Generation ot Test 2 Joint 
Moment-Rotation Hystereses u s ing 
Test Monotoni c Curve. 
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q) Test 2 : Load CYcles 7 & 
8 Joint Moment-Rotation. 

Fiqure 48 continued. Model Generation of Test 2 Joint 
Moment-Rotation Hystereses using 
Test Monotonic CUrve. 



a) 

• a-thc') 

Test 3 : Load cycle 1 
connection 1-2. 

c) Test 3 : Load cycle 2 
connection 1-2 . 
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0) Test 3 : Load CYcle 1 
Connection 3-4. 

1 
d) Test 3 : Load CYcl e 2 

Connection 3-4. 

Figure 49. Model Generation of Test 3 Connection Cu rves 
using Test 4 Monotonic CUrve. 



e) Test 3 : Load cycle 3 
connection 1-2. 

q) Test 3 : Load CYcle 4 
Connection 1-2. 
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t) Test 3 : Load CYcle 3 
connection 3-4. 

h) Test 3 : Load cycle 4 
Connection 3-4. 

Figure 49 continued. Model Generation ot Test 3 Connection 
CUrves using Test 4 Monotonic Curve . 



i) Test 3 : Load Cycle 5 
Connection 1-2. 

k) Test 3 : Load Cycle 6 
Connection 1-2. 
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/ 

j) Test 3 : Load Cycle 5 
Connection 3-4. 

1) Test 3 : Load Cycle 6 
Connection 3-4. 

Figure 49 continued. Model Generation of Test 3 Connection 
CUrves using Test 4 Monotonic Curve. 
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a) Test 3 : Load Cycle 1 
Joint Moment-Rotation. 

b) Test 3 : Load Cycle 2 
Joint Moment-Rotation. 

Model Generation of Test 
Rotation Hystereses using 
CUrve. 

3 Joint Moment
Test 4 Monotonic 
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c) Test 3 : Load CYcle 3 
Joint Moment-Rotation. 

d) 

, ~ 
I 

I 

Test 3 : Load cycle 4 
Joint Moment-Rotation. 

Figure 50 continued. Model Generation of Test 3 Joint 
Moment-Rotation Hystereses using 
Test 4 Monotonic Curve. 
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Test 3 : Load Cycle 5 
Joint Moment-Rotation. 
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Test 3 : Load Cycle 6 
Joint Moment-Rotation. 

Figure 50 continued. Model Generation of Test 3 Joint 
Moment-Rotation Hystereses using 
Test 4 Monotonic Curve. 



a) Test 3 : Load Cycle 1 
connection 1-2. 

c) Test 3 : Load Cycle 2 
Connection 1-2. 
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b) Test 3 : Load Cycle 1 
connection 3-4. 

1 
d) Test 3 : Load Cycle 2 

Connection 3-4. 

Figure 51. Model Generation of Test 3 Connection Curves 
using Test 3 Initial connection Loading Peaks 
CUrve. 



e) Test 3 : Load CYcle 3 
Connection 1-2. 

g) Test 3 : Load cycle 4 
Connection 1-2. 
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f) Test 3 : Load Cycle 3 
Connection 3-4. 

h) Test 3 : Load Cycle 4 
Connection 3-4. 

Figure 51 continued. Model Generation of Test 3 Connection 
CUrves using Test 3 Initial Connec
tion Loading Peaks Curve. 
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i) Test 3 : Load CYcle 5 
Connection 1-2. 

k) Test 3 : Load CYcle 6 
Connection 1-2. 
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j) 

1) 

Test 3 : Load cycle 5 
connection 3-4. 

Test 3 : Lold Cycle 6 
Connection 3-4. 

Figure 51 continued. Model Generation of Test 3 Connection 
CUrves using Test 3 Initial Connec
tion Loading Peaks Curve. 



;". , .. 
\ 'I ... 
• 

Figure 52. 

-142 -

z 

I+~ 

a) Test 3 : Load Cycle 1 
Joint Homent-Rotation. 

b) Test 3 : Load Cycle 2 
Joint Homent-Rotation . 

Hodel Generation of Test 3 
Rotation Hystereses using Test 
CUrve. 

Joint Homent-
3 Initial Peaks 
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Test 3 : Load cycle 3 
Joint Moment-Rotation. 

Test 3 : Load cycle 4 
Joint Moment-Rotation. 

Figure 52 continued. Model Generation of Test 3 Joint 
Moment-Rotation Hystereses using 
Test 3 Initial Peaks Curve. 



-144-

e) Test 3 : Load Cycle 5 
Joint Moment-Rotation. 

f) Test 3 : Load Cycle 6 
Joint Moment-Rotation. 

Figure 52 continued. Model Generation of Test 3 Joint 
Moment-Rotation Hystereses using 
Test 3 Initial Peaks Curve. 
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Figure 53. Model Generation ot Test 5 Gravity Momer.t 
Shakedown using Test 4 Monotonic Curve. 
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Figure 54. Model Generation of Test 5 Gravity Moment 
Shakedown using Test 5 Initial Connection 
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Monotonic Tests (5) and corresponding 
Cyclic Test Peaks (C). 
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APPENDIX 7,1 

Connection Test Data 

Table 7, 1. 1. Tests Performed 

Test/Type Initial Pg Maximum Pg Maximum Pw Comments 
(kips) (kips) . (kips) 

l/Cyclic 0,00 1.25 3,00 Trial Test 

2/Cyclic 0,67 0,67 3,50 Constant 
Gravi ty 
Moment 

3/Cyclic 2,15 2,15 3,00 Constant 
Gravity 
Moment 

4/Static 0,00 0,00 3,00 Monotonic 

s/Cyclic 2,14 0.00 1.50 Constant 
Gravity 
Angle 

6/Cyclic 0.00 0.00 . 3.00 Pure Cyclic 
Bolt Slip 

7/Cyclic 0 . 00 0 . 00 3.50 Put'e Cyclic 
Increased 
Bolt 
Tightening 



TEST 1 : CYCLE 1. 1'ns IT IVE .11'Il,," MfltlF.'lT A= 4 3" a s 9" "l2= 11 . 31511 °311 :' 4 .75" 

Pw delta 1 delta 2 delta 3 dplta 4 theta :I 12 theta_ 2 34 theta -2 BVI. 
(ki~a ) (inches) (lncheal (inches) (inchea) Ix 1"- cads l (x 10 ra t. I Ix 10 rada I 

0.000 0.000 0.000 0.000 0.000 0.000 0 . 000 0.000 
0.5 .008 .003 -.002 -.007 • lll' .105 .110 
0 . 7 . 015 . 006 -.003 -.013 .2M .211 .208 
0.95 .025 . 010 -.Ofl6 -.023 .343 .35A .350 
1.05 . 030 .012 -.008 -.027 .1'11 .4ll .411 
1.15 .035 .014 -.009 -.032 .I, ~ i'l ." r. .. .I'K2 , 
1.25 .040 .016 -.Oll - .03 11 . 5" r. .56~ • 559 ...... 

'" 1.39 .050 .020 -.015 - . 047 .I\RG . 674 . 680 0 1.48 . 060 .025 -.1119 -.057 . 81)0 .11'10 . AOO , 
1.53 . 070 . 02<1 -.023 -.065 . 94<1 .1184 . 916 
1.6l . 080 .0='3 -.027 -.076 1.07" 1.032 1.OS3 
1. 725 .103 .()I,3 - .03 7 -.093 1.371 1.17'> 1.275 
1.885 .l2S . 054 -.046 -.120 1. £.34 1.55R 1.596 2.03 .150 .065 -.05£. - .14 6 1. "43 1.S~5 l.Q19 
2.15 . 171, . 075 -.065 -.170 2 .2£.3 2.21," 2 • 23(, 
2.3 . 200 .087 - .075 -.195 2.503 2 . S26 2 .555 1.3S .184 . 079 -.06/\ -.174 2.41'),' 2.273 2.337 0.R5 .173 .075 -.062 -.163 2.24n 2. l2(, 2.1A3 0 . 50 .1610 . 072 -.0~9 -.151 2.1n3 1 . .. , , ' 2.1\1'1 0 . 25 • lSI, . 06 '1 -.057 - .141, 1. ' .,3 l . ;:, ~ 1.1\~7 0.00 . 130;. .062 - . 051, -. 133 1./\M 1. f>l l 1.6('£' 



TEST 1: CYClE 2. NECATIVE JO IIrI' HOI-IEIrI' 

Pw delta 1 delta 2 delta 3 delta 4 theta 2 12 theta 2 34 theta 2 8Vg. 
(ki ps) (inches) ({nches.! (i nche,,) (inches) ex 1.0- rad. ) (x 10- ,'ad. ) (x 10- rad.) 

- .125 .121 .057 -.048 - .U5 1.451 1.400 1.426 
; .25 .108 .0~2 - .(1113 -.099 1.2 0 1 I.U9 1.235 
- .375 .092 .046 -.035 -.082 1.0H .989 1.020 
- .5 .078 .040 - .02 " -.065 . !lu'l .800 .834 
~' . 75 .048 .028 -.013 -.028 .1157 .316 .387 

- L.O .0lD .012 .005 .034 _ .,.e;, -, -.611 -.534 
- 1.25 -.038 -.008 .1l26 .092 _ .. (\J~il _1.3a a -1.036 I 

-1.375 -.061 -.017 • 1l34 .115 -1. ,n" -1. 705 -1.15~ 
...... 
-D 

- 1.5 -.093 -.031 .049 .152 -1.417 -2.16/1 -1. 793 ...... 
- 1.625 -.128 -.046 .070 .20 ' -1. ~711 _2./lflO _2.137 I 

- 1.75 -.160 -.060 .092 .259 -2.2% -3.51(. _2.001 
- 1.875 -.196 -.077 .105 : 293 _2.120 -3.9511 -3.31Q 
- 2.00 - .218 -.087 .U2 .312 -2.Q'll1 -4.2ll -3.602 
- 2.125 -.2116 -.097 .121 .340 _3. 1106 -4.611 -4.008 
- 2.30 -.277 - .lll .1:10 .367 _3.7'l11 -'I.t) ql) -4.392 
- 2.00 -.273 -.109 .129 .363 -3.74'1 -4.926 _4.337 
- 1.'15 -.2(,1 -.104 .12ft .352 -3.5K9 _11.716 -4.152 
- 1.00 -.252 -.100 .121 .342 _3.471, _4.65:1 -4.063 - .50 -.231 - . 092 .U5 .32 '\ -3.123 -It .379 -3.801 - .25 -.220 - .O~(, .111 .310 _3.06 '; -4.) 89 _3.626 

0.00 -.18 '1 -.075 .10! .280 _2.606 -3.768 -3.187 



TF:ST 1: CYCLE 3. POSITIVE JOIm' HOHEm' 

PW delta 1 <leltn 2 <le1ta 3 delta 4 theta 12 theta 2 34 theta 2 avg. 
(kips) (inches) (inches) (inches) (inches) (x 10-' ralls) (x 10- rSlls) ex 10- rads) 

.25 -.150 -.060 .088 .251 -2.0(,0 -3.432 _2.721 

.50 -.105 -.01,3 .075 .197 -1.417 -2.52(, _1.972 

.75 -.060 - .025 .055 .131 _."00 -1.600 -1.200 
1.00 .085 .038 .005 .002 1.07" .069 .572 
1.1.5 .139 .061 -.016 -.061 1.7113 • 91, 7 1.365 
1.50 .173 .073 -.038 _.1 06 2 .2U(, 1.430 1.858 
1. 75 .196 .082 -.050 -.135 2.·,00 1. 789 2.095 ..... 
2.00 .220 .092 -.01\0 -.162 2.<)26 2.147 2.537 '"' 2.30 .253 .105 -.073 _.191, 3.3~3 2 • 5" 7 2.965 N 

1. 75 .242 .100 -.065 -.179 3.241> 2 .400 2.823 , 
1.25 .230 .095 -.01>1 -.165 3.01lL 2.11<9 2.63!! 
.75 . .21(, .090 - .056 -.1"<) 2.8~n 1.95~ 2.419 
0.0 .168 .075 -.048 - .110 2.12(, 1.305 1.716 

TEST 1: CYCLF. 4. NEGATIVE JOIm' ~lOMEm' 

.0.25 .112 .054 -.018 _.042 1.321> .505 .916 
-.050 .050 .030 .020 .067 .457 -.9R9 .... 1.26 
-0.75 -.036 -.001 .0106 .ll,n -.M.3 _2.105 -1.384 
-1.00 -.132 -.051 .103 .285 -1. ~51 _3.1130 -2.842 
-1.25 - .183 - .073 .113 .313 -2.51" -·,.211 _3.362 
-1.50 -.215 -.081> .121 .339 -2.94~ _',.58<) -3.769 
-1. 75 _.240 -.096 .128 .351 -3.1<)1 _4.(,n~ _3.993 
-2.00 -.262 -. J 05 .U4 .37J -1.~RQ -5.0U _4.311 
-2.30 -.28(, -.11~ .143 .391) -3.910 _5 .3An _4.1>50 
-1. 75 -.272 - .llO .138 .3Rf> -3.703 -5 .121 -".4(,2 
-1.25 -.21>0 - .10" .134 .3 -'4 -3.5101\ _5 .053 _4.3l0 
-0.75 -.243 -.097 .129 .360 -3.337 -". AI>3 _4. J 00 
-0.15 -.219 -.000 .123 .340 -2. n()ll _1,.%8 _3.7Ql 
0.00 -.189 -.O7 ~ .113 .311 -2.~37 -". 1~1) _3.363 



TEST 1: CYCLE 5. POSITIVE JO I In' H"IMF. In' 

Pw delta 1 delta 2 <lelta 3 clelta 4 theto_ 2 12 theta_2 34 theta_2 avg. 
(kil!a) (lnches) Cinches ) (inches) (inches) (x 10 rad. ) (x 10 red.) (x 10 reds) 

0.50 -0.089 -.039 0.076 0.191 -1.143 -2.421 -1.782 
slip 
0.50 0.086 .040 .02" .047 1.050 -0.484 0.283 
1.00 .156 .066 -.014 -.0411 2.057 0.716 1.3117 
1.50 • 210 .086 - .045 -.123 2. R3' • 1. 6 •• 2 2.238 
2.00 .2·.2 .099 - .061 -.167 3. p ·l 2.232 2.751 
2.30 .253 .106 - • 0/\/1 -.1 "6 3.11"7 2.1,114 2.091 , 
1.75 .250 .102 -.0(,3 -.173 3.3A3 2.316 2.R50 ...... 
1.25 .239 .098 -.0511 - .160 3.271 2.1'17 2.68~ \0 
o. 7~ . 225 .093 - .053 -.143 3.017 1.R9~ '2.'_'if) W 

0.25 .201 .0115 -.0114 - .1111 2.1\51 1. ~S · 2.105 
0 . 00 .172 .076 -.03' -.101 '2.1 '\1, 1. :lIl7 1. 771 



TEm' 1: CYCLE 6. NF.I1ATTVE J"HrJ' ~IOHEI'IT 

Pw delta 1 delta 2 delta 3 deltR 4 thet"2 12 theta
2 

34 theta2 avg. 
(ki~.) (inchea) (inchn) Clnchea) (inches I (x 10- rail. ) (x 10- rads) (x 10- rad. ) 

-0.25 O.ll 8 0.055 -.nln -.02" 1.",,0 0.295 0.868 
-0.50 . 001 . 007 • C)/'O .122 -0. D7 -1. 726 -.9:12 
-l.00 -.170 -.068 .no .320 -2.3:11 -4. 2~3 -3.292 
-1.50 -.239 -.097 .132 .378 -3 . 2"(, -5.179 -4.213 
-2.15 _.287 -.115 .1 ",", .3 0 (. -:1. "'31 -5.474 -4.703 
-2.30 -.295 -.120 I', ... · .' .40:1 _4.000 -~ .411 -4.705 
-2.375 -.305 - .12'. .1~ - .,,13 -5.1(,(' -5.537 -5.352 
-l.50 -.285 -.U5 . 1" ., .:I ~O _~.r.~(, -5.137 _I,. ~12 , 
-0.50 _.2SO -.100 .131 .3(,0 _.:! .'I?"" -4. q21 -".1?~ 

..... 
'" 0.00 -.205 - .0'" .11." .321 -2.7(,(, _4.274 _1.520 ~ 

-0.50 -.233 _.n~' .t27 . :l', P. _3.200 -4.(,53 -3 .... 27 , 
-\..00 -.256 -.10' .135 .370 _3.520 _I •• ~'7 -4.234 
-2 •. 10 _ .293 -.1111 · l',(, .402 _I, .000 _5.3'10 -1,.695 
-2.30 -.304 -.12:1 • tI,~ ."12 _4.137 -5.537 -". R3 7 
-2.50 -.317 -.171 .l ~dl ."24 -".2<)7 -5.684 -4.<)91 
-2.75 _ .352 _ ,1'1" • 1 (.J .461 _".7S0 -6.1R9 -S .,,70 
-3.00 _.3<)0 -.1',7 .' n .49" _5.326 -(,.695 -(,.Oll 
-2.50 _.378 -.1~' .1 '7 • 'til 7 -5.074 -6.52(, -5.800 
-1.75 _.~62 -.1117 .1 711 .470 -' •• Q til -6.316 -5.615 
-1.00 -.342 -.l,,1) .lf3 .,,49 -".617 -6.021 -5.319 
-O .SO _.324 -.133 .1 Sf, .431 -4.361 -5.789 -5.075 

0 . 00 -.284 -.115 .1 1,3 . :l0(, -3.A(,3 -5.326 -4.595 



TF:ST 1: CYCLF. 7. POSTTTVF. JOT IfI' ~ II'! fF.1fI' 

Pw delta 1 delta 2 delta 3 delta 4 theta 12 theta
2 

JI, theta2 avg. 
(kips) (inches ) (inches ) (/nches ) ( inch~sl (x 10-2 rads) (x 10- rada) (x 10- raels) 

0.U5 -.155 -.068 .ORS .2f>7 -1. "R9 -3.76R -2.R79 
ahift 
0.05 .053 .030 .015 .071 • ~2(, -1.17<1 _0.327 
1.00 .128 .055 -.018 -.0'0 1. Mi<"l .1(,9 0.91Q 
1.50 .202 .0~3 - .054 -.11f> 2.720 1.305 2.013 
2 . 00 . 2/,2 .0<"19 - . 072 -.163 3.2f1!\ 1 . '1l6 2.593 I 

2.50 .277 .113 -.087 -.200 :3 • 74 'J 2.379 3 . 1)64 ..... 
2.75 .301 .122 -.095 -.226 1 •• 090 2.758 3.421, -D 

3.00 .335 .137 -.105 -.2M I •• ~23 3.260 3.892 
VI 

2.50 .329 .135 -.101 -.2~O I •• 43" :3 .137 3.786 
1. 75 .315 .129 - .095 -.2 .14 1,.251 2.?26 3.589 
shift 
1.00 • 298 .122 -.088 -.211 4.022 2.509 3.306 
O.~O .280 .116 -.082 -.lR ~ 3.749 2 . 253 3.001 
0 . 00 . 230 .099 _.06<"1 - .1I,s 2.991, 1. f>63 2.329 



TF.ST 1: CYCLF. 8. NEnATTVF, . '" nrr HI'~tE trr 

Pw delta 1 delta 2 delta 3 
(k i.e-) (inches ) (inches) (inchu) 

-0.25 0.171 O.Olf. -0.037 
-0.50 .Ost .025 .02l 

0.00 -.032 -.012 .072 
-0.25 -.062 -.025 . 0112 
-0.50 - .096 -.038 .093 
-1.00 -.181 -.072 .120 
-1.50 -.287 -.ll6 .1~ 1 
-2.00 -.337 -.l36 .l52 
ahift 
-2.13 - .3~8 -.1 .. 1 .156 
-2.50 -.365 -.l .. 8 • l63 
-2.7S -.3S0 -.15" .1M 
-3.00 -.398 -.160 .177 
-2.50 -.386 -.155 .172 
-1.15 -.369 -.1~9 .165 
-1.00 -.3 .. 7 -.140 .157 
-0.50 -. 327 - .133 .150 
0.00 -.285 - .ll5 .l35 

TEST t: CYCl.E 9. POSlTIVF. JOTtrr ~1O~tEtrr 

0 .25 -.229 -.094 .U6 
0.50 - .t~2 -.062 . 077 
shift 
0.50 .093 .01,5 .005 
1.00 .t77 .075 -.037 
1.50 .2'''9 .100 -.070 
2.00 .2811 .US - . 0117 
2 .50 .US .1211 - . 01)6 
2.75 .330 .111, -.101 
1.00 • 350 .1~2 -.l08 
2.50 .343 .139 -.104 
1. 75 . 328 . 133 - . 0<)8 
1.00 .309 .126 _ .090 
0 . 50 .2 " t • 11 <) _ .0 10

" 

0.110 .237 .101 -.on 

delto~ theta 2 12 
(inche _ \ (x 10- ruds) 

-0.073 2.171 
.194 0.5'l', 
.218 _0."57 
.2~" _0. ~ .. (, 
.276 -1.326 
.:I~<; _2."'lL 
.',l5 _3.<)09 
.~"A -". 59~ 

... 57 ... . 731 

... 7 .. -~ .961\ 
• I. ClO -5. tr (, 
.50<) -5.~~0 
.~97 -5.280 
... ·0 -5.029 
.459 -4.731 
• ~"O -~ .~3" 
.399 _3.1I1If> 

.322 _3.08f> 

.208 -t.1I2Q 

.02~ 1.0Q 7 
_.0 0 0 2.111 
_.tAO 3.,.M 
-.225 3. 'ls" 
- . 2~~ ". 27~ 
-.270 ". ~IIO 
-.2"t 1 •• 7';' • 
-.2I1t ·, .M.3 
_.21-2 " .'1 ~ 7 
_. '''10 " . It:~~ 
-.218 3. Qn 
-.1711 3.10'l 

theta 2 3~ (x 10- rads) 

0.758 
-1.6"2 
-3. (17~ 
-3.621 
-1.Rs3 
-~.Oll 
-5.768 
-6.232 

-6.337 
-6.5"7 
-C" 7511 
-6.969 
-C • • 1I~2 
-6.632 
-6.358 
-6.105 
-5.~~8 

-~.337 
-2.758 

-'1."00 
t.tl6 
2.316 
2.905 
3.3"7 
3.~~1I 
1.1I~3 
3.72fo 
'I. " ~" 
3.160 
2.112l 
2.2~~ 

theta2 avg. 
(x 10- rads) 

1."65 
-1. ~2" 
-1. 7M; 
-2. n~ 
-2.590 
-3.7st 
-~.1I3q 

-5."l3 

-s .~3~ 
-5.750 
-5.962 
-6.215 
-6.061 
-5.83l 
-5.S"5 
-5.270 
-".722 

-3.t72 
-2.294 

0.3 .. q 
1.723 
2.1161 
3.430 
3.1111 
".01" 
It. :\011 
',.1<)~ 
.~ . 1155 
:I . 672 
3.37f> 
2.Ml 

I .... 
\0 
0'0 

,'\ .. ~ 



TEST 1: CYCLE 10. ORAVITY ~"'~IENT " I'OS ISTIVE IIlI'l\1 ~tw.trr A~ 42.25" a= 9.75" 
n = ... 375" 12 • n :z", 75" 34 • 

Pg Pw delta 1 delta 2 delta 3 delta 4 tlwt!!2 l2 thera2 3" theta ,joint 
(kips) (kips) (inches) (inches) (inches) (inches) (x 10 rads) (x 10 rads) (x 10-- rads) 

.313 0.00 .187 .081 -.OIl P- - .1 :1 0 2.·,23 2.4R" 2.4~4 .625 0.00 .053 .021 -.07R -.204 1).731 2.653 1.~92 .938 0.1)0 -.065 -.022 -.082 -.221) -1).~R3 2.91)S 0.%1 1.25 0.00 -.177 -.1)70 -.0°5 -.211 - 2. "''' ' 3.1)74 n.314 .. 0.25 -.166 -.068 -.nB8 -.2"1 _2.21,0 3.221 O.'II.a .. 0.50 -.164 -.065 -.092 -.244 -2.1~' 3.201) 0.·,69 .. 0.75 -.148 -.1)59 -.095 -.260 -2.1)1" 3.47" 1).720 .. 1.00 -.120 -.049 -.098 -.270 -1.~21 3 .~21 I).Q99 .. 1.25 - .082 -.0:13 -.102 -.280 -1.120 3.7·,7 1 •. 1l4 .. 1.50 _.030 -.012 -.10'1 -.31)2 - 0."11 .,.063 1.826 .. 1.25 - .035 -.014 -.107 - .295 _n .', ~~Il 3.958 L 739 .. 1.00 -.041 -.018 -.105 -.B8 .0.~2~ :I.R71, 1.674 .. 0.75 -.066 -.026 -.101 -.27'1 _0."1'1 :1.74 7 L417 .. 0.50 -.110 -.044 _.0'18 -L ~OQ 3.~21 1.056 
, 

-.270 ...... .. 0.25 -.155 -.061 -.1l95 -.21>8 -2 .14'1 :1.642 0.747 '" L25 0.00 -.179 -.069 -.094 -.251, -2 .51.1, ~. :H,P' 0.427 ...... 
TEST 1: CYCLE 11. ORAl/lTY ~""· IEN'I· & NF.GATlVF. \IlNlJ ~n~lImr 

L25 -0.25 _.262 -.104 -.088 -.240 -3.6ll 3.2M -0 .20" .. -0.50 -.299 - .118 _.OR8 -.225 -1'.137 2 . ~~I, -0.627 .. -0.75 -.328 -.122 -.075 -.2nO -4 . ~I,O 2.632 -LOO4 .. -1.00 -.35 8 -.142 -.070 -.B~ -4 .'1:17 2.505 -L 216 .. -1.25 - .377 - .150 -.059 -.150 -S.lR'I L'l16 -L637 .. -L50 -.3 99 -.158 .000 . • 1)03 _5.509 -.063 -2.72:1 .. -1.25 - .3 '12 -.155 -.006 -.013 .~ .I'17 .147 -2.63S .. -1.00 -.3R6 -.15:1 -.013 -.034 .5.326 .442 _2.1"12 .. -0.75 -.3'\0 -.lSt -.022 -.n6~ .5 .231, . 9A9 -2.12:1 .. -0.50 -.374 -.149 -.036 -.1'12 -5 .11" 1.3A'I -LR77 .. -0.25 -.365 -.145 _.067 - .173 .. '5.021) 2.232 _l.3 tH'\ L25 0.00 -.359 -.143 -.OR9 - .213 . 1,. '1:17 2 . 611 -L163 • 938 .. -.355 - .142 -.088 -. ~:n _11. ·~(.'i 2.AOO -1.034 • 625 .. -.345 -.138 - .O·W -.212 .• ,.711 2.77'1 .0.976 • 313 .. -.327 -.1 () -.075 -.1 96 _I, . ~03 2.547 -0.97R • 1~ 6 .. -.313 -. 12~ -.on _.l !1l, _ 'I . JOIl 2 .379 -0.961 0 . 00 0.00 -. 296 .• 119 _.067 -.1 71) _'1.0116 2 .168 -0.939 



Tr.sT 2: CYCLIC SERIES l. A= 42.S" 8 5 10" a l2= 0,,,:;; 4" 

Pg I'w delta 1 delta 2 delta :I de lta 4 theta 12 theta 2 34 theta_ 2 jolnt 
(k i p.) (kips) (inches) (inches ) (inches) (inches) (x 10-2racta ) (x 10- ract.) (x 10 red.) 

0 .125 0.00 0.000 0.000 0.00Il o.noo o.onn 0.000 0.000 
0.2S .. 0.000 0.000 0.000 0.000 0.011 n. tl :,).} 0.0110 
0.3lS .. 0.000 0.000 0.000 o.ono '\ • . 'l 1 l 0.011" 0.000 
0.50 .. 0.000 0.000 0.000 O.Mn 0.0'l' \ n.ol')" n'ooo 
0.625 .. -.002 _ • (v'll O.O'lO -.002 -.0'5 .nsn .0125 
0.667 .. - .002 -.001 0.000 _.002 -.'l?S • nCi t) .n125 ..... 
0 . 667 0.125 -. '02 -.001 O.MO -.001. -.0" 5 .1"0 .0)7~ -D .. 0.25 -.001 -.001 - .002 -.005 .n,,.. .0""1) .0375 00 .. 11.125 -.001 -.1101 -.001 _ .OOS • ) V) .1110 .050 .. 0.00 -.002 -.002 -.001 -.00:\ .o·~O .O~O .025 .. -0.125 -.007 -.001, -.002 -.1106 -.07S .10n .0125 .. · -0.25 - .01 0 - .005 -. UU4! _.f')n5 -.12S .075 - .025 .. -0.1~5 -.008 -.004 - ."u2 -.006 -.11l0 .lO:' .000 .. 0.00 - . 006 -.00:1 -.004 -.OOR - .075 .100 .0125 .. 0.125 -.004 -.002 - • ()()5 -.OU - . "50 . 150 .050 .. 0.25 -.002 - . 0I'll - . 'h,'" -.012 ... · \2~\ .175 .075 .. 0.125 -.M2 - .001 -. n(h -.OU ... " 2 ~) .1 SO .0625 .. 0.00 -.004 - .002 _.0).' • -.010 _.O~O .151l .050 .. -O.12S -.007 -.001, -.00.' - .OOR _ . 075 .12~ .025 ., -0.25 -.OlD - .Oo~ - • t'lll:' -.006 _ .1 25 .) 1'\0 -.0125 

-0.125 _.0011 _ . nO', _ .ny\ -. M7 _.1 2~ • lOll -.0125 
0.6/\7 0.00 -.00/\ - . om -. ( II "1 - .1109 _.1l75 .1011 .0125 



TEST 2 : CYCLIC Sf.R I ES 2. 

Pg Pw delta 1 delta 2 deltn , ctetta " thun 2 12 theu_2 34 theta_ 2 jolnt 
(\: i~.) (ki~a ) (inchea) (inches ) (inches ) (inches ) (x to- r.,'-) (x to rnda) (x LO racta) 

0. 61,7 0 . l25 - . 004 -.002 - . 005 - . 012 -O.O~O 0.l75 0 . 063 
" .25 -.002 -.OOt -.006 - . Ot4 -0.025 0 . 20n . O 'l~ 
" . 375 0.000 0 . 000 -.007 - . Ot 7 n.on" n.2~n .t25 
" .50 . 002 . 00l _ . OOS - . Ol9 n .tl2 5 0.27 ~ . t50 
" . 375 .00t . 00t _ . OIH - . nt7 o. non n . 2 51\ . 12~ 
" . 25 0 . 000 . 006 -.006 - . Ot5 -0 . t5n 0.22 5 .03R 
" 0 . 000 - . 003 - .002 - • 0(\1, -.Oll -O . O2~ 0 .1 7~ .075 
" - . 25 - . 009 - . 005 -. 003 -. OOR -o . wn O . t~~ .063 

, .... " - . 50 - . Ot 6 - . 007 -.OOt - . 005 -n . 22S 0 .1 0 ,) - . 063 '" " -.25 - . 012 -.005 -.003 - . n08 -0 . 175 0 . 100 -.038 '" " 0 . 00 -.007 -. OOl _ • 0(\1, -.Oll -0. tOO O. t7~ . 038 
" . 25 -.004 -. 002 - . 005 _. Ot l, -0.050 0 . 22~ .03R 
" .50 0 . 000 0 . 000 - . 007 - . 0 18 O. t'ln) 0 . 27~ . 13R 
" .25 -. 001 0 . 000 -.005 - . Ot 5 -n.n2S n.2SIl .lll 
" 0.00 - . 005 - .002 - .004 - . 012 -0.n7~ O. ?OO • OIi3 
" - . 25 -.Oll - . 005 _.003 - . nll -n.LSO o . ?nn . 02~ 
" - . 50 - . OH, - . 007 -.OOt -.O·)A _O. ?? II;, O.11C - .02~ 
" - . 25 -.012 - . 01l5 _.onl - .Oll -0.L75 o.? n 1 .nt' 

0.607 0 . 00 - .OtR - . 004 - . 005 - . OD -0 . 3sn n . ?nn - .n7S 



TEST 2 : CYCLIC SF.PIES 3. 

Pg Pw delta 1 delta 2 delta 3 delta 4 theta_2 12 theta_2 34 theto_ 2joint 
(kips) (kips) (inches) (inches) (inches) (inche s) (x 10 ra<18) (x l.0 rarts) (x 10 rads) 

0.£~7 0.50 0.000 0.000 -.007 -.021 '1 . 000 .:I~O .175 .. .75 .003 .002 _.009 - .02" .O~~ .3 7~ .200 
" 1.00 . 007 .003 -.010 -.029 • I. "0 .4 7~ . 296 
" .75 .005 .002 -.OO~ -.027 . {115 .'.110 .21\:1 
" .50 .002 .001 -.008 - .024 .O:!5 .400 .213 
" 0.00 -.004 -. 002 -.005 -. 016 - .025 .27~ .12S .. -.50 -.014 -.006 -. 002 -.011 -.21)0 . 225 :01:1 

, 
N 

" -.75 -.019 -. OOR .000 -.006 - . 275 .1 ~0 -. 063 0 .. -1.00 -.025 -.OlO .002 -. v01 -.375 .075 _.150 0 .. -.75 -.022 -.009 .000 -.001, - .325 .100 -.113 
" -.50 -.019 -.008 -.001 -.008 -.275 .175 _ .050 .. 0.00 -.OlO -.004 -.005 -.015 -.150 .250 .050 .. .50 - .002 .000 -.008 -.019 - .050 .275 .113 .. .75 . 002 .001 -.009 - .027 .025 .4S0 .238 

1.00 .006 • " ()3 -.011 -.on .')]5 .500 .288 
.75 .004 . 1)02 -.OlO -.029 . 050 .1175 .263 
.50 .nOl .001 -.008 -.025 .000 .425 .213 

0.00 -.006 -.003 -.005 -.017 - .075 .300 .113 
-.50 -.01.6 -.007 _.002 -.OlO -.225 .200 -.01.3 
-.75 -.020 -.009 .000 -.006 - . 275 .150 _.063 

-1.00 - .025 -.011 . 002 -.002 _.:lSO .100 -.1.2S 
-.75 - .022 -.010 .000 -.004 _ .3.)0 .100 -.100 

0.667 
-.50 -. 01.8 -. OOB _.001. - . 008 -. 2 ~0 .U5 -.038 
0.00 - .Oto -.00" -.005 -.015 -.1 ~O • 2S0 .050 . 



TEST 2: CYCLIC SERIES 4. 

Pg Pw del~a 1 de ltn 2 delta 3 delta 4 theta_2 12 theu 2 34 theta joint 
(kil!.l (kil!. ) (inches ) ( lncl,~.l (inch" .) (inches ) (x 10 rad.) (x 10- rads) (x 10-2 rad.) 

0667 0.50 - .002 0.000 -.008 -.024 _.0\0 .1'00 .175 
1.00 .005 .003 -.OU -.O~l . 0".0 .500 .275 
1.25 .009 .005 -.011 -.037 .100 .600 .350 
1.50 .015 .008 -.Olb -.046 .U5 .750 .4(,3 
1.00 .010 .005 -.013 -.040 .125 .675 .,,00 
0.50 .004 .002 -.010 _.033 .050 .57\ .313 
0.00 -.004 -.002 -.006 -.025 -.0\0 .475 .213 

-0.50 -.017 -.007 - .003 -.016 - .250 .325 .038 
-1.00 -.026 - .OU .001 -.0~6 -.375 .115 _.100 

, 
N .. -1.25 -.032 - .'113 .003 .M8 - ./, 75 - .12\ -.300 0 .. -1.50 - .040 -.016 .005 .(lO7 _./'iOO _.0\0 -.325 ...... .. -1.00 -.033 -.012 .002 -.001 -.\25 .075 -.22\ .. -0.50 - .025 -.008 _. 102 -.Oto _ .'.25 .?On - • ttl .. 0.00 -.015 -.1)05 -.005 -.018 -.2\0 .l25 .038 

" 0.50 -.007 -.001 -.010 -.031 -. ISO .~25 .10S .. 1.00 .002 .003 -.013 _.01'0 o.ono .675 .3311 
" 1.25 .007 .005 -.015 -.045 .050 .750 .,,00 
" 1.50 .012 .007 -.017 -.051 .125 .S50 .kRS 
" 1.00 .,)06 .004 -.014 -.044 .050 .750 .400 .. 0.50 -.001 0.000 -.010 -.1l36 -.02\ .650 .313 
" 0.00 -.009 - • !lOll -.007 _.027 - .12~ .500 .18S 
" -0.50 - .022 _.00" -.003 - .01P -.125 .175 .025 
" -1.00 -.031 -.012 .001 -.006 - . /, 75 .l75 -.150 
" -1.25 _.035 -.014 .003 -.001 -. ~ ~5 .100 -.213 .. -1.50 -.041 -.016 .005 .004 - .(, 25 .025 -.300 
" -1.00 -.034 -.013 .1l02 -.003 -.\ 25 .125 -.200 
" -0.50 -.025 -.OOS -.002 -.Oll - . '12 ~ . 225 -.100 

0.667 0.00 -.016 - .001. -.006 -.020 _.3 ,11l .350 .025 



mT 2: CYCLIC snlI~ ~ . 

Pg Pw del tA 1 del tA 2 del tA ) 
Jlli!l Jlli!l {Inche. ! {Inch •• ! {I nch •• ! 

0.667 0.750 -.(0) . 001 -. 012 , 1 . 500 . 011 .007 -.018 
• 1. 750 . 019 .010 - .022 
• 2. 000 .028 .01) -. 026 
• 1 . 500 . 022 . 010 - .02J 
• 0.750 . 010 . 00( - .017 
• 0. 000 - .006 -. (0) -. 010 
" - 0.750 -. 028 -. 010 - . 002 
" -1. 500 -. 04) -. 016 . (0) 
• -1. 750 - .052 -. 020 . 006 
• - 2. 000 - .066 -. 025 . 010 
• -1. 500 - .060 -. 1112 .006 
• - 0.750 - .047 - .015 .000 
" 0. 000 - . 0)0 - .008 -. OO? 
" 0. 750 -.006 .002 - .014 
" 1. 500 .011 • CJ(J} -. 021 
• 1.750 .018 . 011 -. 024 
" 2.000 . 026 .015 -. 028 
• 1.500 .020 . 011 -. 025 
" 0. 750 • CJ(J} . 005 - .019 
• 0. 000 -. CJ(J} -.002 - . 011 
• -0. 750 - . 0)2 -.010 -.004 
• -1.500 - . 051 - . 019 . OOJ 
• - 1.750 - . 091 -.021 .006 
" -2. 000 -.068 -.024 • CJ(J} 
• - 1.500 - . 062 -.021 . 005 
" - 0.750 -.048 - . 015 - . 001 

0. 667 0.000 - .o:R - . 007 -.008 

deltA 4 t hetA 2 12 
{Inche.! {x 10- ra<ls! 

-. 0)8 -0.100 
-.05) 0 . 100 
-. (6) 0 . 225 
-. 074 0.)75 
- .068 0.)00 
- .055 0.150 
-. 0)9 - 0. 075 
-. 022 - 0. 450 
-. OOJ -0 . 675 

. 004 - 0. 800 

.015 - 1.025 

.006 - 0.950 
- .007 - 0 . 800 
- .02) - 0. 550 
-. 044 -0 . 200 
-. 064 0.050 
- .072 0. 175 
-. 08J 0. 275 
-. 077 0 . 225 
-. 062 0.100 
-.044 -0.175 
- .026 -0.550 
-. 005 -0.800 

.002 -0 .950 

. 011 - 1. 100 

. (0) -1 . 025 
- .011 -0 . 825 
-.028 -0.550 

t hetA 2 ) 4 
{x 10- rads ! 

0.650 
0.875 
1.025 
1.200 
1.125 
0.950 
0 . 725 
0 . 500 
0 . 150 
0 . 050 

-0 . 125 
0:000 
0.175 
0 . 400 
0 . 750 
1.075 
1.200 
I.J75 
1.)00 
1.075 
0 . 825 
0.550 
0.200 

-0.100 
-0 . 050 
0.050 
0.250 
0.500 

thetA 2Jol nt 
(x 10- rad.! 

0.275 
0.488 
0.625 
0.788 
0.71) 
0.550 
0.J25 
O.OOJ 

- 0. 26) 
-0. 375 
- 0. 575 
-0.475 
-0 . )1) 
- 0. 008 
0.275 
0.56) 
0.688 
0.825 
0. 76) 
0. 588 
0.J25 
0.000 

-O.Joo 
-0.525 
-0.525 
-0.488 
-0.288 
-0.025 

, . 
• c.. .. 

I 
N 
0 
N 
I 



~ 2: CYCLIC Sill T&'l 6. 

Pg Pw del ta 1 delta 2 delta ) delta 4 theta 2 12 theta 2 34 theta 2Jolnt 
.!lli!l iliIlll (1nche.) (1 nch •• ) (1nche.) (1nches ) (x 10- rod.) (x lD- rode) (x 10- rode) 

0.667 1.00 -.004 .00) -.017 -.054 -0.175 0.925 0 . )75 
• 2.00 .02) .01) -. 028 -.08) 0.250 1.)75 0.81) 
• 2. 25 . 0)5 .017 -. OJ4 - .008 0.450 1.600 1.025 
• 2.50 .060 . 025 -.048 - .1)) 0.875 2.125 1.505 
• 1.75 . 052 .020 -.04) -.12J 0. 800 2. 000 1.400 
• 0.50 .028 .000 - .0)) -.100 0.475 1.675 1.075 
• 0.00 .000 .00J -.028 -.088 0.150 1.500 0. 825 
• -1.60 -.054 -.020 -. 007 -. 0)1 -0.850 0.600 -0.125 
• - 2. 00 - .Olfl -.025 0.000 -.OlD -1.100 0.250 -0.425 
• - 2. 25 -.084 -.0)0 .007 .016 -1.350 -0. 225 - 0 . 785 
• -2.50 - .102 -.038 .015 .0)6 -1. 600 -0.525 -1. O6J 

I • -1.75 -.006 - .0)) . 010 .026 -1.575 -0.400 -0.98 8 N 

" -0.50 -.071 -.022 -.001 -.003 -1. 225 0.050 - 0.588 0 
• 0.00 -.053 -.015 -. 008 -.021 -0.950 0.325 -0.)1) w 
• 1.00 - . 02J -.005 -. 017 -.048 -0.450 0 .775 0.16) I 

• 2 .00 .025 .01) -. 0)7 -.104 0.0)0 1.675 0.988 
• 2. 25 .038 . 018 -.044 -.121 0.050 1.925 1.21) 
• 2.50 .054 .02) -.052 -.142 0.775 2. 250 1.51) 
• 1. 75 .045 .018 -.047 -.131 0 .675 2.100 1.)88 
• 0 . 50 .019 .006 -.035 -.105 O. )25 1.750 1.038 
• 0.00 -.001 -.001 -.029 -.(0) 0 . 000 1.600 0.800 
• -1.00 -.049 -.018 -.015 -.054 -0.775 0.975 0.100 
• -2.00 -.004 -. 0)4 .005 .006 -1. 500 - 0 . 025 -0.76) 
• - 2. 25 -.105 -. 039 . 011 .022 -1.650 - 0.275 -0.96) 
• - 2. 50 -.128 -.01,8 .O:W .047 -2.000 - 0.675 -1.))8 
• -1. 75 -.118 -. 04) . 01) .0)) -1. 875 -0.500 -1.1 88 
• - 0 . 50 -. 005 -.OJ2 . 001 .004 -1. 575 -0.075 -0.825 
• O.~ -. 080 -.025 -. 004 -.01 2 -1. )75 0.200 -11 . 588 • 1. -.042 -. 011 -.020 -.054 - 0 .775 u . ~50 0.0)8 • 2.00 .020 • OlD -.O.n -.12') 0 . 250 2 .1 50 1.200 
• 2.25 . 0)6 .016 -.050 -.1 35 0 . 500 2 .1 25 1.31) 
• 2.50 .054 .021 -.056 -.1 52 0 . 775 2.400 1.588 
• 1.75 .045 .017 - .051 -.H2 0.700 2. 275 1.1,88 
• 0 . 50 .017 .005 -.039 -.116 O. JOO 1.925 1.11) 

0 . 667 0. 00 -. 008 -.005 -. 0)3 - .102 0.075 1.725 0.1)00 
0.500 " -.000 - .005 -. 032 -.100 O. HIO 1.700 0.900 
0.000 0. 00 -.006 - . 004 - .02') -.006 o . n~o 1.675 O.86J 



TffiT 2: CYCLIC SERIES 7. 

Pg P\I delta 1 delta 2 delta ) delta 4 Uleta 2 12 theta 2 )4 theta 2jo1nt 
i!!.!2!l .ll!..Wl (Inches) (inche. ) (Inches) (inche.) (x 10- rod.) ex 10- rsds) (x lO- rads) 

0.00 0.00 -.006 - . 004 -.025 -.On -0.050 1.700 0.825 
0.67 0.00 -.010 -.005 -.027 -.un -0.125 1. 75il 0.81) 
" -1.00 -.059 -. 022 -.015 066 - 0.925 1.275 0.175 -. .. -2.00 - .110 -.041 • OIJ) -.000 -1. 725 0.225 -0.750 .. -2.50 -.1)5 -. 049 .022 .0)8 -2.150 -0.400 -1.275 • -2.75 -.158 - .060 .0)1 .(6) -2.450 -0.800 -1.625 .. -).00 -.190 -.(11) .045 .008 -2.925 -1.)75 -2.125 • -2.50 -.18) -.070 .041 .002 -2.825 -1.275 -2.050 .. -1.25 -.16) -. 061 .0)0 .067 -2.550 -0.925 -1; 7)8 • -0.50 -.148 -. 055 . 022 .048 -2.)2) -0.650 -1.488 .. 0 .00 -.1)1 -.048 .015 .029 -2.075 -0.)50 -1.21) .. 1.00 -.002 - .0)4 -.006 -.0)) -1.450 0.675 -0.)88 
" 2.00 -.005 -.002 -.0)8 -.116 -0.075 1.950 0.71) 
" 2.50 .055 .020 -.058 -.165 0.875 2.675 1.775 

I 

N , 2 .75 . 085 .029 -.068 -.19) 1.400 ).125 2.26) 0 
" ).00 .115 .040 -.082 -.227 1.875 ).625 2.750 ~. 
• 2. 50 .110 .0)6 -.079 -.221 1.850 ).550 2.700 
" 1.10 .086 .025 -.067 -.194 1.525 ).175 2.)50 
" 0.50 .067 . 019 -.060 -.178 1.200 2 .950 2.075 • 0.00 .0)4 .007 -.054 -.160 0.675 2.650 1.66) • -1.00 -.042 -.020 - .0)6 -.114 -0.550 1.950 0.700 
" -2.00 -.146 -.057 . 005 -.004 - 2.225 0. 225 -1.000 
II -2.50 -.172 -.066 . 028 . 061 -2.650 -0.825 -1.738 • -2.75 -.182 -.070 .0)7 .084 -2.800 -1.175 -1.988 
" -).00 -.196 -. 075 .047 .110 - J.025 -1. 575 -2. JOO 
" -2.50 -.190 -.072 .042 .000 -2.950 -1.200 -2.075 
" -1.25 -.169 -.06) .0)0 . 072 -2.650 -1.050 -1.850 
" -0.50 -.147 -.05) .022 .051 -2. )50 -0.725 -1. 5)8 .. 0.00 -.1)6 -.050 .013 .026 -2.150 -0.J25 -1.2)8 
" 1.00 -.086 -.0)1 -.OlO -.OJ7 -1. J75 0.675 -0.J5U 
" 2.00 .0)2 .011 -.060 -.1 72 0 . ')45 2.800 1.66) • 2.50 .082 .Cl:!8 -.Ilfl -.216 1.)50 ).475 2.413 • 2.75 .102 .015 -.085 -. 232 1.(,75 ) .675 2.675 • ).00 .122 . 042 -.0)4 - .256 2 . 000 4,050 ).025 
" 2. 38 .114 .037 -.088 -.246 1.925 3.950 2.938 
" 1.18 .002 .028 -.077 -. 223 1.600 3.650 2.625 .. 0. 50 .070 .020 -.070 -. 2113 1. :,:!t;O 1.325 :'?288 
" 0.00 .038 .007 -.063 -.1~8 0. 775 J.125 1.950 



TEST 2: CYCLIC SDlTES 7 cont. 

• -1.00 -.045 -.020 -.044 -.13) -0.625 2.225 0.800 
• -2.00 -.156 -.060 .000 -.017 -2 . 400 0.425 -0.988 • - 2. 50 -.182 -.070 .025 .052 -2.B('() -0.6'/5 - I. 7)8 • -2.75 -.19) -.07) .0)4 .079 -).000 -1.125 -2.06) • -).00 -.210 -.080 .O~6 .111 ' -) .250 -1.625 -2.4)8 • -2.50 -.20) -.076 .041 .~8 -).175 -1.425 -2.)00 • -1.25 -.182 -.067 . 029 .072 -2.875 -1.075 -1.975 • -0.50 - .165 -.060 .020 .047 -2.625 -0.675 - 1.650 • 0.00 -.148 -.054 .012 .027 -2.)50 -0.)75 -1.)6) • 1.00 -.~4 -.0)5 -.014 - .045 - 1.475 0.775 -0.)50 • 2.00 . 0)5 .012 -.066 -.186 0.575 ).000 1. 788 I 

• ).00 .12) .042 -.~4 -.255 2.025 4.025 ).025 N 
0 • ).25 .139 .048 -.101 -.274 2.275 4.)25 ) . )00 U1 • ) . 50 .17) .060 -.116 -.)14 2.825 4.950 ).888 I 

• 2. 5P .159 .05) -.1~ - . )00 2.650 4.775 ).713 
0.67 1.25 .1)8 .045 -.m -.277 2.)25 4.450 ).)88 
0.67 0.00 .080 .024 -.085 -.2)6 1.400 ).775 2. 588 
0.00 0.00 .085 .025 -.082 -.2)1 1.500 ).725 2.61) 



TEST 2: CYCLIC SEROO 8. 

Pg PII delta 1 dol ta 2 delta ) delta 4 theta 2 12 theta 2 )4 theta 2jolnt 
1lli!l 1lli!l !Inche.! !Inchea! !Inche.! !Inch •• ! !x 10- rad'l !x 10- redo! !x 10- rede! 

0 .b07 0.00 .m .024 -.084 -. 2)4 1.)75 ).750 2. 56) 
• -1. 00 .00} . 002 -.068 -.19) 0.175 ) . 12; 1.650 
• -2 . 00 -.1 )2 -.051 -.016 -. 01,8 -2.025 0. 800 -.613 
• -).00 -.208 -.m .04) .1 00 -).225 - 1.650 -2.4)8 
• - ) . 25 -.225 - . 085 .05) .1)5 -).500 -2.100 - 2.775 
• - ) . 50 -.256 - . 009 .m .196 -).950 - 2.950 -).4)5 
• - 2. 50 -.244 -.on . 07) .1 82 -).775 -2 . 725 -).250 
• -1. 25 -.221 -.082 .060 .1 54 -).475 -2 . )50 -2.913 
• -0 . 50 -.205 -.075 . 050 . 129 -3. 250 -1.975 -2.613 
• 0 . 00 -.182 -.067 . 042 .106 -2. 875 - 1 . 600 -2 . 238 I 

• 1.00 -.120 -.047 . 010 . 017 -1.825 -0.175 -1.00 /'oJ 

• 2.00 . 057 .012 -.060 -.177 1.150 2 .925 2.0)8 0 

• ).00 .1 57 .052 -.106 -.290 2.625 4.600 ).61) 0-
I • ).25 .171 .058 - . 110 -. )01 2.825 4.775 ) . 800 

• ).50 . 204 .072 - .118 -.)20 ) . )00 5. 050 4.175 
" 2. 50 .186 .(6) -.100 -.)01 ).075 4. 800 ).9)8 
• 1.25 .164 .05) -.009 -.278 2.775 4. 475 ).625 
• 0.50 .141 .045 - . 001 -. 256 2.400 4.125 ) .263 
• 0.00 .108 .0)4 -.086 -.242 1.850 ).900 2.875 
• -1.00 . 015 .002 -.061 -.1 7) 0.325 2 . 800 1.56) 
• -2.00 -.115 -.0)6 -.010 -. OJI -1.9'/5 -0.525 -0.725 
• _3.00 -.242 -.on .061 .147 -).750 - 2 . 200 - 2.975 
• -).25 -.255 -.008 .072 .176 -).925 - 2.600 -).26) 
• -'.50 -. 278 -.105 .086 . 200 -4.)25 -).075 -).700 
• -2.50 -.26) -.008 .078 .196 -4.1 25 -2.950 -).5)8 
• -1. 25 - . 247 - • OJ) . 066 .1 67 -).850 - 2 . 525 -).188 , -0. 50 -.227 - . 085 .055 .1 41 - ) .475 -2.150 - 2. 813 
• 0.00 -.205 -.rn6 .047 .116 -) . 225 - 1. 725 -2.475 
• 1.00 -.141 -.055 . 012 . • 022 -2.1 50 -0. 250 -1.200 
• 2. 00 ·.061 . 018 -.074 -. 216 1.075 ).5511 2. )1) 
• ).00 .175 .060 -.11 2 -. 3n.~ 2 .87~ 4. 800 ).838 
" ) . 25 .194 .0 • .8 -.119 - . )1? J.150 5.000 4.075 

0.67 ).50 . 217 .078 -.1 26 -. ))6 ) .475 5.250 4.)63 



'. 

TFST 3 I CYCLIC SERIES I I A' 43" a= 9" 012' °34' 4.0' °202 0)0· 4.0' 

Pg I'll delta 1 delta 2 delta ) delta 4 theta 2 12 theta )4 theta 2Jo1nt 
illE!l illE!l (1nches! (1ncheo! !inches! (i nche. ! (x 10- rad.! (x 10-2rad.! (x 10- reds) 

0.00 0.00 0.000 0.000 0. 000 0.000 0.000 0. 000 0 . 000 
0.41 • -.005 -. 002 -.001 -. 003 -0.075 0.050 -0.013 
0.81 • -.006 -.002 -.002 -.004 - 0.100 0 . 050 -0.025 
1.21 • -.008 -. 00) -.00) -.007 - 0.125 0.100 -0.01) 
1 .61 • -. 01) -.005 -. 004 -. 010 - 0 . 200 0 . 150 -0.025 
2.15 0.00 -.022 -.000 -. 005 -.014 - 0.)25 0. 225 -0.050 
• 0.25 -. 020 -. 008 -.007 -.018 -0.)00 0.275 -0.013 
• 0.50 -. 016 -.006 -.008 -.022 - 0 . 250 0 . )50 1 . 050 
• 0.25 -. 019 -. 008 -. 007 -. 020 -0.275 0. )25 0.025 I • 0.00 -. 02) -.010 -.006 -.018 - 0 . )25 0 . )00 -0.013 N 
• -0.25 -.0)0 -.012 -.004 -.013 - 0.450 0.225 -0 .11) 0 

• -0.50 -. 040 -.016 -.002 -. 000 -0.600 0.175 -0.213 -.. 
-0.25 -.OJ? -.015 -.005 -.01) -0.550 0.200 -0.175 

I 

0.00 -.0)4 -.014 -.006 -. 016 - 0 . 500 0.250 -0 . 125 
0.25 -. 0)0 - .01 2 -.007 -.020 - 0 .450 0. )25 -0.063 
0.50 -.026 -.010 -.008 -. 022 -0.400 0. )50 -0.025 
0.25 -.028 -.012 -.007 -.020 -0.400 0.)25 -0.0)8 
0.00 .- .0)2 -.013 -.006 -.018 -0.475 0.300 -0.088 

-0.25 -. 0)7 -.015 -.005 -. 01) -0.550 0.200 -0.175 
-0.50 -.041 -.017 -.00) -.010 - 0.600 0.175 -0.213 
-0.25 -.0)8 -.016 -.005 -. /)14 -0.550 0. 225 -0.16) 

2 .15 0.00 -.0)4 -. 014 - .006 -.017 -0. 500 0.275 -0.113 



TEST ~: CYCLIC smre; 2 . 

Pi !'II delta 1 del ta 2 del ta 3 delta 4 the ta 2 12 the ta 2 34 theta 2Jol nl 
.l.lli!l .!lli!l (I nch •• ) (lnchea ) ! Inche. ) !I nch •• ) !x 10- r.!!!!s) !x 10- .... d.) (x 10- rads) 

2.15 0. 50 -. 026 - .010 - . 000 -. 023 - 0. 400 0.350 -0.250 
• 0.75 - .021 - .rxn - . 010 -. 028 - 0. 350 0.450 0.050 
• 1. 00 -. 016 - .005 - . 013 -. 034 - 0.275 0. 525 0.125 
• 0. 50 - . 022 - .000 - . 010 -. 029 - 0. 325 0. 475 0.075 
• 0. 00 - . 030 - .012 - .008' -. 025 - 0.450 0.425 -0.013 
• - 0.50 -. 040 -. 017 -.005 - . 019 - 0. 575 0. 350 - 0.113 
• - 0. 75 -. 049 - .021 - .003 -. 014 -0. 700 0. 275 - 0.213 
• -1 . 00 - .065 -. 026 . 000 - .008 - 0.975 0.200' - 0. 388 
• -0 . 50 -. 059 - . 022 -.004 -. 016 - 0.925 0. 300 - 0. 313 I 

tv • 0.00 - .052 - . 020 -.rxn -. 023 - 0.800 0. 400 -0 . 200 0 
• 0 . 50 -. 044 -. 016 - . 004 - .029 - 0. 700 0.625 -0 . 038 00 

• 0.75 -.040 - . 01 4 - . 012 - .033 - 0.650 0. 525 - 0.063 
• 1. 00 -.034 - . 012 - . 014 -. 038 - 0. 550 0.600 0.025 
• 0 . 50 
• 0. 00 -. 046 - .012 - .000 -. 028 - 0. 850 0. 475 -0.188 
• -0. 50 -. 058 -.022 -.005 - .020 - 0.900 0. 375 -0.264 .' -0 .75 - .063 - . 025 - . 003 - .015 - 0.950 0.300 - 0 . 325 
• -1 . 00 -. 071 - .029 -.001 -.010 - 1. 050 0. 225 -0.413 
• -0. 50 -. 063 - . 025 -.005 -. 020 -0 .950 0. 375 -0 . 288 

2.15 0.00 - . 055 - . 021 -.008 -. 025 -0. 850 0. 425 -0. 213 



TEST l' CYCr.Tc SElIOO l. 

Pg Pw delta 1 delta 2 delta ) d.lta , theta ~ 12 theU 2 )' th.ta 2Jolnt 
ili!!!l ili!!!l !inch •• ! !inch •• ! !lnch •• ! !lnch •• ! !x 1O--"6d.! !x 10- reda! !x 10- reda! 

2.15 0.50 -.048 -.018 -.010 -.0)1 -0.750 0.525 -0.113 
• 1.00 -.O~O -.014 -.013 -.0J6 -0.650 0.575 -0.0)8 
• 1.25 -.0)2 -.010 -.017 -.050 -0.550 0.e;!5 0.138 
• 1.50 -.025 -.007 -.025 -.m -0.450 1.)00 0.425 
• 1.00 -.029 -.000 -.022 -.072 -0.500 1.250 0.J75 
• 0.50 -.0J6 -.012 -.019 -.065 -0.600 1.150 0.275 
• 0.00 -.045 -.016 -.018 -.061 -0.725 1.075 0.125 
• -0.50 -.059 -.022 -.014 -.05) -0.925 0.975 0.025 
• -1.00 -. Q(fi -.028 -.010 -.(4) -1.025 0.825 -0.100 
• -1.25 - .006 -.0)5 -.008 -.OJ? -1. 525 0.730 -0.400 , 
• -1.50 -.100 -.040 -.004 -.024 -1.725 0.500 -0.61) N 

• -1.00 -.102 -.0)8 -.008 -.0)2 -1.600 0.600 -0.500 0 
-J:) • -0.50 -.005 -.0)) -.011 -.041 -1. 550 0.750 -0.400 , 

• 0.00 -.088 -.0)0 -.016 -.050 -1. 450 0.850 -0.)00 
• 0.50 -.082 -.027 -.019 -.059 -1. )75 1.000 -0.188 •. 1.00 -.072 -.022 -.022 -.070 -1.250 1.200 -0.025 
• 1.25 -.066 -.020 -.024 -.074 -1.150 1.250 0.050 
• 1.50 -. 061 -.016 -.0)5 -.101 -1.125 1.650 0.26) 
• 1.00 -.064 -.019 -.0)1 - .004 -1.175 1.575 0.225 
• 0.50 -.070 -.02) -.028 -.088 -1. 175 1.500 0.16) 
• 0.00 -. 079 -.027 -.025 -.08) -1.300 1.450 0.075 
• -0.50 -.~ -.0)2 -.021 -.075 -1.425 1.)50 -0.0)8 
• -1.00 -.100 -.0)7 -.017 -.066 -1. 575 1.225 -0.175 
• -1. 25 -.105 -.040 -.016 -.06) -1.6.!5 1.175 -0.225 
• -1.50 -.110 -.041 -.012 -.054 -1.7l5 1.050 -0.))8 
• -1.00 -.10) -.0)8 -.015 -.059 -1. 625 1. 100 -0. 265 
• -0.50 - . 006 -.0)4 -.019 -.067 -1. 5,U 1. 200 -0.175 

l.15 0.00 -.o~ -. 010 -. 02) -.075 -1. 475 1. ) 00 -0.088 



TEm ~: CYCI.TC SrnTrn ~. 

Pg !'II delta 1 delta 2 delta J delta 4 theta 2 12 thelb 2 J4 theta 2Jol nt 
.llli!l ili!!!l Ilnche.! Ilnche.! Ilnche.! Ilnchesl I x 10- rlld.! Ix 10- red_! Ix 10- rads! 

2.15. 0. 50 -. 082 -.em - . 025 -.082 - 1.J75 1.425 0.025 
• 1. 00 -.072 -.022 - . OJO -.0')1 -1.250 1.525 0.138 
• 1.50 - .06J - . 019 -.0J9 -.112 -1.100 1.825 O.36J 
• 1.75 - .054 -.014 -.045 - .126 -1.000 2.025 0.513 
• 2. 00 -. 040 - . 010 -.05J -.146 -0.750 2.J25 0.788 
" 1. 50 -. 045 - . 012 -.050 - . 141 -0.825 2.275 0.725 
• 0. 50 -.059 -.019 - . 044 -.126 -1 .000 2. 050 0.525 
• 0. 00 -.064 -.024 - . 041 -.122 -1.000 2.025 0.51J· 
• -0.50 - .08J - . OJO - . 036 - .11J -1.325 1.925 O.JOO . 
• -1.00 - . 006 -.036 - . OJ2 -.102 -1.500 1.750 0.125 I • -1.50 - . 113 -.042 -.028 -.000 -1 . 775 1.550 -O. 11J N 
• -1.75 -. 125 - . 047 -.02J - . 080 -1.950 1.425 -O.26J .... 
" -2 . 00 -. 140 -.052 - . 018 - .066 -2 .200 1.200 -0.500 0 

" -1.50 -. lJ4 -.050 - . 021 -. 07J -2.100 1.JOO -0.400 I 

" -0.50 -. 116 -.041 -.OJO -.001 -1.875 1.525 -0. 175 
" 0. 00 -. 110 -.OJ8 - . 0J6 - .104 -1.800 1.700 -0.050 
". 0. 60 -. 100 - . OJ4 - . 042 - .117 -1.650 1.878 0.11) 

1 . 00 -. 001 -.OJO - . 046 - . 127 -1. 525 2.025 0.250 
1. 50 - .084 -.025 -.051 -.144 -1.475 2.J25 0. 425 
1.75 -.075 -.022 -.055 - . 148 -1.J25 2 . J25 0 . 500 
2.00 - .064 - . 017 - .064 - . 171 -1 . 175 2.675 0.750 
1.50 - . OW - . 020 -.061 -.11>6 -1 . 225 2.6JO 0.700 
0.50 -.08J -.027 -.054 -.151 -1.400 2.425 0.513 
0. 00 - .OOJ -.0)2 -.051 -.145 -1. 525 2.J50 0. (1) 

- 0.50 - .107 - . 0J9 - . 047 - . IJ6 -1. 700 2. 225 O.26J 
-1.00 -. 118 -.04J -.042 - . 126 -1 . 87') 2. 100 0.11) 
-1. 50 -.1)1 -.049 - . 038 -.114 -!! .U~ 1.900 -0. 075 
-1.75 -. 1J8 -.05=' -.0)4 -.10~ - 2.150 1.750 -0.200 
- 2.00 - . 145 -.054 -.0)0 - . 00) - 2.225 1.575 -0. )50 
-1.50 - . 1)0 -.05l -.O)J -.100 -2.20n 1.675 -0.26J 
-0. 50 -.1)1 - . 043 - . 042 -.118 -1.~ 50 1.900 -0.025 

~ .1 5 0.00 - .11J -.040 - . 046 -.129 -1. 825 2.075 0.125 



TEST l: CYCLIC SERIES ~. 

Pg Pw delta 1 delta 2 delt.tt. 3 delta 4 Uleta 2 12 theta )4 theta 2Joint 
1lli!.l .!lli!l !inch··l !inch··l !Inch·_l !inch··l ! x 10- rlld_l !x lo-21:!!!91 !x 10- rIId-1 

2.15 1.00 -.004 -.031 -.054 -.1 50 -1. 575 2.400 0.413 
• 2. 00 -.rI/4 -. 021 - .068 -.176 -1. 325 2.700 0.688 
• 2.25 -.060 -. 015 -.em -. 197 -1. 250 ) . m5 0.91) 
• . 2. 50 -.045 - .010 -.084 -.220 - 0.1175 ).400 1.263 
• 1.75 -. (5) -. 014 -.080 -. 212 - 0.975 ) . )00 1.163 
• 0. 50 -. m5 -.025 -.064 -.192 -1 .250 3. 200 0.975 
• 0.00 -. 087 -. 0)0 -.068 - .188 -1.425 3. 000 0. 788 
• -1.00 -.122 -.045 -.058 -.164 -1.925 2.650 0.36) 
• -2 . 00 -.154 -.058 -.046 -.1)2 - 2 .400 2.150 -0.125 
• -2.25 -.170 -.064 -.040 -.116 - 2.650 1.900 -0.375 
• -2.50 -.196 -.m5 -.031 -. 00) -3.025 1.550 -.738 I • -1.75 -.187 - .ml - . 0)8 -.lm -2.900 1.725 -.588 N 
• -0.50 -.164 -. 060 -.050 -.1)) -2. 600 2. m5 -.26) ...... 
• 0.00 -.156 -. 055 -.057 -.148 -2.525 2. 275 -.125 ...... 

I • 1.00 -.1 32 - .044 -. Olfi -.180 -2.200 2. 775 . . 288 
• . 2.00 -.11 0 -. 035 -.08) -.215 -1. 1175 ) .)00 .71) 
• 2.25 -. 009 -.0)1 -.087 -. 225 -1. 700 ).450 .875 
• 2. 50 -.080 -.024 -.005 -.244 -1. 400 ).725 1.16) 
• 1.75 -. 002 -.0)0 -.000 - . 2)3 - 1. 550 ).575 1.01) 
• 0.50 -.108 -.040 -.080 -.215 -1.700 ).375 .838 
• 0. 00 -. 128 -.046 -.079 - .211 - 2.050 3. 300 . 625 
• -1 . 00 -.160 -.060 -.068 -.187 - 2.500 2.975 . 2)8 
• -2.00 -.185 -.mo -.055 -. l55 - 2.875 2.500 -.188 
• -2.25 -.192 -.m4 - . 052 -. 10 - 2.950 2. 275 - . ))M 
• -2.50 - .199 -.m3 -.047 -.1~ - J.1S0 2. u50 -.550 • -1.75 -.189 ' -.m2 -.052 -.139 - 2.~25 2. 175 -.375 • -0.50 ".168 - • IX.< -.064 -.165 - 2.650 2. 525 -.063 

2.15 0.00 -.160 -. 058 -.mo -.181 - 2. 550 2.775 .113 



TFSl' ~: CYCLIC SFlIrrs 6. 

Pg Pw delta 1 delta 2 delta 3 delta 4 theta 2 12 theta 2 34 theta 2Jolnt 
~ illJcl (inches ! (Inches! (I nches ! (inches ! (x 10- rad.! (x 10- rad _! (x 10- reds! 

2.15 1.25 -.124 -.045 -.082 -.212 -1 .975 3. 250 0.638 
" 2.50 -.098 -. 030 -.097 -. 249 -1.700 3.800 1.050 
" 2.75 -.082 -. 025 -.105 -.267 -1. 425 4.050 1.313 
" 3. 00 -.059 -. 016 -.120 -.298 -1. 075 4.450 1.688 
" 1.75 -.077 -. 025 -.112 -.282 -1.300 4.250 1.475 • 0.50 -.102 -. 037 -.102 -.263 -1. 750 4.025 1.1)8 
" 0. 00 -.1 21 -.045 -.m -.258 -1.900 3.975 1.038 
• -1. 25 -.170 -.064 -.086 -. 229 - 2.650 3.575 0. 463 
• - 2. 50 -. 205 -.079 -.062 -.170 -3.1 50 . 2. 700 -0.225 
• - 2.75 -. 230 -.090 -.054 -.11,5 -3.500 2.275 -0.613 
" - 3. 00 -. 259 - . 103 -.045 -.120 - 3.900 1.875 -1. 013 
• -t.75 -. 244 -. 095 -.057 -.143 -3.725 2.150 -0.788 
" - 0. 50 -. 221 -.089 -.070 -.174 -3.300 2.600 -0.350 
• 0. 00 -. 214 -. 081 -.01:1} -.198 -3.323 3.225 -0. 050 I 

0.00 0. 00 N 
~ . 15 1.25 - .186 -. 067 -.103 -.246 -2 .975 3. 575 0.300 .... 

N " . 2. 50 -.147 -.051 -.11 5 -. 287 -2.400 1,.300 0.950 I 

" 2.75 -.133 -.046 -.119 - . 296 -2.125 4.425 1.150 
• 3 .00 - .115 -.039 -.124 -.309 -1.900 4.625 1:363 
" 1.75 -.1 35 - .049 -.116 -.292 - 2.1 50 4.400 1.125 
" 0.50 -.1 59 - .060 -.102 -.270 -2.475 4.100 0.813 
" 0. 00 -.176 - .067 -.105 -.267 -2.725 4.050 0. 663 
" -1. 25 -.221 - .086 -. 092 -.240 - 3. 375 3.700 0.163 
" -2.50 - .252 -.100 -. 066 -.177 - J.B2'i ~ .775 - 0. 525 
" -2.75 -.262 -.101, -.000 -.160 -3.950 2.500 -0.725 
" -3.00 -. 280 -.112 -.052 -.140 - 4.200 2. 200 -1.000 
" -1.75 -.262 -.104 -. 065 -.164 - 3.950 2.475 - 0. 738 
" -0 . 50 -. 2/,2 - . 096 -.078 -.194 - 3. 650 2.900 -0.375 
• 0.00 -. 231 -. 08l -. 086 -.215 -3.550 3. 225 - 0.163 • 1.25 -.201 - .074 -.1 05 -.262 - 3.175 3.925 0.375 , 2.50 -.160 -.056 - .121 -.300 -2 .600 4.475 0.938 
• 2. 75 -.147 -.051 -.124 -.308 -2.400 4.600 1.100 
" 3. 00 -. 131 - . 045 -.128 -.319 -2.150 4.775 1.313 • 1.75 -:150 -.045 -.120 -.304 - 2. 400 4.600 1.100 
" 0.50 -.176 -.067 -.111 -.281 -2 . 725 1,.250 0.763 

2 .15 0.00 - .191 -.074 -.109 -. 276 -2.925 4.150 0.600 
0 . 81 0. 00 -.1 82 - .070 -.1 03 -. 262 - 2.800 3 .975 0. 588 
0. 00 0. 00 -.179 -.01:1} -.101 -.257 -2 .750 3.900 0. 575 



TEST 4: HOOarOHTC LOAOTII: CIIlVE 012 =°34" 4.0" D20• °30= 4.0" A- 4J.5· a= 9 . 5" 

Pg Pw delta 1 dalta 2 delta J delta 4 theta 212 thata 2 J4 theta 2joint 
lliill lliill l inche· l linche·l linchea l l inche·l Ix 10- rad.l Ix 10- ra<l.l Ix 10- rodsl 

0. 00 0.00 .000 . 000 . 000 .000 0. 000 0.000 0. 000 
0.25 .00J . 001 - . 001 - . ooJ 0.050 0.050 0. 050 
0.50 .006 .00J - . ooJ -.w 0. 075 0.100 0. 088 
0.75 . 000 .004 - .005 -.010 0. 125 0.125 0.125 
1.00 . 012 . 006 - . 006 -. 014 0.150 0. 200 0.175 
1.25 .017 .008 - . (0) - .020 0. 225 0. 275 0. 250 
1.50 .022 . 011 - . 011 -.025 0.275 0.350 O.J13 
1.75 .OJO . 014 - . 014 - .OJJ 0.400 0.475 0. 4J8 
2.00 .042 . 019 -.018 - . 04J 0.600 0.625 0. 613 
2 . 25 .056 .024 - . 024 -. 061 0.800 0.925 O.86J I 

2. 50 . 070 .029 - . 029 -.074 1. 025 1.125 1. 075 N ...... 
2.75 . 088 .OJ6 -.036 -. 08'1 1.300 1.275 1.288 w 
J.OO . 140 . 059 - . 063 -. 150 2.025 2.200 2.1 13 I 

J.25 .179 . 077 -. 082 -. 198 2. 550 2.900 2. 725 
3.50 . 219 .005 -. 104 - . 244 J . l00 J.500 J.Joo 
J . oo . 213 . 002 - .009 - .2J5 3.025 J . 425 J.225 
2. 50 .206 . 088 - .005 - . 229 2.950 J . J50 J . 150 
2.00 . 199 .085 - . 001 - . 222 2.850 J.275 J.06J 
1 . 50 . 191 .081 - . 08'1 - .214 2. 750 J . 175 2.96J 
1.00 .182 .077 -.083 -.205 2.625 3.050 2.838 
0. 50 .1&J .070 - . 078 -. 196 2. 475 :!.?50 2. 713 
0.25 . 162 .067 -.076 - .193 J . )"f5 1 ."J25 2 . 6~0 
0. 00 .152 .063 -.075 -.190 2. 215 2.875 2.550 



TffiT 5: CYCLIC SrnTffi 1. A-4)" &=8.5" °12' °)/. - 4•0" °20-030-4 . 0" 

Pg Pw delta 1 delta 2 delta ) delta 4 thete2 12 lhet82 )4 t hota2 Joint 
.llli!l ~ (inche.) ( Inchea) !inche.) (inche.) (xl0- Ttl.b) (xl0- rad.) ( .10- rad.) 

0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2.14 0.00 -0.017 -0.007 -0.008 - 0.018 -0.25U 0.250 0.000 
2.00 0.25 -0.015 -0 .007 -0 .010 - 0.021 -0.200 0.275 U.0)8 
1.98 0.50 -0.011 -0 .005 -0.011 - 0.025 -0.15U 0.J50 0.1 00 
1.96 0 .25 -0.012 -0.005 -0.010 -0.023 -0.175 0.J25 0.075 
1.94 0.00 -0.015 -0 .007 -0.009 -0.020 -0.200 0.275 0 .0)8 
1.94 -0.25 -0 .020 -0.009 -0.007 -0.016 -0.275 u.225 -0.025 
1.93 -0.50 -0.024 -0.011 -0.005 -0.011 -0.325 U.15u -0 .088 I 
1.82 0.00 -0.018 -0.008 -0.008 -0.018 -0.250 0.250 0.000 tv 
1.84 0. 25 -0.015 -0.007 -0.010 - 0.021 -0.200 0.275 U.0)8 ...... 
1. 89 0. 5U -0.012 -0.005 -0.012 -0.024 -0.175 0.300 0.063 ~ 

I 
1.84 0.00 -0.016 -0 .008 -0.010 - 0.019 -11.200 0.225 U. 01) 
1.82 -0.25 -0.021 -0.010 -0.008 - 0.015 -0.275 0.175 -0.050 
1.86 -0.50 -0.025 -0.011 -0.006 -0.010 -0.350 0. 100 -0.075 
1 • (!2 0.00 -0 .018 -0.008 -0.009 -0.018 -0.25U 0.225 -0 .01) 



TEST ~: CYCLIC SEllTES 2. 

Pg Pw delta 1 delta 2 delta 3 delta 4 theta2 12 theta2 34 theta2 joint 
ill.I!!!l ill.I!!!l 11nche·l !inche·l linch··l linches l I xl0- .... d.l I xl0- rad.l Ixl0- .... do) 

1.88 0.50 -0.01 2 -0.005 -0.013 -0.025 -0.175 0 .300 0.063 
1.7b 0.75 -0.008 - 0.003 -0.015 -0.031 -0.125 0·400 0.138 
1.71 1.00 - 0.002 0.000 -0.019 -0.045 -0.050 0.65u 0. 300 
1.26 0.50 -0 .003 -0.001 -0.016 -0.038 -0.050 0.550 0. 250 
1.0) 0 .00 -0 .008 -0.004 -0.013 -0.031 -0.100 0.45U 0.175 
1.10 - 0.5U -0.018 -0.008 -0.008 -0.020 -0.250 0.300 0.025 
1.28 -0.75 - 0 .024 -0.011 -0.006 -0.017 -0.325 0.275 -u.025 
1.61 -1.00 -0 .035 -0.015 -0.005 -0.015 -0 . 5UO 0 . 250 -0.1)0 
0.91 -0.50 -0.024 -0.011 -0.007 -0.017 - 0.325 0. 250 -0.038 I 

0.78 0.00 -0.013 -0.005 -0 .010 -0.025 -0.200 0.375 0.088 tv 
0.50 -0 .009 -0.004 -0.015 -0.033 -0.1 25 0 . 450 0.163 I-' 1.04 Vl 

1.36 0.75 - U. OO7 -0.003 -0.018 - 0.038 -0 .100 0. 500 0.200 I 
1.62 1.00 -0.005 -0.002 -0 .020 - 0.04 4 -0.1 25 0.600 0.238 
1. 22 0.50 -0.007 -0.00) -0.017 -0.037 -0.100 0.500 0. 200 
0.86 0.00 -0.010 -0.005 -0.013 -0.028 -0 .125 0.375 0.125 
0.% -0.50 -0.022 -0.010 -0.009 -0.018 -0.300 0.225 -0.0)8 
1.22 -0.75 -0.029 -0.014 -0.008 -0.016 -0.375 0. 200 -0.088 
1.60 -1.00 -0.039 -0.017 -0.007 -0.015 -0.550 0.200 -0.175 
0.78 - 0 .50 -0.024 -0.012 -0.008 - 0.017 -0 . .300 O . ~25 -0.038 
0.55 0.00 - 0 .016 =0.007 -0.011 -0 .02) -0 . 225 0 • .300 0.038 



TEST ~ I CYCLIC SmI&S ~. 

Pg Pv delta 1 delta 2 delta ) delta 4 theta 12 lheta2 )4 theta2 Joint 
ilii!!l ~ !Inch·_l !Inche_l ! Inche'l ! Inchesl ! xl0-2rad.1 !.10- rodsl ! .10- .... d.l 

0.99 0.50 -0.010 -0.004 -0.01& -0. 0)) -0 .1 5u 0.425 0.1)8 
1.72 1.00 -0.008 -0.002 -0.022 -0.04& -0.15u O.bOO 0. 225 
1.?b 1.25 -0.004 -0.001 -0.029 -0.0&7 -0.075 0.950 0.4)8 
1.50 1.5U 0.006 0.(0) -0.0)5 -0.08) 0.075 - 1.200 0.6)8 
0.92 0. 50 -0.(0) -0.002 -0.028 -0.066 -0.025 u.95O 0.46) 
0.02 0.00 -0.006 -0.00) -0.021 -0.052 -0.075 0.775 0.)50 
0.85 -0.50 -0.022 -0.010 -0.019 -0.048 -O.JOO 0.725 0.21) 
1.42 -1.00 -0.0)7 -0.01? -0.011 -0.042 -0.5UO 0.&15 0.0&) 
1.42 -1.25 -0.044 -0.019 -0.014 -0.0)4 -0.625 0. 5UO -0.0&) I 

0.90 -1.50 -0.055 -0.025 -0.010 -0.025 -0 .15u 0.315 -0.188 N 
I-' 0.8) -0.50 -0.040 -0.011 -0.017 -0.0)8 -0.575 0.525 -0.025 a-

0.00 0.00 -0.022 -0.009 -0.018 -0.040 -0.)15 0.550 0.11) I 

1.04 1.00 -0.009 -0.00) -0.0)0 - 0.0&8 -0.150 0.950 0.400 
1.14 1.25 -0.004 -0.001 -0.0)2 -0.075 -0.075 1.075 0.500 
1.09 1.50 0.001 0.001 -0.0)5 -0.080 0.000 1.1 25 0.56) 
0:9) 0.50 -0.009 -0.004 -0.028 -0.066 -0 . 125 0.950 0.41) 
0.00 0.00 -0.012 -0.006 -0.02\ -O.05u -0.15U Ooil5 0 . 2~8 
1.00 -1.00 -0.045 -0.020 -0 .015 -0 .m7 -0.625 0.~50 -0.0)8 
1.04 -1.25 -0.051 -0.021 -0.01) -O.U)O -0.700 0.425 -0.1)8 
1.0& -1.50 -0.057 -0.025 -0 .010 -0.024 -0.800 0.)5U -0.225 
0.76 -0.50 -0.041 -0 .018 -0 .017 -0.0)8 -0. 515 0.525 -0.025 
O. UO 0.00 -0.022 -0.009 -0.018 -0.040 -0.)25 0. 550 0.11) 



TEST 6: CYCLIC SERrES 1. A·4J.5" a-9" °12,°),"" °20'°)0" " 
Py delta 1 d.lta 2 delta ) delta , Lheta2 12 thet!:2 )4 Lheta2 Joint 

.!.lli!l ( inchesl Pooh··l ( Inchesl (inchesl (xl0- Mlrt'l (.,0- MldBl ( .10- Mldsl 

0 .00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0. 25 0 .005 U.002 - 0.002 -0.00) 0.075 0 .025 0.050 
0.50 0.010 0.005 -0.004 -0.009 0.125 0 .1 25 U.125 
0. 25 0 .009 0.00' -0.004 -0 .007 0.125 0.075 0 .100 
0.00 0.005 0.002 -0.002 -0.002 0.075 0.000 0.0)8 

-0.25 -0.00) -0.002 0.002 0.006 -0.025 -0.100 -0.(6) 
-0. 50 -0.009 -0 .00, 0.00, 0.01) -0.125 -0.225 -0.175 
-U.25 -0.006 -0.002 0.00) 0.009 -0.088 -0.16) -0.1 25 
0.00 -0.001 0.000 0.000 0.00, -0 .025 -0 .100 -0.(6) I 

0.25 0.005 U.002 -0 .002 -0 .001 0 .063 0.025 0.0(4 N 
I-' 

0.50 0.010 0.005 -0.005 -0.008 0.1)8 0.075 0.106 ...... 
0.25 0.008 0.00) -0.00) -0 .00, 0.125 U. U25 0.075 I 

u.OO 0.00) 0 . 001 -0.001 0.000 0.050 0.025 <1.0)8 
-0.5U -0.008 -0.004 0.004 0.012 -0.100 -0.200 -0.1~0 
-0.25 -0 .005 -0 .002 0.(0) 0 .009 -0 .0?5 -,) . 11:» -0 . 11~ 
0.00 -0.001 0.000 0.000 O.lJl)' -0.025 -0.088 -0.056 



I. 

TEST 6. CYCLIC SIllIES 2. 

IW delta 1 delta 2 delta ) delta 4 theta2 12 theta2 )4 theta2 joint 
illE!l (inchesl (inchesl (inche·l (inche·l (.10- rods) (.10- red'l (.10- red.l 

0.50 0.010 0.004 -0.004 -0.005 0.150 0.025 0.088 
0.75 0.016 0.007 -0.006 -0. 011 0.225 0.125 0.175 
1.00 0.026 0.010 -0.009 -0 .019 0.400 0. 250 0. )25 
0 .50 0.019 0.007 -0.007 -0.014 o. )()() 0 .175 0.2)8 
0.00 0.008 0.002 -0 .(0) -0.005 0.150 0.050 0.100 

-0.50 -0.006 -0.002 0.00) 0.010 -0.100 -0.175 -0.138 
-0.75 -0.012 -0.005 0.006 0.017 -0 . 175 -0.215 -0.225 
- 1. 00 -0.021 -0.009 0.009 0.026 -0.)00 -0.413 -U.)56 
-0 .50 -0.014 -0.005 0.005 u.018 - 0. 225 -0.)25 -0.275 I 

0.00 -0.001 0.000 0.001 0.007 -0.025 - 0.150 -0.088 N 
I-' 

0.50 0.010 0.004 -0.(0) - 0.004 0.15U 0.025 0.088 ex> 
0.75 u.016 0.006 -0.006 -0.010 0.250 0.100 0.175 I 

1.00 0.022 0.009 -0.008 -0.017 0. ))8 0. 225 0.2Bl 
0 .50 0.017 0.006 -0.006 - 0. 011 0.275 0 . 1'/5 0.:200 
0.00 0.002 0.000 -0.002 - 0. 002 0.050 0.000 0.025 

- 0. 50 -0.011 -0.005 0.004 0.011 -0.15U -O.lBB -lI.169 
-0.75 -O.OlB -O. OOB 0.006 0.018 - 0. 250 -O.)()() - 0 .275 
- 1.00 -0.026 -0. 011 0.009 0.025 -0.375 -0.400 -0. )88 
-0.50 -0.018 -0.008 0.005 U.018 - 0.25U -0 .325 -0.288 
0.00 -0.005 -0.002 0.001 0.006 -0.075 -0.1 25 -0.100 



TEST 6: CYCLIC SERIES ~ . 

Pw delta 1 delta 2 del ta 3 della 4 theta2 12 t hela2 34 lhet82 Jolnt 
.l.!Wl!l ( inche· l (lnche·l ( lnches l ( lnches l (.10- red' l (,. 10- redsl ( .10- red'l 

0 . 50 0.006 0.002 -0.004 -0 .004 0.100 0.000 0.050 
1.00 0.018 0.007 -0.008 -0.017 0.:!88 0.225 0.256 
1.25 0.026 0. 009 -0 .012 -0 .026 0.425 0.350 0.388 
1.50 0.040 0.014 -0 .019 -0.042 0 .650 0 . 5~8 0.619 
1.00 0.034 0.011 -0.016 -0.037 0. 575 0 .513 0.544 
0. 50 0.024 0.007 -0.012 -0.027 0. 425 0.375 0.400 
0.00 0.009 0.002 -0 .006 -0 .015 0 . 175 0.225 u. 200 

-0 . 50 - 0.007 -0.004 0.001 0.003 -0 .075 -0.050 -0.063 , 
- 1. 00 -0 .022 - 0.010 0. 007 0.020 - O.JOO -0.313 -0.306 N 
-1 . 25 -0 .0)5 -0 .014 0. 01 1 0.031 -0. 525 -0 .500 -0 . 51) I-' 
-1.50 -0.05) -U.02O 0.018 0. 051 -0.875 -0. 825 -0 . 85U -c> 
-1.00 -0 .044 -0 .016 0.014 0.042 - 0.700 -0.713 -0.706 

, 
-0.50 -0.0)0 -0 .011 0.009 0.029 -0.4~8 -0 .500 -0 . 494 
0.00 -0.014 - 0.005 0.002 0.010 -0. 225 -0 .200 -0.213 
0:50 0.000 0.000 - 0.003 -0.005 o.ouo O.05U 0.025 
1. 00 0.015 0.005 -0 .009 - 0 .019 0 .25U 0.250 0.25U 
1. 25 0.022 0.008 -0 .012 -0.028 0. )50 0.400 0.375 
1. 50 0.032 0.011 -0.017 -0.0)8 0 .525 0 .525 0.525 
1.00 0.026 0.008 - 0.014 -0 .032 0. 450 0.450 0. 450 
0.50 0.015 0.004 -0.010 -0 .022 0. 275 O.JOO 0.288 
0.00 -0 . 001 -0.002 -0.003 -0.007 -0.025 0.100 0.038 

-0. 50 -0.016 -0 .007 0.004 0.01) -0 . 225 - 0.225 -0.225 
-1.00 -0.034 -0.013 0.010 0.0)0 -0 .525 -0.500 -0 . 513 
-1.25 -0.044 -0.016 0.014 0.040 -0.688 -0.663 -0.675 
-1 . 50 -0.054 -0.020 0.017 0.050 -0.8511 -0.825 -0.8)8 
-1 .00 -0.044 -0.016 0.014 0.041 -0.700 -0.688 -0.694 
-0.50 -0.0)0 -0 .010 0.008 0.(128 -0.500 -0.500 -0.500 
0.00 -0.01) -0.005 0.002 0.00) -0 . 200 -0 . 175 -n. l88 



TF.S'I' 6: CYCLIC SF1UES ~ . 

P" dolta 1 delta 2 delta ) delta 4 thota2 12 tho~ )4 theta2 Joint 
1lli!l !inch •• ) (inch •• ) ( Inches) (l nch.s) (.,0- [!Ids) (.10- red.) (.,0- rad.) 

1.00 0.015 0.005 -0.010 - 0. 021 O.25U 0.275 0.26) 
1.50 0.0)) 0.011 -0.017 -0.0)8 0.5)0 0.525 0.5)8 
1. 75 0.051 0.017 -0.024 - 0.059 0.850 0.875 0.86) 
2.00 0.07) 0.025 -0.0)4 -0.084 1. 188 1.250 1 .219 
1.50 0.067 0.022 -0.0)1 -0.076 1. 125 1.125 1.125 
0 .50 0.041 0.012 -0.021 -0.051 0.725 0.750 0.7)8 
0.00 0. 021 0.006 -0.01) -0.0)2 0.)75 0.475 0. 425 

-1 .00 -0.020 -0 .009 0.00) 0.012 -0.275 -0.225 -0. 250 I 

-1.50 -0.045 -0.017 0.01) 0.040 -0.700 -0.675 -0.688 N 

-1.75 -0 .07) -0.025 0.02) 0.070 -1.200 -1.175 -1.188 N 
0 

- 2.00 -0.10) -0 .0)5 0.038 0.111 -1.700 -1.825 -1.763 I 

-1.50 -0 .094 -0 .0)1 0.035 0.104 -1.575 -1.725 -1.650 
-0.50 - 0.064 -0.021 0.024 0.077 -1.075 -1.325 -1 .200 
0.00 -0.041 -0.014 0.016 0.052 -0.675 -U.9('o() - 0.788 
1'.00 0.005 0. 001 -0.001 -0 .002 0.1(1(, 0.025 0.06) 
1.50 0.0)5 0.011 -0.015 -0.0)7 O.l>llO 0.550 0.575 
1.75 0.050 0.016 -0.024 -0 .060 0.850 0.900 0.875 
2.00 0.06) 0.021 -0.031 -o.rm 1.050 1.150 1.100 
1.50 0.058 0.018 -0.029 -0.071 1.000 1.05u 1.025 
0.50 0.0)1 0.008 -0.017 -0.042 0.575 0.625 0.600 
0.00 0.010 0.001 -0.010 -0.032 0.225 u .550 0. )88 

-1.00 -0.040 -0.015 0.010 0.0)2 -0.625 -0.550 -0.588 
-1.50 -0.074 -0.026 0.025 0.075 -1. 200 -1. 250 -1 .225 
-1.75 -0.092 -0.011 0.0)2 0.097 -1. 525 -1.625 - 1.575 
- ... 00 -0.106 -0.0)6 0.040 0.117 -1.750 -1.925 -1.838 
-1.50 -0.097 -0 .0)2 0.0)7 0.109 -1.625 -1 .800 -1.71) 
-0 . 50 -0.066 -0 .022 0.026 0.01!O -1.100 -1.350 -1.225 
0.00 -0.042 -0.015 0.015 0 .<16) -0.675 -1. 200 -0.9)8 



TFST 6. CYCI.IC SERIES ~. 

Pw delta 1 delta 2 delta 3 delta 4 . theta
2 

12 theta2 J4 the~ Joint 
iliIl!l (inch··l linch.sl (inchesl linchesl 1.10- radsl ,.10- redsl 1.10- radsl 

1.00 0.006 0.001 0.001 0.002 0.125 -0.025 0.050 
2.00 0.072 0.024 -O.OJl -0.077 1.200 1. 115 1.175 
2.25 0.091 O.OJO -0.OJ8 -0.094 1.525 1.400 1.46J 
2.50 0.118 0.042 -0 .048 -0. 120 1.900 1 .800 1.850 
1.50 0.104 0.035 -0.040 -0.103 1.725 1.575 1.650 
0.50 0.076 0.025 -0.029 -0.076 1.275 1.175 1.225 
0.00 0.054 0.017 -0.022 -0.055 0.925 0.825 0.875 

-1.00 -0.011 -0.004 0.002 0.012 -0.175 -0 .250 -0.213 
-2.00 -0.102 -0.OJ4 0.047 0. 134 -1.700 -2.175 -1.9J8 I 
-2.25 -0.132 -0.045 0.075 0.196 -2.175 -3 .025 -2.600 IV 
-2.50 -0.175 -O.06J 0. 095 0.249 - 2.775 -3.85u - 3.313 IV 

-1.50 -0.1 59 -0.0 0.088 0.231 -2.575 -3.575 -3.075 ..... 
-0 . 50 -0.131 -0.050 0.077 0.:t04 - 2.0.:15 -J.175 -2.600 

I 

0.00 -0.104 -0.035 0.067 0.177 -1.725 - 2.750 -2.238 
1.00 -0.029 -0.013 0.0)9 0.094 -0.400 -1.37, -0.888 
2.00 0.117 0.041 -0.032 -0.085 1.900 1.325 1.613 
2.25 u.138 0.050 -0.039 -0.102 2.200 1.575 1. 888 
2.50 0.164 0.061 -0.047 -0.121 2.575 1.850 2.213 
1.50 0.147 0.053 -0.037 -0.101 2.350 1.600 1.975 
0. 50 0.116 0.040 -0.025 -0.068 1.900 1.075 1.488 
0.00 0.090 0.032 -0.018 -0.048 1.45U 0.750 1.100 

-1.00 0.011 0.006 0.011 0.033 0.1 25 -0.055 -0 .213 
-2 .00 -0.134 -0.044 0.086 0.218 - 2.250 -3.300 -2.775 
- 2.25 -0.1 58 -0.05' 0.094 0.242 -2 .575 -3.700 -3.138 
-2.50 -0.190 -0.070 0.117 0.279 -3 .000 -4.050 -3.525 
-1.50 -0.171 -0.060 0.099 0.260 -2 .775 -4.025 -3.400 
-0 .50 -0.143 -0.049 0.088 0.232 -2.350 -3.600 -2.975 
0.00 -0.117 -0.040 0.079 0.204 -1.925 -3.1 25 -2.525 



TEST 6: CYCLIC SERTES 6. 

Pw delta 1 delta 2 delta 3 delta 4 theta2 12 thete2 34 theta2 Joint 
llli!l (inches) ( inche.) (inches) ( inches) (.10- rads) ~.10- rads) ( .10- rads) 

1.00 -0.034 -0.015 0.049 0.111 -0.475 -1. 55U -1.125 
2.00 0.137 0.049 -0.029 -0.078 2.200 1.225 1.713 
2.50 0.174 0.065 -0.044 -0.114 2.725 1.750 2.113 
2.75 0.196 0.075 -U.05~ -0.135 3.025 ~ .025 2.550 
3.00 0.288 0.090 -0 .066 -0.170 3.45U 2.600 3.025 
2.00 0.210 0.080 - 0.05'1 -U.151 3.250 2. 150 2. 800 
0.50 0.174 0 ,065 -0.039 -0.109 2.725 1.750 ~ .238 
0.00 0.146 0.055 -0.032 -0.090 2.275 1.450 1. 863 

-1 .00 0.060 0.026 -0 .001 0.003 0. M50 -0.100 0. 375 
-2.00 -0.145 -0.052 0.092 0.239 -2.325 -3.675 -3.000 
-2.50 -0.199 -0.073 0.11 2 0.290 -3.15U -4.450 -3.800 
- 2.75 -0.241 -0.091 0.127 0.323 -3.750 -5.000 -4.375 
-3.00 -0.287 -0.108 0.143 0.365 -4.475 -5.550 -5.013 
- 2.00 -0.265 -0.099 0.134 u.347 -4.15U -5.325 -4.738 
-0.50 -0 .237 -0.084 0.119 0.311 -3.825 -4 . 800 -4 .313 I 
0.00 -0.205 -0.076 0.11 0 0.286 -3. 225 -4.400 -3.813 N 
1. 00 -0.118 -0.046 0.07'1 0.179 -1. 800 -2.550 -2.175 N 
2.00 0.131 0.047 -U.01 7 -0.053 2.1 00 0.900 1.500 N 

2. 50 0.205 0.0'/8 -0.049 -0.134 3.175 2.125 2.650 I 

2.75 0.225 0.088 -0.05~ -0.1 56 3.425 2. 425 2.925 
3.00 0.249 0.098 -0.068 -0.181 3.775 2.825 3. 300 
2.00 0.230 0.089 -0 .058 -0 .160 3. 525 2.550 3.038 
0.50 0.191 0.072 -0.040 -0.118 2.975 1.950 2,463 
0.00 0.1 61 0.062 -0.032 -0.097 2. 475 1.625 2. 05U 

-1.00 0.060 0.028 0.012 0.028 0.800 -0.400 0. 200 
- 2.00 -0.182 -0.065 0.112 0.284 -2.925 -1,.300 -3 .613 
-2 . 5U -0.253 -0.096 0.134 0.343 -3.925 -S.225 - 4.575 
-2.75 -0.278 -0.105 U.l 43 0. 364 -4.325 -5.525 -4.925 
- 3.00 -0.309 -0.116 0. 155 u.390 - 1, . 825 -5.900 - 5. 363 
- 2.00 -0.286 -0.107 0.1 45 0. 370 -4.475 -5.625 -5.050 
-0.50 -0. 243 -0.091 0.1 28 0.331 -3.800 -5.025 -4 ,413 
0.00 -0.219 -0.083 0.119 0. 305 -3 . 400 - 4.65U -4 . 025 
1.00 -0.103 -0 .042 0.076 () . 1 75 -1. 525 -2.475 -~ .OOO 
2.00 0.162 0.060 -0.019 -0.063 2.5)0 1.100 1. 825 
~ . 50 0.212 0,l'ij2 -0.U45 -0,129 3 .250 2. 100 2.675 
2.75 0.226 0.088 -O .O~J -0.147 3.450 2.35u 2.900 
3.00 0.240 0,095 -0.059 -0 .163 3.625 2.600 3.113 
2. 00 0.223 0.086 -0.050 -0.146 3.425 2.400 2.913 
0. 50 0.1 85 0.070 -0.032 -0.102 2.875 1.750 2. 313 0.00 0.155 0.059 -0.025 -0.080 2 .1.00 1.375 1.888 



TEST 7: CYCLIC SrnT!:S 1. , A·').25" .=8" °,2=°),0°20, °)0" " 
Pw dolta 1 delta 2 dolta ) dolta 4 tho~ 12 thoto2 )' theta2 Jo1nt 

iliP.!l. linch··l linch.ol li"chesl !inchesl lxl0- ''!Idol txl0- rodsl I xl0- rodsl 

0 .00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.25 0.004 0.001 -0.002 -0.00) 0.075 0.025 0.050 
0.50 0.007 0.00) -0.00) -0.006 0.100 0.075 0.088 
0.00 0.001 0.000 0.000 -0.001 0.025 U.025 0.025 

-0.25 -0.004 -0.002 0.002 0.00) -0.050 -0.025 -0.0)8 
-0.50 -0.008 -0.004 0.00) 0.007 -0.100 -0.100 -0.100 
0.00 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 
0.25 0.004 0.001 -0.002 -0 .00) 0.075 0.025 0.050 
0.50 0.007 0.00) -0.00) -0.006 0.100 0.075 0.088 
0.00 0.001 0.000 0.000 0.000 0.025 U.OOO 0.01) , 

-0.25 -0.00) -0.002 0.002 0.00) -0.025 -0.025 -0.025 IV 
-0.50 -0.007 -0.00) 0.00) 0.007 -0.100 -0.100 -0.100 IV 
0.00 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 \.oJ , 



TEST l' CYCLIC smTES 2. 

Pw delta 1 delta 2 delta ) delta 4 theta 12 the~ )4 theta2 Joint 
llil!!l linch •• ! linch.a! I Inchea! linch •• ! I xl0-2n1d.! txl0- nlda! Ixl0- r&da! 

0.50 0.00'1 0.002 -0.(0) -0.006 0.125 0.075 0.100 
0.75 0.010 O.~ -0.005 -0.009 0.150 0.100 0.125 
1.00 0.014 o. -0.006 -0.012 0.200 0.150 U.175 
0.50 0.009 0.(0) -0.004 -0.00'1 0.150 0.075 0.113 
0.00 0.002 0.000 -0.001 -0.001 O.05U 0.000 0.025 

-0.50 -0.006 -0.004 0.(0) 0.006 -0.05u -0.075 -0.06) 
-0.75 -0.010 -0.005 0.005 0.010 -0.125 -0.125 -0.125 
-1.00 -0.014 -0.007 0.007 0.013 -0.175 -0.15U -0.16) , 
-0.50 -0.007 -0.004 0.004 0.008 -0.075 -0.100 -0.088 N 

N 
0.00 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 ~ 
0.50 0.008 0.(0) -0.(0) -0.006 0.125 0.075 0.100 , 
0.75 0.011 0.004 -0.005 -0.010 0.175 0.125 0.150 
1.00 0.015 0.fX'6 -0.007 -0.013 0.225 u.150 0.188 
0.50 0.009 0.004 -0.004 -0.008 0.125 0.100 0.113 
0.00 0.001 0.000 0.000 -0.001 U.025 0.025 0.025 

-0.5U -0.00'1 -0.004 0.(0) 0.007 -0.075 -0.100 -0.088 
-0.75 -0.010 -0.005 0.005 0.010 -U.125 -Q.125 -0.125 
-1.00 -0.014 -0.00'1 0.007 0.014 -0.175 -0.175 -0.175 
-0.50 -0.00'1 -0.004 0.00) 0.00'1 -U.rY75 -U.l00 -0.088 
0.00 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 



TFSr 1: CYCLIC SillIES l. 
pw delta 1 delta 2 dolta ) delta 4 theta2 12 lhe~ 34 tho~ Jolnt 

1!W!!l linch •• ) linch •• ) I inches) linche.) 1.10- radsl t.l0- rods) 1.10- rods) 

0.50 0 .007 0.002 -0.00) -0.005 0.125 0.050 0.875 
1.00 0 . 014 0.006 -0.006 -0.012 0 . 200 0.150 0.175 
1.25 0.018 0.008 -0.008 -0.016 0 . 25U 0 . 200 0.225 
1.50 0 .02) 0.010 -0.010 -0.020 0. )25 0. 250 0.288 
0.50 0 . 011 0.004 -0.004 -0.008 0.17; 0.100 0.1)8 
0.00 0.002 0 . 000 -0.001 -0.002 0.050 0.025 0.0)8 

-0.50 -0.006 -0 . 004 0.00) 0 .006 -0.050 -0.075 -0.063 
-1 .00 - 0.014 -0.007 0. 007 0.01) -0.175 -0.150 -0.163 
-1.25 - 0.018 -0.009 0. 008 0.017 -0.225 -0.225 -0.225 I 

N -1.50 -0.023 -0.011 0.010 0.021 -0.10/1 -0 . 275 -0.288 N 
-0.50 -0 .008 -0.005 0 .004 0.008 -0.07; -0.100 -0 .088 V1 
0.00 - 0.001 -0.001 0.000 0.000 0 . 000 0.000 0 .000 I 

0.50 0.008 0.003 -0.003 -0.007 0.1 25 0 .1 00 0 .11 3 
1.00 0. 016 0 .007 -0.007 -0.014 0.225 0 .175 0 . 200 
1.25 0.020 0 . 008 -0.009 -0. 018 O.J()U 0.225 0.263 
1. 50 0.023 0 . 010 -0.011 -0.021 0. 325 0.25U 0.288 
0 . 50 0.011 0.004 -0.004 -0.008 0.175 0.100 0.113 
0.00 0 . 002 0.000 -0.001 -0.001 0.050 0 .000 0.025 

-0.50 -0.007 -0.004 0.003 0 .007 -0.075 -0.100 -0.088 
-1.00 -0.015 -0 .008 0.007 0.014 -U.175 -0.175 -0.175 
-1.25 -0 .019 -0 . 010 0.009 0.018 -0.225 -0.225 -0.225 
-1.50 -0.023 -0.012 0.010 0.022 -0.27~ -0.)00 -0.288 
-0.50 - 0.008 -0.005 0 .004 0 .008 -0.07; -0.100 -0.088 
0.00 -0 .001 -0.001 0.000 0.000 0.000 0.000 0 .000 



'l'rnT 7: CYCLIC SERIES ~. 

Pw delta 1 delta 2 delta 3 delta 4 theta2 12 the!:!2 34 theta2 JOint 
il!!.E!l linche.! I inches! linch.s! I inches! I xl0- red.! t.,0- red.! 1.,0- rods! 

0. 50 0.008 0.003 -0.00) -0.007 0.125 0.100 0.11) 
1.00 0 .015 0 .007 -0.007 -0.014 0.200 0.175 0.188 
1.50 0.023 O.UlO -0.011 -0.021 0.325 U.250 0.288 
1. 75 0.027 0.012 -0.01) -0.026 0.375 0.)25 0.350 
<.00 0.032 0.014 -0.015 -0.0)1 0.450 0.400 0.425 
1.50 0.027 0.012 -0.012 -0.025 0.395 0.325 0.)55 
0.50 O. U1) 0.005 -0.005 -0. 011 0.200 0 .1 50 0.175 
0.00 0.004 0.001 -0.002 -0.004 0.075 0.050 0.063 

-0.50 -0.005 -0.003 0.002 0.004 -0.100 -0.050 -0.075 , 
-1.00 -0.01) -0.007 0.006 0.012 -0.1~5 -0.150 -0.1)8 N 
-1.50 -0.022 -0.011 0.010 0.020 -0.275 -0. 250 -0.238 N 

-1. 75 -0.027 -0.013 0.012 0.024 -0.)50 -0.)00 -0. )25 0-, 
-2.00 -0.032 -0.~16 0.014 0.0)0 -~.4oo -0.400 -0.400 
-1. 50 - 0 .024 -0.012 0.011 0.022 -0.)00 -0.275 -0. 288 
-0.50 -0.009 -0 .005 0.004 0.009 -0.100 -0.1 25 -0.11) 
·0.00 -0.002 -0.002 0.000 0.000 0.000 0.000 0.000 
0.5U 0.007 0.00) -0.00) -0.007 0.100 0.100 0.100 
1.00 0.015 0.006 -0.007 -0 .015 0.225 0.200 0.21) 
1.50 U.023 0.010 -0.011 -0.022 0 .325 0.275 0.)00 
1.75 0.027 0.012 -0.01) -0.026 0. )75 U.325 0.350 
2.00 0.0)1 0.014 -0.015 -0.031 0.1.25 0.400 0.413 
1.50 0 .025 0.011 -0.012 -0.024 0 . )50 0. )00 0.)25 
0.50 0.012 0.004 -0.005 -0. 010 0. 200 0.125 0.163 
0.00 0.002 0.000 - 0.001 -0.00) 0 .050 0.050 0.050 

-0. 50 -0.007 -0.005 0.003 0 .006 -0.050 -0.075 -0.06) 
-1. 00 -0.015 -0.008 0.007 0.01) -ro.175 -0.1 50 -0 .16) 
-1.5U -0.02) - 0.012 0.010 0 .021 -O.27~-. -0.275 -0.275 
-1. 75 -0.028 -0.014 0 .012 0.025 -0.)50 -0.)25 -U . )J8 
- 2.00 -0.OJ2 -O.Olb 0.014 U.029 -0.400 -0.J75 -0.J88 
-1. 50 -0 .025 -0.012 0.011 0.022 -0.J25 -U . 27~ -0 . )00 
-0.50 -0.010 -n .005 0.004 0.008 -0.125 -0.100 -0. 11) 
0 .00 -0.002 -0.002 0.000 0.000 0.000 0.000 0.000 



TEST 1: CYCI.IC SElIIES ~. 

"" dolta 1 d.lta 2 delta ) dolt. 4 theta 12 the~ )4 th.ta2 joint 

iliR!l (inch •• ) (lnch •• ) (lnche.) (inche.) (xIQ-2red.) (xl0- red.) ( .10- rod.) 

0.50 0.006 0.002 -0.00) -0.006 0.100 0.(715 0.088 
1.00 0.014 0.006 -0.007 -0.012 0.200 0.125 0.16) 
1.50 0.022 0.009 -0.011 -0.021 0.325 0.250 0.288 
2.00 0.029 0.01) -0.015 -0.029 0.400 0.)50 0.)75 
2.25 0.0)4 0.015 -0.017 -0.0)4 0.475 0.425 0.450 
2. 50 0.040 0.018 -0.021 -0.040 O.~5f, 0.475 0.573 
1.50 0.028 0.01) -0.014 -0.028 0. )75 0.)50 0.)6) 
0.50 0.01) 0.005 -0.007 -0.01) 0.200 0.15U 0.175 
0.00 0.005 0.001 -0.00) -0.007 0.100 0.100 0.100 

-0.50 -0.004 -0.00) 0. 001 0. U02 -0. 025 -0.025 -0.025 
-1.00 -0.012 -0.007 0.005 0.010 -0.125 -0.125 -0.125 
-1.5U -0.021 -0.016 0.009 0.017 -0.275 -0.200 -0.2)8 
-2.00 -0.0)1 -0.015 0.01) 0.027 -0.400 -0.)5u -0.)75 , 
-2.25 -0.0)7 -0.018 0.016 0.0)2 -0.475 -0.400 -0.438 N 
-2;50 -0.046 -0.022 0.019 0.0)9 -0.600 -0.500 -0.550 N 

-1.50 -0.029 -0.014 0.012 0.024 -0.)75 -0.300 -U.))8 .... 
-0.50 -0.014 -0.007 0.005 0.010 -0.175 -0.125 -0.150 
0.00 -0.005 -0.00) 0.001 0.001 -0.050 0.000 -0.025 
0.50 0.003 0.001 -0.003 -0.006 0.050 0.075 0.063 
1.00 0.012 0.005 -0.007 -0.014 0.175 0.175 0.175 
1.50 0.021 0.009 -0.011 -0.022 O.JOO 0.275 0.268 
2.00 0.0)1 0.014 -0.016 -0.0)1 0.425 0.)75 0.400 
2.25 0.0)6 0.016 -0.018 -0.0)5 0.500 0.425 0.46) 
~.50 0.041 0.019 -0.021 -0.040 0.5,0 0.475 0.513 
1.50 0.027 0.012 -0.014 -0.026 0.)75 0.)00 0.))8 
0.50 0.012 0.005 -0.006 -0.012 0.1'15 0.150 0.16) 
0.00 0.00) 0.001 -0.002 -0.005 0.050 0.075 0.064 

-0.50 -0.007 -0 .004 0.001 0.004 -0.075 -0.025 -0.050 
-1.00 -0.015 -0.008 0.007 0.012 -0.175 -0.125 -0.15U 
-1.50 -0.025 -0.012 0.011 0.021 -0.)25 -0 .250 -0.288 
-2 .00 -0.0)5 -0.017 0.015 O. OJO -0.45U -u. J75 -U.41) 
-2.25 -0.040 -0.019 0.017 0.OJ4 -0.525 -0.425 -0.475 
-2.50 -0.046 -0.022 0.019 0.040 -0.£.00 -0.550 -0.575 
-1.50 -0.029 -0.014 0.012 0.025 -0.175 -0.325 -0. J50 
-0.50 -0.014 -II. WI U.005 0.010 -0.175 -11.1<5 -0.150 
0.00 .. -0.005 -0.00) 0.001 0.001 -1I.05U 0.000 -0.025 



TEST 7: CYCLIC SERrES 6. 

Pv delta 1 delta 2 delta ) 
lli.2!l linch •• } I inch.s} linches} 

0. 50 0.004 0. 001 -0 . (0) 
1.00 0.013 0.006 -0.007 
1.50 0.022 0.010 -0.011 
2.00 0.0)2 0.014 -0.016 
2. 50 0. 041 0.019 -0.021 
2.75 0.048 0.022 -0.024 
).00 0.066 0. 0..."9 -0.0)1 
1.50 0.045 0.018 -0.020 
0.50 0.028 0.010 -0.01) 
0.00 0.017 0.005 -0.009 

-0.50 0.007 0.000 -0.004 
-1.00 -0.00) -0 .004 0.001 
-1.50 -0.014 -0.009 0.005 
-2.00 -0.028 -0.015 0. 011 
-2.50 -O.~ -0.021 0.017 
-2 .75 -0 . -0.027 0.022 
-3.00 -0.075 -0.0)2 0.028 
-1.50 -0.050 -0.020 0.017 
-0.50 -0.032 -0.012 0.009 
0.00 -0.(2) -0.007 0.00) 
0.50 -0.013 -0.003 -0.001 
1.00 -0.002 0.002 -0.006 
1.50 0.011 0.007 -0.011 
2.00 0.027 0.014 -0.018 
2.50 0.047 0.021 -0.0~5 
2.75 0.057 0.025 -0.028 
).00 0.068 0.0)0 -0.0)) 
1.50 0.046 0.019 -0.022 
0. ; 0 0.027 0.010 -0.014 
0.00 0.016 0.004 -0.010 

delta ~ the~ 12 
linche.} 1.10- rod_} 

-0.006 0 . 07~ 
-0 .01 4 0.175 
-0.022 0.300 
-0.0)1 0.450 
-0.040 0. ))0 
-0.047 O.65u 
-0.068 0.925 
-0.047 0.675 
-0.0)2 0.450 
- 0.025 0. )00 
-0.015 0.175 
-0.005 0.025 
0.004 -0.125 
0.016 -0.)25 
0.0)1 -0.600 
0.043 -0.825 
0 .058 -1.075 
0.0)5 -0.750 
0.018 -0.500 
0.007 -0.400 

-0.001 - 0.250 
-0.011 - 0. 100 
-0.021 0.100 
-O.Ol~ 0 . 1;>:; 
-0.052 0.650 
-0.062 0. 800 
-11 . 074 0.9511 
-,1.051 0. n7) 
-U.036 O.I.~5 
-0.023 0.300 

the~ )~ 
t.l0- rod.} 

0.075 
Q.175 
0.275 
0.)75 
0. 525 
0.575 
0.925 
0.675 
0.475 
0.400 
0.:>25 
0.100 
0.025 

-0.125 
-0.)50 
-0.525 
-0 .750 
-0.450 
-0 .225 
-0.100 
0.000 
0.125 
U.250 
0 . 1. ] 5 
0.075 
0.850 
1.025 
0.7.?5 
0.550 
0.32' 

th.~ Joint 
1.10- rods} 

0.075 
0. 175 
0.288 
0.)R8 
0. 5)8 
0.61) 
0.925 
0.675 
0.46) 
0.)50 
0.200 
0.063 

-0.050 
-0.225 
-0·f5 
-0 . 75 
-0.913 
-0.600 
-0.363 
-0.250 
-0.125 
0.01) 
0.175 
0. )75 
0.663 
0. 825 
0.988 
0.700 
0.488 
0. )1) 

• '" . 

I 

N 
N 
00 

I 



Pg delta 1 delta 2 delta 3 delta 4 the!:!2 12 theta2 34 the~ JOint 
1ili!l !inch.s! !inches! ! inches! ! inch •• ! !.10- rods! t.l0- rods! ! .10- rode! 

-0.50 0.005 0.000 -0 .004 -0.016 0.125 0.)00 0.213 
-1.00 - 0.006 -0.005 0. 001 -0.005 -0.025 0.150 0.063 
-1.50 -0.021 -0.012 0.007 0.007 -0.2~S 0.000 -0.113 
-2.00 -0. 039 -0.019 0.014 0.022 -0.500 -0.200 -0.350 
- 2. 50 -0.060 -0.026 0.021 0.042 -0 .850 -0.525 -0.688 
- 2.75 -0.069 -O.oJO 0.025 0.050 -0 .975 -0.625 -0.800 
-J . OO -0.080 -0.OJ4 0.029 0.061 -1.150 -0.800 -0.975 
-1.50 -0.053 -0.021 0.018 O.O)? -0.800 -0.475 -0.638 
-0.50 -0.035 -0.013 0.010 0.020 -0 .550 -0.250 -0.400 I 

N 
0.00 -0.025 -0.008 0.004 0.008 -0.425 -0.100 -0.263 N 
0. 50 -0.014 -0.003 -0.001 -0.001 -0.275 0.000 -0.138 <D 
1.00 -0 .002 0.002 -0.006 -0 . 011 -0.100 0.125 O.01 J I 

1.50 0.012 0.008 -0.012 -0.024 0.100 0.300 0.200 
2.00 0.0)2 0.015 -0.020 - 0.039 0.425 0. 475 0.450 
2.50 0.053 0.023 -0.027 -0.058 0.750 0.775 0.763 
2.75 0.064 0.028 -O .OJO - 0.069 0.900 0.975 0.938 
3.00 0.074 0.0)2 -0 .034 - 0.078 1.050 1.100 1.075 
1.50 0.052 0.021 -0 .023 -0 .055 0.775 0.800 0 .788 
0.50 0.0)2 0.012 -0.015 -0.038 0.500 0.575 0. 5J8 
0.00 0.021 0.007 -0.010 -0 .029 0.350 0. 475 0.413 



TEST 7: CYCLIC SERIES 7. 

Pw delta 1 delta 2 delta 3 delta ~ theta 12 theta 34 theta2 Joint 
ill!!!l (inches! (inche.! (inch.o! ( inches! (xl0-2rad.! txl0-2rado! (xl0- reds) 

0.50 0.028 0.010 -0.014 -0.035 0.450 0.525 0.488 
1.00 O.OJ? 0.014 -0.017 -0.00 0.575 0.650 0.613 
1.50 0.046 0.018 -0.021 -U.051 0.700 0.750 0.725 
2.00 0.055 0.023 -0.[,25 -0.060 U.800 0.875 0.838 
2.50 0.064 0.027 -0.;))0 -0.069 0.925 0.975 0.950 
3.00 O.O?) 0.031 -0.034 -0.078 1.050 1.100 1.075 
3.25 0.078 0.034 -0 .0)7 -0.084 1.100 1.175 1.138 

I 3.50 0.092 0.040 -0.04) -0.098 1.300 1.375 1.338 N 2.50 0.078 0.033 -0.11)6 -0.084 1.125 1.200 1.163 w 
1.50 0.062 0.025 -0.028 -0.068 0.925 1.000 0.963 0 
0.;0 0.00 0.016 -0.020 -0.050 0.675 0.700 0.688 I 

0.00 0.032 0.011 -0.015 -0.041 0.525 0.650 0.588 
-0.50 0.020 0.005 -0.009 -0.029 0.)75 0.500 0.438 
-1.00 0.009 0.000 -0.004 -0.017 0.225 0.325 0.275 
-1.50 -0.010 -0.007 0.003 -0.003 -0.075 0.150 0.038 
- 2.00 -0.032 -0 .0i6 0.011 0.025 -0.400 -0.350 -0.)75 
- 2.50 -0.057 -0.025 0.021 0.046 -0.800 -0.625 -0.713 
-3.00 -0.081 -0.034 0.0)0 0.063 -1.1 25 -0.825 -0.975 
-3.25 -0.093 -0.040 0.0)6 O.O?? -1.325 -1 .025 -1. 175 
-3.50 -0.105 -0.045 0.042 0.U92 -1. 500 -1.250 -1.)75 
- 2.50 -0.089 -0. OJ? 0.034 G.076 -1.300 -1.050 -1.175 
-1.50 -0.072 -0.028 0.02? 0 .061 -1.100 -0.850 -1l.'1/5 
-0.50 -0.05) -0.019 0.018 0.043 -0.850 -0.625 -0.738 
0.00 -0.042 -0.014 0.01~ 0.0)0 -0.700 -0.450 -0.575 



PI dolta 1 delta 2 dolta ) delta 4 the!:!;z 12 the!:!;z )4 th.!:!;z Joint 
.!.l!!.Il!l !Inch •• ! linch •• ! Iinch.s! I inches! 1.10- rod.! ~xl0- red.! 1.10- rada! 

O. SO -0.0)1 -0.008 0.007 0.020 -0.575 -0.)25 -0. (SO 
1.00 -0.017 -0.002 0.001 0.008 -0.375 -0.175 -0.275 
1.50 0.00) 0.005 -0.006 -0.007 -0. 050 0.025 -0.0)8 
2.00 0.028 0.014 -0.016 -0.029 0.)50 0. )25 0.375 
2.50 0.056 0.02R -0.027 - 0.059 0.700 0. 800 0.750 
).00 0.081 0.0)6 -0.037 -0.084 1.125 1.175 1.150 
) . 25 0.092 0.0(0 -0.042 -0 .095 1.)00 1.)25 1.)1) 
).50 0. 10) 0.0(5 -0.046 -0.105 1.4SO 1.475 1.(6) , 
2.SO 0.089 0.0)8 -0.039 -0. 091 1.275 1.300 1.288 N 

w 
1.50 0.072 0.0)0 -0.0)1 -0.075 1.050 1.100 1.075 .... 
O.SO 0.051 0.020 -0 .022 -0.056 0.715 0 .850 0.81) , 
0.00 0.039 0.011, -0.017 -0 .046 0.625 0.725 0.675 

-O.SO 0.020 0.008 -0 .010 -0.0)) G.3OO 0.575 0.08 
-1 .00 0.012 0.002 -0.004 -0.019 0.250 0.)75 0.31) 
-1.50 -0 . 011 -0 .007 0.00) -0.002 -0 .100 0.125 0.01) 
- 2.00 -0 . 041 -0.018 0.014 0.02) -0.575 -0. 225 -0.400 
-2.SO -0 .070 -0.0)0 0.026 0.054 -1.000 -0.700 -0.6SO 
-) .00 -0.095 -0 .040 0.037 0.079 -1.375 -1.050 -1 .213 
-3.25 -0 . 104 -0.045 0.041 0.090 -1 . 475 -1. 225 -1.350 
-).50 -0 . 115 -0 .050 0.045 0. 101 -1.625 -1.400 -1.513 
-2.SO -0.097 -0.040 0.037 0.084 -1.425 -1. 175 -1 .1()() 
- 1. SO -0 .CY78 -0.0)1 0.029 0.063 -1 . 17; -0.8SO - 1.(\1) 
-0.50 -0.059 -0.021 0.020 0.049 -U.950 -0.725 -0.8)8 
0.00 -0. 04& -u.016 0.014 0.0)6 -0.800 -0. 550 -0.f.75 



c 
c 
c 
c 
c 
c • 
c: 
c: 
c 
c: 
c: 
c 
c 
c 
c 
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APPENDIX 7.2 

Semi-Rigid Analysis Program Listing 

P,~o9,.. .. mm.'<\. 

Director' 

Purpos •• 

P R PORTAL 

VAX FORTRAN V4.~-21~ 

O&ryl L. E~t"som t.t C. Thorn_. Join 
D.p.rtmiint of elv! 1 Ensine~t"ins 
W ... h1ngton Wnl " e,·sity. Sit. Lout •. 

Ff"Qfessor Thom,aa G. Ha.t·~c r. 

O .. p.,.-tm.-nt of C1Vll EnS l niilir' lns 
Wa.shington Unl ", .,·slty. St. LOW1 •• 

c An.lysi. of Ii. s l mpl :, pLnniic 
c col\ooUnn port .. l fr· ~m. wl~h 
c par- t ially I'" lSld b."m-column 
c connect ions unc&,- t hli .ff~ct OT 
c varying g'·"Vlty and c ycll.c~l ly 
c var:.'ing l.ta,..al lo.ds. 
c IncCtJr'F'cr.&te ... '::::OI.,nQct l:n 
c:: mom • .,t-,·ot.ation h :t .. tar·e~ls modit~ . 

c: d.v.~cp.d in 
c SEMI-RIGID CONNECTIONS UilOEr:\ 
c VARYING GRAVITY ANO C'{CLICALL'( 
c: VARYING LATERAL LOI'CS. 
c O. L. £~,...om. 
c M.ste,.. of Sciene. Th.S1S. lC;Sh 
c Oepartment' of C1Vll EnginetH·ins • . 
e: W •• hlngton Univer~lty. St~ LOU1S ~ 

e: Missouri 03130. 

e: Th. moment r"ot.t ion curv. 0'; th •. 
e: e:onnect 10n must be 91 ".n .'5 .. 
c func:t l on 0'; rotAtlon. The 
c: 
C 

C 

C 

C 

c: 
c 
c 
c 
c 
c: 
c: 
c 
c 
c 
c: 
c 
c: 
c • 
c: 
c: 
c: 
c: 
C 

Subr"outine. 

sr&vity lo&d mu.t b_ Applied 
first ~nd then held constant 
with the cycllc 1.te,...1 lo~d 

.. pplic.tlon. 

9/21 / :36 
10/13/86 

INITIAL_VALUES 
!oj_LOADER 
P_LOADER 

Set ... p 
COlnp i 1 ed 

ASSEMBLE INC LOADS 
ASSEMBLE-STIFFNESS 
CALC_I NC::O t SPLACEMEr.,lTS 
FULL_SOLVER 
CALC_INC_MEMBER_ENO_ACTIDNS 
TCTAL_ME~BER_ENO_ACTIDNS 

TDTAL_OISPLACE~ENTS 

CONNECTION 
r1CM£NT MI=.Gi\fIFICATION 
UNBALANCED MOMENTS 
CHECK_UNBALANCED_MOMENTS 
REITERATE 
NONCONVERGENC£ 



,.' .... 
m 
(::> 
, 1 

c: 
c: 
c: 
c: 
c: 
c: 
c: 

c: • 

Funct Ions 

I / O Device. 

-233-

OUTPUT 

FUNCTION_M 
FUNCTIONJ 

c d.cl~~.tion o~ &11 v.~i.blR5 us.d 
c: 
c WDm~C:"Q .l: Fl~9 for cOtr.Flitt i on of dl~t ri blJt.o lead &pp lic2;(!on. 
c F:'C~C:=I). 1: F l .g TOt· comp l il t 10n of : y C: ll c I . ta,.. . l l OAd a pp i. .l. e .H". 
c 1=--0 .11: It ..... tlon Index for aach lOAd lnct" ilr.ian t. 
C C-3.4: Connect i on lnde :< for K23 ~ K4~ r • • p.cti v .l y . 
c SAL-O,l: Flag denotlng i';; unbal.ncRd f Or' ce • .1"11 wi th !. ,.. acc .ptab':'~ 

c l i mits. 
c ~;;OQ=I), 1: FloAg def'\otlns whether re i ter . tlcn l ~ & ll ow~d o r ~;h.t 1.r 

C Ita,".tlon lim i t n .. s b."n ."c~.c.d . 
c M-O,!: Flag denoting & load increment e yel • . 
c j\l~WLC':;O.STPTEMENT NO. 100: Beginn i ng c ': .. n lncr .m.nt ~l lo =~ ~ppl . 

c LuOF.:n~TEMENT NC. 20 (>: Beginn i ns of t "',. i t ar·~tlon l o ap . 
c: E :< IT- :: TATEMENT NO. JI) t) 
c PRINT=-O . 1: FlAg d.not i n9 whether" cr nc: t Ot.l tput l ' to be pf'tnc. ,,: . 
c: 

c: • 

INTEGER WDONE. POONE. I. C. SAL. REDO. M, 
• ~EWLOAO. LOOP. EXIT. PRINT 

ASS IGN 100 TO NEWLOAO 
ASSIGN ~OO TO LOOP 
ASSIGN 300 TO EXIT 

TYPE 0 , ' CI'Rj'ORTALJ' 
C~ll INITIAL_VALUES (WOONE.I'DCNE,C.BAL , REDO ) 
TYPE •• t ••• • •••• ~.* ••••• CUTFUT FC~~AT ~.* •• •• • • ••• * • • • ' 
TVPE _, t LOAD CYCLE. " t DISTRISUTE: LOAD. '. ' LATERAL LOH~' 
TYPE o. ' MEMBER END ACT! ONS Ar1 <1-5 ) , 
TYPE 0, ' RELATIVE DISPLACEMENT DC (31. OC (4 ) ' 
TYPE o. ' DISI'LACEMENTS O(I-~)' 
TYPE • • ' AXIAL LOADS Vl. '. ' V'2. t • • CONN. STIF'FNESSES 1<:.2 3 . lo( 4~ 1 

100 IF (WeO/IE • EQ. 0) THEN 
CALL W_LOAOER (WDONE.PRINT ) 

ENO IF 
IF «WDC'IE . Eel. 1 ) . AND. (PDONE • Ec! . 0') THEN 

CALL P_LOADER (POONE.PRINT ) 
END IF 
IF «WOONE • Eel. 1) • AND. (POONE • Eel . 1) THEN 

GOTO EXIT 
ENO IF 

c • Sat ite~Ation And lOAd increment ind1cies to O. 
1-0 
M=O 

c ChAnge e;.cte,-nAI inc~.mentAl lOAd, to Cornb i ned Jo i nt LOAd Vector. 
c including unbAlanced force. if Any. 

CALL ASSEf1ELE_INC_LOADS 
200 CONTINUE 
c: 
c: 

c: 

Revi •• di~.ct stil~nlilss mAtrix ~O'" C:Alculated c hAnge i n connectlon 
sti4=Tnass. 
CALL ASSEMBLE_STIFFNESS 
00 di~.ct stiTTn •••• n.ly.is TO'" increment.l d isplAcament. 
CALL CALC_INC_D ISFLAC~M~NTS (WOONE , PR INT) 



c 
c 

c 

c 
c 
c 
c 
c 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
c • 
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C~lcul.t. incremental member end .etten. from member .tLff" ••••• 
.nd Incremental dLsplacement •• 
C~ C~C_INC_M~SER_END_ACTIONS iW DONE ) 
Sum tet.l dl.placement •. 
CALL TOTAL_DIS?LACEMENTS 
Sum total rnemb.,. .nd actien •. 
CALL TOTAL_MEMBER_END_ACTIONS (WDONE) 
If .. n .... lo.d increment is being _ppl1ild. then find tn. rncrnent 
m_gnificatlcn due to lataral dispacement and co lumn lI" lal load; 
to d.termlna direction o~ forces and to obtain ." adaquate maS
nltude before •••••• Lng connectIon '.Jnbaianced ';o",c •• and new 
.tITi" •••••. 
IF (M .EQ. 0 

CALL .,-1 
r ... EN 

"OI".ENT Jll'Gt<lF I C;lTl ON (N) 

GOTO LOCP 
END IF 
:F (PRINT .EQ. II THE1l 
TYPE '. I 
E:"JD IF 
Set connecttcn loaa:: for connec t len 1<:3. 
c·~ 

C. IF (FRINT .C:I~ . l ' ThEh 
C. TYPE ' . C 
C. END IF 
c 
c 

Flnd unbal.nced forces 1n connact 10n d..le to pr· ..... ' lou.l ' u ... d 
ta"sentlai .tlT~n ••• ~nd r.Vl~. ta"s.ntlal 'tlr.n •••. 
C"'LL CONNECTION IC.PRINT.I) 

c Set connect l0n lndeM for connection K4~. 
C-4 

C. IF IPRINT . Eu . I) THEN 
C. TYPE '. C 
C. END IF 
c Rapeat for conn~t.ion K4~. 

CALL CONNECT'ON (C .FRINT.I) 
c Calcul.Ate and update JOlnt 2 & :3 moment rtiAgnlTlc .. tlQn r~e.l...-ln'3 .:,.,,'" 
c column a H1al lctld <And new displacement .IS .In a "' pr"c;c ir,,atlcn ".J tt':. 
C lnstabllity •• f.=ts. 

C"'lL MCNENT~I>GNIFICATION (M) 
c Sum unbalanced f~rc •• from conrectlons and memont magnlflc ~~ lon. 

CALL UNB~ANCED_~OMENTS (PRINT ) 
c Check to ••• lf unbal.nced forc ••• re wlthin acceptable 11 HrS . 

C;lLL CHECK_UNe~~NCED~OMENTS I ~AL) 
c If unb .. lanceC3 fo,"c.s a,... acceptably small. the" output ,.. •• ·.: t. 
c and call fo,.. a n.w load increment to be .app ll.d. I f not. ch .. ng~ 
c unbal.nc.d fo,..c •• to .)(t.,..".l jOint loads .lind ,·.ite,..at. un: ••• 
c nave awee.dad the numb.,.. of it.,...t1o". allowed. 

c • 

IF (BAL .EO. I) THEN 

ELSE 

END IF 

CALL OUTPUT (PRINT) 
GOTO NEWLOAO 

CALL REITER"'TE II.REDO ) 
IF (REDO .EO. I) THEN 

GO TO LOOP 
ELSE 

CALL NONCONVERGENCE 
END IF 

300 STOP' CGOOD BVE ! J' 



.J 
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END 
c 
c ••.•.••.•• .• ••••••.•••.•••••.•••••••. • .•.•••••••.•.•.• •• .•• ••. .• .• .•..... 
c 

Subroutln. INITIAL_VALUES (WDONE.PDONE.C.eAL.~EDO ) 

F\.~1.4 L, H. E. lB. IC. 511. 512, 51~. 514, Sl~1 5=1 . s-:~. 
• S~3. 5=4. s:~. 531. 53:. 533. 534. SJ~. S~l. 54:. 543. 544. 
• S~~. S~l. 552. S5~. 554, 5:5. WSTEP. PST~P. w. P. O~P. OPt 
t! NEWV3. NEWV4. V:!. Vol, WMAX. PMAX, INCW. INCP. P _ADD . P _C·'CLE. 
• INC_AJ(5), I NC_At'!L (:5> • IiJC_QC ( ~ ) . AM ( :5 ). HlC_O ( ~ ). 0(::). 
• AJ (5 : . UNBL_A J(5) , INCJ'MA(::!) . INC_<oMB ( : ). WC_olMC(:) . 
• K~. ME. CEo MY. K:3, ~~~, LASiCM(3:4 ) , L"SiOC\J:~ ) . 
• ;:JSMA~CMC3!4). FQSMAXOC f3:04). NEGMA:':C!'1 ( 1:'; ; . NE3MA.<CC (3:" 1 
• TPOSMAXCM(3:4). TPOSMAXOC (3:4 ) . TNEGMAXCM ( 3:~). TNEGMAXDC 1 =:~ ) . 
• DC(3:4). DR (3:4). POSDR (3:4). NEGDR C3:4l . CM(:!:4 ). ~C:l:4). 

• UNBLCM(J:4). UNBLV3Dl . ~JBLV4Dl 
Integer POONE . WDONE. N· C. Z· ~EDO. SAL. ~R(J:~ ) 
C",.mon IGEOMETRYI L. H. E. lB. IC 
CaMmon IW_L~OI W. WMAX . WSTEP. INeW 
Cwmman IF' _LOAO; P. P _CYCLE. PSiEP , INC? ;:_':'00. pr";,x . N 
Common IRIGICI 511. 51= · 513 . S14. S~~. ~ • . ' 5::. 3:3. s:~ . 

• S:5 . 531 . 53:. ;33. S~4 . 535 . S~l , S~~ · ;~~ . S4~ . S~~ . S~l. * S~~. 553. S~~ t ~=~ 
Common ISFR1NG/ K:!:'J. 1(4~ 

Common "'EW_CONN_STlFF I K 
Commen ICONNECT I OR?', OP. KE. ME. OE. MY. 

• oe. CM. LASTCC. L~STCM. OR. POSOR . NEGCR. 
• PCSMAXCM. POSMAXDC. NEGMAXCM. NEGMAXDC. 
• TPOSMAXCM. TPOSMAXDC. TNEGMAXCM. TNEGMAXDC. FR 

Common IA 'UALI '13, '14 , NEWV3. NEWV~. UtJ8LV301 t UNSLV401 
Common ILOAOSI IfI,C_AJ. WC_AMl.. INC_~C INC_AMA. 

• INC_AMB. INC~MC. AJ. AM. UNBL_AJ. UN6LCM 
Common IDISPLACEI D. INC_D 
L-:;:4.0EOO·l:!.OEOO ' FRAME DESCRiPTION: L- BEAM SF·N . 
H-12 . OEOO ' 12. OEOO H- HE IGHT . 
E-29000.0EOO E- YOUNG'S MO~. 

~ . moment of inertl. of b.am IS .nd ~o lumns IC 
1&-216.0£00 I WEAK BEAM .... 14xJO. I-:-? \ln ""4 Mp-L 1"~j.o 1p .1n 
l(a144.0£.)O I HVV BEAM w:~ _; :n, t-301 1) 1n •• 4 Mp-15. 7:(~ IF'''ln 

c . Accept • • IBt IC I COLLJr1N W1 C :: :~. I-1441n-.4 Mp-1J971..1p·qn 
Sll-3.0EOO *E-IC/H/H, H I "EMfER ST IFFNC:;;: 
Sl:-J.OEOO*E.ZC/ H/H I CCE~FrCIENTS 

S;J-o.OE"O 
Sl~-o.OEOO 

51:5-S12 
5 2:1-512 
S~·3_0EOO.E . IC/H 

S23-0.0EOO 
S24-0.0EOO 
S25-o.0EOO 
S31-o.0EOO 
S32-o.0EOO 
S33-4.0EOO· E·IB/L 
S34-2.0EOO - E-IB / L 
S35-o.0EOO 
S41-o.0EOO 
54:-0.0EOO 
S4J-S:I4 
544-533 
545-0 . 0 EOO 



( , 
~ 

c 
." 

S~l:ll51:: 

552-o.0EOO 
S~zO.OE·)O 

S:54z0.0EOO 
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s:r:;-SZ2 
IOSTE!'-o.OEOO 
PSTEP=O.OEOO 
W=C.OEOO 
P=O.CEOO 

LOADING PI\RI'METEilS. SEE SUBROUTINES W LOAGE~ 
, :. P _LOADER FOR VARIABLE DEFINITIONS. -

POONE-" 
WOONEaO 
WMA~zl.vEOO/ 6. 0EOO 
PMAX:s~.~OO 

c • Accept • • WMA l(. F'MAX 
INCw.WMAXIIO.OO 
INCpaPMAX / 40.0EOO 
N-t 
P ADD-PMAX/:5. 0EOO 

c • Accept .. . P _AOD 
;: CYCLE-P ADO 

c • 

C;() -
ro Z-l.~ 

END 00 

INC_":'J ( .:) a l). ;)EOO 
INCj,ML ' I)-·) .OEOO 
rr-,jC_~C C:) a,). OEOO 
AM (X) - C . OE.).) 
INC_D<Z l -O.OEOO 
DCZ )z(\ . OEOO 
AJIl ) -O.OEOO 
UNBL_A,l ( Z ) -0. OEOO 

00 Z-I.2 
INC_AMACZ)-O.OEOO 
INC_AM9 CI)-0 . OEOO 
INC-?MC CZ) zO. OEOO 

E:'JO DO 
I(E·J.6716.tEO~ 

Me-242. J::8EO" 
DE-O.0001EOO 
M,(·7~O.Oe:OO 

Acc.pt •• KE. ME. DE. MV 
K:::'3a l(E 
K 4~·I(E 
00 I-3.4 

LASTCMCI)-O.OEOO 
LASTOC (Z)-O.OEOO 
PDSMAXCM(Z)-O.OEOO 
POSMAXDC (Z)-O . OEOO 
NEGMAXCMCZ)-O . OEOO 
NEGMA XDCCZ)-O.OEOO 
TPOSMAXCMCZ)-O.OEOO 
TPOSMAXDCCZ)-O.OEOO 
TNEGMAXCMCZ)-O.OEOO 
TNEGMAXDC CZ)-O.OEOO 
DCCZlaO.OEOO 
FRCZ)-O 
CR(Z }·O . OEOO 
P05CR CZ)-O.OEOO 
NEGCR (Z)-O.OEOO 
CMCZ)-O. OEOO 

DECLARED ARRAYS 
WITH INDICES 3 AND 4 

IT'S AN INTEGER 



c 
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K (I) -0. eeoo 
UN8LC~(Z)-o.OEOO 

.END DO 
ORPSO.05:00 
DP-O.OEOO 
NEIo/\,"3-o.0EOO 
NEWV4-0.0EOO 
VJ-O.OEOO 
V4-0.0E')Q 
UNBLVJD1-0. 0EOO 
UNBLV401-0.OEOO 
REDC-o 
BAL-C 
~.tlJrn 

End 

c: .. .. . ..................... ... .... ....... ... ........... .. .................. . 
C 

c 
C 

C 

C 

C 

C 
C 

C • 
C 

C 

" C • 

C 

C 

c • 

c . 

c 

Sub~out 1n . W_LOAOER (WOONE.PRINT) 

VARI':>LBLES: 
woo :£-0 . 1 
_MA X3l Slven 

INCl.o:-gl".n 

W .le. WMAX 

.:. fl Ag foor" ccn p let len 0'" dlSt,' l but .o l~.a. 
Tn. Maxi mum d;~trlb~t.d load to be .uOll.d 
to the b ... m. 
The lncr.m.nt~l dlstrlbuted lc.a to be .~pl~ .: 
.t •• ch load step. 
Tn. incremental di.trlb uted lOAd to be appll.c 
.nd balanced at th is part i cular lo.d ctep. 
Th. cur",.nt value o f. the distt~ Lbut.d load. t ·) 
be incr •••• d by WSTEP. 

! I I II t ! ! ! ! ! ! ! ! ! ! ! ' ! ! j I ! I ! ! ! 

R •• l.4 W. WMAX. WSTEP . {NeW 
Inte9er WDONE. PRINT 
Ceme,en I W_LDAD I W. lOMAX. WSTEP. INCW 

Il :W .LT. WMAX ) then 
WST&:P-INCW 
PRINT-1 

WST&:P-O 
WDONE-l 
PRINT-1 

End tf 
W-W+WSTEP 
Return 
End 

c .. .. .... . ...... ... ....... .. ........... ...... .. ....... ... ............ ..... .. . .. . ................... .. 
c 

c 
c 
c 
C 

c 
c 
c 
c 

Subreutine P_LOADER (PDONE.PRINT) 

VARIABLES: 
POONE-O.l 

PMAX-glven 
INCP-g iven 

PSTEP-·- INCP,O 

A flAg for tne completlon of tn ••• rl •• 04 
CyCllC~l lAter.l lOAd .ppl icAtlon . 
Th. maximun lAtera l lOAd ' to be cycled. 
The lncremant.l chAng. in F, the l.t.r a l lOAd, 
at .ach load .tap .. 
Th. lead _tap to be applled And b.l.nc.~. 



c· , ... 
0" ... 
b 

c 
c 
c 
c 
c 
c 
c 
c • 
c 

C • 

N-1-7 
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;'n lnde x wh icn counts the numb.r~ o f l .. t e ,· a l 
l ead cycl., . 

P_CYCLE .LE . PMAX 
P _AOn-g i v en 

: Th& current magnltude 0+ • • c h cycla. 
Th. d i fference betwe.n suee.S1 Y. l o a d cycl e , . 
The current value of the lateral lead . F' .Ie. F'MAX 

PRINT Dutput n.,S . 

! l ' '!! ! !! ! ! ! ! !! ! !! ! ! 

R."lo4 P . P_C '(CLE. PSTEP. INCP. P_ADD. P~lAX 

Inteser N. POONE. PRI NT 
Common IP _1..0AO I P. P_CYCLE . PSTEP . INCF'. F_AOD. ?MAX. N 
I f «MOC HI.: ) .NE . . :.) .AND. (N .LT. 7» t h~" 

End if 

PF: ,a·.jT-,) 
H (ABS (P_C,(CLE-P ) .GT. O. OIEOO) t h.., 
I f (P .LT . P_CYCLE ) than 

PSTE?-INCP 
P-P+FSTEP 

else 

End if 
I ~ « 1. 00 EOO-ABS CF' ) / P_CYCLE ) . L T. (i . ~ lEO('I ) t n." 

FF. I NT-l 
End d 

H «MOD(N .;;:) .EG! . 0) .AND. (N .LE . b » then 
PRINT-O 
If (ABS (P+P_CYCLE ) .GT. O. OIEOO) t hen 

c • If C? . GT . -P_CYCLE) th.., 

End j f 

. 1 •• 

End If 

PSTEP--INCP 

PSTEP-INCP 
P-P+PSTEP 
IF (N • E'~. b ) THEN 

P--P _CYCLE 
END IF 
N-N+l 

If «l . OEOO-ABS (P)/P_CYCLE ) .LT. O. OIEOO) tnen 
PRINT-I 

End if 

If (N .EG!. 7) then 
PRINT-O 
If CABSCP+PINC) .LT. O. OIEoo) then 

PRINT-I 

El,. 

End If 

PSTEP-PINC 
P-P+PSTEP 
H CC 1.0EOO-ABS CP_CYCLE )/F'MAX ) .LE. O. OIEOO) t hen 

PDONE-I 
El •• 

End If 

P_CYCLE-P_CYCLE+P_ADD 
N-I 

PRINT-O 
PSTEP-INCF 
P-P+PSTEP 



.. 
~ 

•• 

c: 
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End 11-
IF ((N .EO. 1) .OR. (N .EC. 2» THEN 
PRINT-l 
END IF 
IF (A9S(P) .LT. 0.1£(0) ~EN 
PRINT-1 
END IF 
IF (C1.0E')O-(P_CVCLE/PMAX» .LT . a.01EO") THEN 

PRINT-I 
END IF 
RatUt"'n 
End 

c ................................................. . ........... . .. . ... ... .. . 
c: 

Subt~Owt lne ASSEMBLE_INC_LOAOS 
R •• 144 INC_AJ(~ ) . FSTE:P. I NC_AML (!i ) • WSiEF. L. InC_AC e!; ; . 

,. INC_AM:' C:: > . INC_Ar.r :: ) . INC_AMC (::: , . AJ ( ~ ) . Ai"I ' ~ ) . UtJS-L_~J ( ,! ; . 

• UN2LCM(J:';). W. WM.e. X. I NC;"', p. F' C':"C~E. INC? r_A:'IO. FM;:' ;.(. 
II H. E. lB. IC -

Int.s .... Z. 
c • unu •• d common lntesers 

II N 
Common ILOADSI INC_AJ. INC_AML. INCJlC. INCJlM". 

• INCJlMB. lIlC_AMC. "J. AM. UNEL_AJ. UNaLC11 
Common IW_LOAOI W. WMAX. WSTEP. INCW 
Common IP_LOADI P. P_CVCLE. PSTEP. INCP. P_ADO . F'M':'X. N 
Common IGEOMETRVI L. H. E. lB. IC 
INC_AJ (1) -PSTEP 
00 Z·2.~ 

INCJlJ(Z)-O.OEoo 
END 00 
00 Z-1,2 

INC-PML(Z)-O. OEOO 
ENO 00 
INCJlML (3 ) -WSTEP-LoL/I2. OEOO 
INCJlML(4)--WSTEP-L·L/1~.OEOO 

INCJIML(~)-O.OEoo 
00 Z-l.:5 

INCJlC (Z) -INC_AJ (Z) -1 NCJlMl. ( Z . 

END 00 
C IF (PRINT • Eel. 1) THEN 
C TVPE -. • INCJlC-' 
C TYPE -. INC_AC 
C END IF 

RETURN 
END 

c: 
c ............................. . ......... . ..................................... .. ........................ .. .... .. 
c: 

Subroutine ASSEMBLE_STIFFNESS 
R •• t.4 5(:5.5). S11. S12. 513. 514. Sl:5. 521. S-:2. S23. S:!4. 

• S~I 531, S:JZ, 533. 534. SJ~. 541. S4~. 543. 944. S4:5. S:51. 

• 5:52. S:53. S~4, S:5:5. K~J. K4:5 
Comman IRIGIO I 511. 51:. S13. 514. Sl~1 5::1. s::. 523. 5:4. 

• 525. 531. 5J2 . SJJ. 534, 53:5. 541. 54.2 . 543. 544 , S.:.~ . 55 L. 

• 5:52. 5:53. 5:54. S:5:5 
Common ISPRINGI K~J. K4:5 
Common 15T1FF I 5 



c:' ... 
(T • ... 
' .. 

c 

S(1.1)-2.0EOO-Sll 
5 ( 1.2) -Sl:: 
5(1.3)-513 
5(1.4)-514-
5(1.:5)-Sl~ 

5(2.1 ) -SZl 
5 (2. 2) -S::2+1,C':::; 
5(2t'J)-S=J-K~:J 
S ( ~.4)-S:4 
S(::!.5)-S=:~ 

5(.3. U-S:H 
S CZ. 2 ) -S'3'2-K=J 
S eJ.3 ) ·S3:3-.{:::J 
5 Cl. 4) -5J"-
5 (J.5)·S3:5 
S ( 4.1 ) -S~1 

S(~.2 ) -S~Z 

5 t 4 . 3)·$4:3 
S ( 4.4 ) -S44 ... K4:5 
5(4.:5)·54:;-,, 4:; 
S ( ~.1)-S~l 

5 ( :5.~ )-S~~ 

St~.3)-S~:J 

5 ( :S.4 ) -S~4-1.: 4~ 

5 (:5.:5 )-S:5:5+10:4:5 
RETURN 
END 

c: •••••••••••••••••••••••••••••• • •••••••••••••••• • ••••• • •••••••••• •• ••••••• 
c 

Subroutlne C~LC_INC_DISPLACEMENTS (WDONE .PRINT) 
R •• t-4 S(:5.:5 ) . INC_AC(:5 , . INC_DCS ). A(2~ ), DET. 8(:5.1). AC ( :5 ) . 

c • unus.d common r •• l. 
.. 0(:5). INC_AJ(:5). I NC_AML (:5) • INC_AMA(2 ) 1 I NC_o,MB (2) • 
• INC AMC(2). AJ ( ~). AM(~). UN8L AJ (5 ) . UNoLC~ ( J:~ l 

Int.ger WDON~ . Z. Y. X. L (5). M(~). PRINT 
Common 10ISPL~CEI O. INC_O 
COfMtQn ISTIFF I S 
Common ILOADS: INC_AJ. INC_AI'IL. INC.-AC. INC_AMI<. 

• INC.-AM8. INC_A~C . AJ. AM. UN8L_AJ. UN8LCM 
00 Z-l.~ 

A(Z)-C. OECO 
END 00 
OET-O.OEOO 
00 2·1.~ 

END 00 

L(Z)-O 
''''Z) -0 
8(Z.1)·O.OEOO 
INC_D(Z )·O .OEOO 

c • Type ' . • INCREMENTAL NODAL FORCES I NC_AC (~K 1) :' 

00 Z-1.:5 

c • 

END 00 

00 V-I.:; 

END 00 

X-5- (Y-l) +Z 
A( X).S<Z . V) 

Typ •• , INC_~C(,Z ) 
S(Z,l)-INC AC(Z) 
AC(Z)-AC (Z)·INC_AC (Z) 
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C IF (PRINT • EO. tl THEN 
C TYPE '. • ~JOOAL FORCES AC (~:: lJ :. 
C TYPE '. AC 
C END IF 
c Type -, ' STIFFNESS 5 ( :;x:;) :' 
c Type •• 5 
c Type «, ' FULL STIFFNESS A(~) :' 
c Type •• A 

C.ll FULL SOLVER(~.~.OET.L.M.2~ ) 
c Typ" ., '-INCREMENT':'L NODAL OIS?LACEMENTS INC_O { ~ )I' : ) ., 

00 Z~l.~ 

c 

00 Y.l.~ 
X·~"' (Y-l) .. Z 
INC_D ( Z ) -INC_O (2).A ( X) "S (Y . 1 ) 

~ND 00 
END 00 
IF (WOCNE .EO. 0> T"EN 
INC_D ( 1 ) ~O. OEOO 
END IF 
Return 
End 

c .••.. . ...•.....•...•..•... . .......•••...•.•.....••...... . ... . .• •. .. 
c 

SUS~OUTINE FULL_SOLVE~ C A.N.O.L.M.NN> 
OIMEiolS:CN ~ ( NNi .L i j.l ) .M CN ) 
0-1. 0 
NK--N 
00 80 K-I.N 
NK-NK·N 
LUC ) ·P; 
M (K)-K 
KK-N"'·'" 
SIGA-ACKK) 
DO 20 J-S(.N 
I ZaN"- (J-1 ) 
00 20 I-K.N 
IJ-IZ+1 

10 IFC ABS (SIGA ) - ASS , A CI;»1 1~.20.;:O 

I~ BIG"-ACIJ) 
L (I() ,. 1 
M O( ) .J 

;:0 CONT:NUE 
J-L(;.{) 

IFCJ-K) 3~.3~.2~ 

2~ K I-K-N 
00 30 I-I.N 
KI-KI+N 
HOLD--A (K I > 
Jt-K l-K+J 
A (KI ) -A(JI> 

30 ACJI) -HOLD 
35 l-M on 

IFCI-K> 4~.4~.3B 
39 JP-N.{t-l) 

00 40 J-l , N 

JI-JP.J 
HOLD--A UK ) 
A ( J1U -A ( J1) 



... 
.. ~ 

c 

40 A LH) -HOL.O 
4~ IFIBIGA) 48.40.48 
46 0-0.0 

RETURN 
48 00 ~~ I-l.N 

IFII-K) ~O.~~.~O 
:50 IK-NJ.{ ... r 

A (IK)=A(IK)/I -8IGA) 
~~ CONTINUE 

0065 ral.N 
IkaNK+t 
~OLDsA (IloC ) 
IJ-I-I'J 
00 b~ J-l,N 
tJ-IJ+N 
IF(I-~) 60.65.60 

60 tF(J-~) b=.65 .u~ 
b~ KJ-tJ-I+1( 

A(IJ)·HOLO·A CKJ ) +A (tJ) 
b~ CONTINUE 

KJ-KJ ... N 
IF ( J-K) 7Q.7~.70 

;0 A ( KJ)-A (KJ) / BIGA 
7~ CONTINUE 

D-o.-aIGA 
A iKk) .1. 0/81GA 

80 CONTINUE 

10(1 l(-d(-l) 
IFIK) 1~0.1~0.10~ 

10~ I-L.IK ) 
IF II-K) 120.1::00108 

l OS JQ-N- 0(-1) 
JR-N. ( 1-1) 

00 11 0 J-l.N 
JK-JQ+J 
HOL.O-A IJK ) 
JI-JR+J 
A ( JK ) --A I JIl 

110 A I JI) =HOL.D 
120 J.M(~) 

IF ('J-K) 100. lOO.l:!~ 
12~ K I-K-N 

00 130 I-l,N 
KI-KI+N 
HOL.O-A (K I) 
JI-I( l-K+J 
A (KI)--AIJI) 

1:30 A I J!) -HOL.D 
GO TO 100 

150 RETURN 
END 
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c •• ~ ................................... .. ................ .... .... . ....... .. .. ... . .. ..... . ... . 
c 

Subroutine CALC_INC_MEMSER_a~O_ACT ION5 (WOONE i 
R.~1.4 INC~MA (=). tr.lC_AM8(2). INC_~MC(=). INC_O(~). INC_AM ( ~ ) • 

.. INC_AML (:; j I 511. Sl~. Sl~. 51.1. 51:; . 5= 1 . S:!2. 523. 5:-~. s:~. 
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II 
• S~3. 5:4. S~~, 

c . unused eo~~on ~.&ls 

c: 

• INC_AJ (~ ) . n.u:_c.c C" . AJ ( ~). AM ( ~ ) . UNBL_AJ ( :5 ) . UNaLCM ( 3 : .. ,· 0 ~ ) 
Common ILO~DS I INC_HJ . INC_AMI.. INC_~ . INC_~MA. 

II I NC_AMB . INC_AMC. ~J. AM. UNBL_~J. UNBLCM 
I N,EGER 1oI00NE 
Common IDISPLACEI D· INC_D 
Common IRIGID I 511. 51:. 513. 514. Sl~. 5=1 . S~~. S:j . S~4. 

• 52:5. Sll. SJ=. 533. 534. SJ~. 541. S~:. 54J. 5*4. S .. ~ . 5~ 1. 
• 5:=. S~3. S~. S~= 

Cammon I INC MEMBEFI INC AM 
I NC AMA ' 1 ) -51 1. U':C 0 C 1 ) ;51::" [ NC C ' :: ) 
tNC - PM'1:. c: ) -5:: 1'* INC - 0 C 1; " t S--=) • iNc 0 C; ) 
IrlC-~B ( 1) aWC ~ .. ·tL(3 ) + (S33 ) 'I N:: DI J ) +S:3.H W C 0 ( 4 ) 
IrlC-~e ( = ) aWC-AMI.. ( " ) +S4:;'lrlC D IJ ) + (S .... , . WC -0 ( 4 ) 
INC-.c.MC iU -Sll;U':C O ( 1).Sl~"'INC O ( ~ ) -
INC:AMC ': , -5:1" rr.U::O ( 1) - (S:~ ; • INc_O (=; : 
lfJC_~M ( 1 ) aINC_':"'~ ( I ) - INC_"MC (I) 
H~C_AM (~ ) . I NC_':'i"'A , : ) 
INC~M(3 ) -INC_~ (I) 

WC_~M ( 4 ) -INC_ .. ME ( = ) 

I:~C_;'M (:5 i . INC_.:.M: C: , 
IF (WDCNE .Ee . 0 ) TMEN 
INC_AM(I)-O. OEOO 
ENO IF 
RETURN 
END 

c ••••••.•.••••••••••• .. ••.• •. ••••.•.•••••••••••.•••••.•.•.••• . . .• .•••.•.. • 
c: 

Sub~outin. TOTAt._MEMBER_ENO_ACTIONS (IoIDONE) 
R.~I04 AM (!5). INC_A/1C!5) . 

c • unus.d common ~ •• l. 

c: 

II lNC_AJ(!5) . WC_I'I1!.C!5 ) . INC_~ ( !5 l . INC_AMA (2 ). I NC_O'IMB c::,. 
• INC_AMC(2 ) . A; ( S " UNBL_AJ ( !5 ) . UNBLC:'1 ( :;:4 l 

Int 119." Z. JoICC:'E 
Cammon ILOAOS , ItJCJ'J. WC_AMl... INC_AC. I NC_AlIA . 

• I NC_AMS 0 INC_~:'1C . AJ. AM . t.iNBL_AJ. l...'N2LCM 
Common IINC~EMEERI INC_AM 
00 Z-I.S 

ENO 00 
IF (JoIDONE .EQ. 0) THEN 
AM (1) -0. OEOO 
END IF 
RETURN 
ENO 

c ........................................... .... ................................... .. .................. . ...... . .. ... .. .......... .. 
c: 

Sub~outln. TOTAL_OISPLACEMENTS 
R •• lo4 0 (S). INC ° ( S) 
Int.9.~ Z -
Cammon IDISPLACEI D. lNC_O 
DO Z-I.S 

END 00 
RETURN 
ENO 

O ( Z) -O ( . ) +I NC _ O( Zl 
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c 
c ••.•••••••• • ••••••.•••.•••.•••.•••••. •• ••• . ..••.••.•••• • •• ••. •.•.•.•.•.. . 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

: 
: 

c 
c 
c 
: 

c 
c 
c 
c 
,: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

Subroutin. CONNECTION (C,FRINT,I) 

This subroutine us •• tn. tot.i dIsplacements. marnbf'fr and 
.ct ions ~nd lo.ad histor:,' ( upd.tlld lntiit~r;ally) to dlttarm .. nll the 
revi •• d connection .t .. ffn ••• and unbal.ncad connectlon moment •• 

The f irst p .r-t of the actua l . ubrcul; lr'G dat.,' trunClS the 
d! r ecticn of lcad ln s .nd disp lac.mar.t •• 

Na)(t. i t datermina. the s.gn .and than ,he .paclfl.c lo.dln~ 
cr un l c.adlns p .. th. 

KnOWing the ,p.cl~ic patn . the load hla ~ or 7' .and dlr.c~ lon . 

the unbal.ncad moment .. and ,t i ffn ••• Ciin c\J da t.t'm1nad. 
Tn. subrout In . is to be used saper.tal '/ fo'" •• en c onnect 10n . 

Thus . tti. p_",ametliws ., .. . two meinba,' a,..l"' _y~ ln da ... . d for lI.ch 
particu l ar conn.ctl on . 

1-0-10: It.,.at len inde.! lcounts uncal4nced ulcment 
1-0 fer incr.m9ntal load .ppllc~tlon. 

C-:3: or 4: Inde:: .few connect ion :-J 0'" "'-!S. 
Wstep •• -lncw. O: Load i ncrement frorn subrout 11''1. W_LOI'OEF .. 

P _LOADER. Pstep:a+-incp.O: 
LASTC~~C)a(r.ol): A two-rnemb.r at~"'.Y. Tnll p.-.vlo\J.ly c~i~ulated 

connectlon moment for LASiOC (Ci . 
LHSTDCCC)-C,.. •• l): A two-memb.r ar,.._y . The pr.vlou.1y c .lcul.ted 

total d i .placertlent at connectlon •. 
AM(C)a(,.. •• l ) : A five member .rray. Current CAlcul a t e d member end 

actlon. from M.iilln prosr.rn (also connectl0n moment.; 
OCCC). (,.. •• l): Current calculated connection end dl.pl.cement •• 

OC(J)aO (J)-O(2) ond OC(4)aO (4)-O(' ) , 
O(C)- (re.l): A five member .rray. Current calculated memb.r e nd 

dl.pl.cements from the maln progr am. 
FOSMAXCM(C).(real ) : Pi two mernb.r ar-r.iy. The ma )( lmUm pO~ ltV. 

ccnnectior. moment C CMCC » c.lcul.tad 
lntern.lly frotA POSMAXDC(C). A load hlstory 
par Amat at· • 

POS"'':' '.C OC CC).( ,.. •• l): A twa memb.,.. Ar,..y . The m.t .t ira uI,. PO; ltlve 
,..elatlve d lspl.tc,.ment ( eC CC) ) recorded At 
.. conn.ctlon. A lo .. d h l.t or~ y p.,...m. te,.. . 

NEGMAXCM(C).C,.. •• l): .eo twa (,.embe,. .r,..y . 5 •• FOSMAXCM(C } _ 
NEGMA1(OC(C).(,.. •• l): .eo two memb.,. ."""y. See F05MA XOCCC). 
TPOSMAXCM(C>-(re .. U: A two mlimbet' arr.y. The moment on t he pOSltl"' ~ 

eMtrem~ envelope f"Qm wh i ch unlo.di n g occur.d . 
TPOSMAXOC (C)-(re.l): A two member .,..rAY. The deflectlon co,..,.e.?ond

ins to TPOSMAXCM (C) . 
TNEGMAXC,., (C)a Cre.l): A two member .,..r.y . The mom.r.t on the nes_tl v. 

e Mt,..em. envelop. f,..om wh ic h unloAdlng occur.d. 
TNEGMAXOC(C ).(,.e.l ) : A two member .rr.y. The deflec.tion cOr"respond

Ing to TNEGMAXCM (C) . 
Ke-(r •• l g iven): A real con.t.nt. The initi.l or el.st ic .tiff

ness of the connections. Giv.n positiv e . 
0 •• (,.. •• 1 given): A re .. l const.nt. The t~1I1.tive dispLac emlint .t 

the el •• tic limit of the connection. Glven 
positive. 

M.- (re.l given ) : A ,.. •• 1 const.nt. The ccnnectlon moment .t the 
el •• tic l i mi t of the connect ion. Glven pO.ltl , •. 

My-Cr •• l g iven): A re.l con.tant. Th. CyCllC Yleld mome,.,t of t i-•• 



<..' ... 
('''' .... 

c 
c 
c 
c: 
c 
c 
c 
c 
c 
c: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c: 
c 
c 
c 
c . 
c 
c 
c 
c 
c 
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• 
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connection. Glven positlve. 
DFHC)·('· ... U! A t"'-o ",emb.,.. &I"'" .. y. Int.rn .. ll y calculated ,.. . .. l d l.l .. l 

,...l~tl V. dl.placemen d~lng unlo&dlng. ~ lo.~ 
hlstcry p~,.. .. m.tar. 

POSDR(C)- ( ,.. •• l): A two "'ember ,arr.y_ Int.rnally calcul.ated ,.. •• ldu &~ 
,..el .. tive dlsplacement of the . ~tr.m. envelop • . 

NEGDR (C)·(,.. ... l): A two membe,.. array. Internally cAlculAted ,.. •• ldU.l 
relattve displacement of the .~ tr.m& .n~ . l op •. 

OF' .t,.. •• l): A tempor .ry value u •• d in calculatlng DRee ) . 
o,:;;p- (,' •• 1 ) : .. 
FR,(C)-(O.t)! A two membe,.. .. '·r .. y. A flag denotlng th.ar un l o .. dln q 

h •• occur.d. A load htstory p.,..ameter . 
CM (C) · C,.. •• l , : &II t..-c membe,- """'. )1' . Th. actua l connect lC" t,' ,:,t1ent 

cerr •• ponding to relatl ve conn.ctl~n dlAp l.c.m. n : 
.and load hl~tQry. 

K (C). (re. l) : A two member .t~"'&y. Tha upd.t.d stlffn ••• 0" tn. 
connection core.pendlng to eC Ce ) .nd CM CC). 

?QSK ( C ) · ( ,~ •• l ) : A twa member .r,...y. Can.t AI,t POSl t 1 v. mo n."t 
unloAdins stlffne~ •• 

NC::G:': ( C ) · ( '~ e .. l ) : A twa membe,.. .r,...:.--. Const..n t nega t l",. mQ,II.f\1! 
un l oadln9 .tlffne~,. 

lJNSLCM ee )· (~· •• l' ! Q twe memb.,.. .r,.. .. y . Tha uncalancad c:;nnf":": 1~' 
moment ,.. •• uI t lng .rom tn. I l ne.~ .porc _~.tl:r 

of the connectlon .tlffn •••. O.~ln.d l r ".3a;~# . 
.~.e. UN8LCM (C)~CM ( C ) -~1 ( C ) . 

FUNCTIONS: 
FUNC_M( :OC (C): J.(,~.",l): A 91ven functlon ..n1ch de.c::r' ib •• t he p~ • . 

monotonic mom.nt-t"otatlon c~· ve of the 
connection. A functlon of the r.Ia ~1~ e 
connect lon 
displcement only. ALL valu •• 91"en ~O'l tlv. 

FUNC_i(CIOC(C) : J-Cre.U: A giv.n function "'or the fnOnotonic .tlt-.rn ••• 
0'" the connectlon < ••• abov. ) . A functlon o ~ 
the connection relati ve dl.pl.c~.nt on ly _ 
All valu.~ glven pO.ltl ve. 

!! I ! I I I! I I ! ! :! I I! !! ! I ! I I ! ! ! ! ! I 

R_.l.4 LASTAM(3:4 ) . LASTD(3:4). AM(~). WSTEP. FSTEP. DRP. OF. 0( : ). 
KE. ME. DE. MY. LASTCM(3:4). LASTDC(3:4). PCSMAXCM(J:4 ) • 
PCS~~XDC(3:4). NEGMAXCM(3:4). NEG~AXDC(3:4 ) . TFCS~AXCM(3:4 ) • 
TPOSMAXDC(3:4 ) . TNEGMAXCM(J:4). TNEGMAXDC (3:4) . OC (3:4) . 
OR(3:4 ) . POSDR(3:4). NEGDR(3:4). CM(3:4 ) . K(3:4). FCSK(3:4 i • 
NEGK(3:4). UNBLCM(3:4). 
unused common re.l. 
W. WMAX. INCW. P. P_CYCLE. INCP. P_ADD. PMAX. INC-AJ('). 
I NC_AML (:5) • INC_AC (:5). INC_AI'IA (:;!). INC_AMB (:;!), WC_AMC (:;! ) • 

AJ(') .UNBL_AJ('). INC_D(') 
Int_9_r I. C. FR(3:4). ITERAT. MINC. MDEC. MSAME. FMSAME. 
NI'ISAME. NGMINC. PSMINC. PMLINC. PLYINC. PMCINC. PSMDEC . 
NGMDEC. Nl'lLDEC . NLYDEC. NMCDEC . PRINT • 

c • unused COfNfton int.g.,.. .. 
1/ N 

Common ILASTI LASTAM. LAS TO 
Common IDISPLACEI D. INC_D 
Co""",," ILOADSI INC_AJ. INC_AML. INC_AC. INC-AMA. 

.. INC_AMB. I NC_AMC. AJ. AM. UNBL_AJ. I,;NBLCM . 
Common INEW_CCNN_STIFFI K 
Common IW_LCADI W. WMAX. WSTEP. INCW 
Ccnunon IP_LOAD I P. P_CYCLE. PSTEP. lIIC? P_ADD. PMA X. N 



c • 

c 
C 
C 
C 
C 

c • 

C 
C 
C 

c • 
100 
c 

It 

• • 
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Common ICONNECTI DRP. DP. kE. ME. DE. MY. 
ac. CM. LASTDC. L'ISTCM. OR. POSDR. NEGOR. 
POSMAXCM • F05MAXDC. NEG~XCM, NEG~.AXOC. 
TPOSMAXCM. TPOSMAXOC. TNEGMAXCM. 
Com"'o~ I EXTREMA I POSK. 

ASSIGN 100 TO ITERAT 
ASSIGN 1:50 TO MINC 
ASStGt.: 200 TO MDEC 
ASSIGN 2~O TO MSAME 
.. SSIGN JOO TO PMSAME 
ASSIGN 3:50 TO NMSAME 
ASSIGN 400 TO NG'IINC 
ASSIGN 4:50 TO PSMINC 
ASSIGN :;00 TO PMLINC 
ASStGN :;:50 TO PLY INC 
ASSIGN 1000 TO FMeINC 
ASSIGN 10:50 TO PEMDEC 
ASSIGN 700 TO NGMDEC 
.,SSIGN 7:50 TO NMLCEC 
ASSIGN SOO TO NLYOEC 
ASSIGN S~O TO NMeDEC 

IF (PRINT .EC'. 1) THEN 
TYFE •• ' Cat. C 
TYPE . , I AM.·. Ht1 ( C) 
END IF 
If (C • EO. J) th.n 

DC(C)·O (2)-D(C) 
a1s. 

End if 

If (I .NE. 0) th.n 
gete ITERAT 

End if 

NEGK 

If (W.tep .GT. 0.0001 ) then 
If (C • EQ. 4) th.n 

gete MDEC 
.1 •• 

gete MINe 
End If 

End if 
If (PRINT . EQ. 1) THEN 
TYPE ., ' LASTCM(C)·' , LASTCM(C) 
END IF 
If (AM(C) .LT. LASTCM(C» th.n 

gete MDEC 

gete MINC 
End If 

continua 

TNEI3MAXOC, FR 

C.lcul.tlng the ~.l.tlv. 
d l.pl Acement of tn. con
nection. 

If t-O. thl. 1 •• n incr.
I (,lent.l lOAd stap loop .,.. :l 
I the dl~.ctlcn 0+ the mG-
I tn~t, can ba ,.. •• dll y de-

termined. 

nERAT 

C IF (PRINT • EQ. 1) THEN 
C TYPE ., ' ITERAT£' 
C ENe IF 

If «ABS(AM (C)-LASTCM(C ») .LE. 1.00EOO) THEN 
IF «ABS(DC(C)-LASTOC(C») .LT. 1.0E-0:5) THEN 
GOTO MSI'ME 



c: • 
1:S0 
c: 
C 
C 
C 

c: • 
::00 
c: 
C 
C 
C 

c: • 
2:50 
c: 
C 
C 
C 

c • 
300 
c 
C 
C 
C 

c • 
3:50 
c: 
C 
C 
C 
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END IF 
END IF 
If ILASTCMIC) .GT. AM IC)) then 

gote MOEC 
ELS~ 

goto MINe 
End H 

COntinue 

IF IPRINT • Ea. 1) THEN 
riPE ., ' MINC' 
END IF 
If IAMIC) .LT. 'l) then 

gote NGMtrJC 
et •• 

goto FS11lNe 
End 'f 

COntinue 

IF=' (Fc:tINT • EQ. !) r"'i::N 
TYFE •• ' MOEC' 
END IF 
I.f CAM CC) • GT. O. tne" 

gota FSr""Oe:C 
else 

goto NGMOEC 
End If 

cent lnue 

IF IPRINT • EG!. 1) THEN 
riPE . , • MSAttE· 
END IF 
If IAMIC) • liE. 0) then 

gate FMSA~E 
.t •• 

continue 

IF IPRINT • EG!. 11 THEN 
TYPE . , ' PMSAME' 
END IF 
If IDCIC) . liT. POSMAXOCIC)) then 

POSMAXDCIC)-OCIC) 
End if 
LASTDCIC)-OCIC) 
LASTCMIC)-AI1IC) 
UNBLCI1(C)-o 
Ret I.r'n 

cent inue 

Ii: IPRINT • EG!. 1) THEN 
TY~E • • ' NMSAME' 
END IF 
If IDCIC) .LT. NEliMAXCC IC)) then 

MINC 

I NGMINC-r.tegat ~ .., . mew,..,: 
I .nd inc.' .. .... l ng. 
I PSi1INC-POS1 !' l V" I'l'lCifn.~: 

I and lnC:~ •• ' 1" 9. 

MCEC 

, FS;o10C:::-POS1 t 1 v. :nQ,,, .. " ,:, 
I and cecre.W l ng 
I NGi10E~.N.9.t 1#. mOI(,~ t 

.nd d.Ct~ ••• in9 

MS~ME 

I PMS~ME:.F'o.i t 1 v. mOln. ~ t 

I .nd unchanged. 
I NMS.:.M;::-Negat Lv. rnOI"_ - :
I and unch*nged. 

I PP1SAME. 
POSltl1. moment unc:n ~n9.a. 

Check to ••• if c:urr~nt 
dJaplac.m."t 1. m.a lC i .num. 

• NMSAI1E 
Nes.t1 v . moment vnch~ns.1. 



, " . -

c • 
400 
C 
C 

C 
C 
C 

41 0 

c , 
4~O 

c 
c 
C 
C 
C 

NEGMAXDC(CJ-DC(CJ 
End i~ 

LASTDC(CJ-eC(CJ 
LASTCM(C)-AM(C) 
UNBLCM (C) - c, 
Return 

continue 

IF (PRINT . ;;: ':1 . 1> THEN 
TYPE .. , ' NGMINC' 
END IF 
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IF CNEGMAXDC( C) .EQ. (-0. ) th.n 
NEGMAXDC (C)-LASTDC (C) 

END IF 
If (LASTDC (C) • EO. NEr;MAXDC (C) ) th.n 

DP-LASTCM (C ) n . 
DRPsLASTDC (C) -OP 
IF (DRP • GT. O. o.)E.)O) THEN 
DR (C ) -DRP 
ELSE 
OR (C ) -ORP+AS3 • OR:: ) /~. OEO') 
END Ii' 

NGMINC 
Nes&tlve mom&nt .nd l nc
,.. ••• in 9. 

I EK t t~ .ma unloa'::lno;_ 
I Ela~tlc d1spl~c.T..n t mas 
Ela~ t lc res. ~l.~ l_c~~.n· . 

FR ee)sl ~ OR(C } . NE. 0 'In~nt ~.duc.d b y 1 / :3. 
K(C)--LASTCM CCi /( ORtC i -LASTDC {C) I L.n •• ,' unl,,~d ln9 st :. :; 
NEG;{ (C)-K (C ) I for n.l3at l ...... r(\o :'!':~nt . 

NEGDR CC).Of\ cC ) I E : : t r~ lim~ ,..e •. di .. ?l . 
End i l 
K (C) -NEGK (C) 
IF (CABS CK ee) i) • LT. 10 .1)') THE ... 

END IF 

NEGMAXDC(C)-LASTD~ ( C ) 

GOTO 41 0 

IF (NEGMAXDC(C ) .GE. -DE. THEN 
K(C)-KE 

END IF 
DP-LASTCM CC)/K(C) 
DR (C)-LASTDC (C)-DP 
H (DC eC) • GT . OR (C )) th.n 

LASTOC(C)-CR(C: 
LASTCM (C).O 
GOTO PMLINC 

End if 
CM(C)-LASTCM(C)+K( C) . (CC(C)-LASTOC (C») 
UNBLCM(C)-CM(C)-AM (C) 
LASTCM(C)-CM(C) 
LASTDC(C)-OC(C) 
Return 

cent inu. 

IF (PRINT .Eo.. U THEN 
TYPE •. ' PSMINC' 
END IF 
If (FR (C) • ED. . 0) th .. n 

goto PMCINC 

goto PMLlNC 

.tiffn •••. 
Unloadlng 1'1-0 lnt.'~Sitct. 

Check if r.l.~i~. dl~Fl-
I .cemen t corr.spond~ to 

POSt t i y-. mom.r.t. 

, eC (C) .GT. LAETOC (C)' 
Unbalanced conn. mom.nt. 
Update load h Lsto,"Y. 

PSMINC 
POSitlV. mom.nt .nd 1nc
r ••• i ng. 

No ,...wiaual oL'lip l ac.lne"t 
tn.,...fo ,"" .. on mcnotoM lC 
curv • • 

I 0,.. on • 11M •• ,.. p ~ t h . 



c • 
:500 
c 
c 
C 
C 
C 

c • 

c • 
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End i f 

cant i nUR PMLINC 
Posit v . moment 11 n • • rl y 
incr ••• lns· 

IF (PRINT • EQ. 1> THEN 
TYPE •• t PMLINC' 
END IF 
IF «LASTCM(C I .LE . O.OEOOI .AND. 
If (PDSMAXCM(CI .LE. M.) th.n 

(LASTAM(C) .LE. O. OOEOOI) THEN 

POSMr.XCMCC ) -Me 
POSMAXDC (CI -D .. 
TPOSMAXCM (CI-MII 
TFQSMAXDC (C) -"'e 

Th. moment ALWA YS l nc,~ ••• -
•• l i n •• r ly to .t l ••• t 
the a l._tic l imlt: Ma.~a. 

End if 
END IF 
I f (POSMAXCM (C ) .GE. My) then PLYI NC"Po.i tl " e rnornent 

gete FLYINC 1 i n.~ ,' l )t i nc t .. ... slng to 
En d iT yi e ld mom.nt ,M),. 
If (LASTCM(C ) . LE . 0 .(0) tnen I Fo r" fi r st cr o ... lng l nto 

rT (TPOSMAXCM (Ci .EQ. ?OSMAXCM (C) t hen! Fos lt1ve mom.nt. 
NEGDR(CI -DR (C) 

En d 11 
End if 
IF (LASTCM(CI .GT. FOSMAXCM (C» THEN 

DR(C)-NEGCR (C) 
END IF 
If CDR CC) .NE. NEGDRCC» th.n 

End if 

KCC)-TPOSMAXCM(C) / CTPOSMAXDC(CI -CR (C' • 
CM(CI-K CCI' CDC(C ) -DR CC» 
If CCM(C ) .GT. TPOSMAXCM(CI ) th.n 

DR(CI-NEGDRCCI 
End if 

On .. lo.d p Ath 
int.r i ot· 
of the .~tr.m. hy
.t.r • • l S. 

SAck on . :oc t r.m .. 
ny.ter •• iso 

If (DR (Cl • EQ. NEGDR (e) I th_n ! 01"' e x t r em. hys teres l s. 

END IF 

KCe)-POSMAXeM(CI/ (POSMAXOCCCI-DR(C I : 
CMCCI-K (CI'(DC(CI-DR(CII 
If (CMCC I .GE. POSMAXCM (C» thlln 

CM(C I -FUNeTION_M CDC . C.PRINT: 

K(CI-FUNCTION_K(DC.C . PRINT ) 
FR CCI·O 
If (CM (Cl • GE. My) than 

CM(CI-My 
KCCI-IOO.OEOC 

End If 
POSMAXCM(CI-tM(CI 
P05MAXDC(CI-CC(C) 

End if 
TPOSMAXeM(C)-CM(e) 
TPOSMAXDCCCI-DC CCI 

! Upd.t a d cenn. s tlff. 
Actu .. l conn. momant . 
Check to ••• if tACk 
on tne monot on . c 
cur"e. 
I ~ so . ~ .cAl~u l ~t . CM 
.nd K .In~k . F' R-O . 
Check t o s • • if CM on 
en CUt' ''. is .GT . My . 
I~ so. ~.c.l c ul_t. CM 
.nd K •• nd upd.te the 
lo.d n i s t or y . 

IF «POSMAXDC Ce l • LE. D.l • AND. (NEGMAXDC CCI • GE. (-D. » I THEN 
DRCCI-O.OO 
K CCI -KE 
CMCCI-KE>DC (CI 
NEGDRCCI-O.OO 

End If 
UNBLCMCC I -CM Ce l -AM CC) 



r " 
f) 

c • 
:i:i0 
c 
c 
C 
e 
C 

c: • 
600 
c 
c 
C 
C 
e 

LASTCM(C)·CM(C) 
LASTDC(C)·OC SC) 
RetUl"'"n 

cont lnu. 
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, PLYINC 
Pcsltlve moment l!n ... ,~lj 

I Inc~ ••• in9 to My. 
IF (PRINT .EQ. 1) THEN 
TYPE " ' PLYINC' 
END IF 
Ii (LASTCM(C) .LE. 0) th.n 

If (TPOSMAXCM (e ) • ECl . ;:CSMAXe:-I( C)) tn_n 
NEGOR(C)·OR ,C) 

End l~ 

End U 
If (OR (C) • NE . NEG OR (C) ) th.n 

K (C) ·TPOSMAXCM (C) I (TPCSMAXOC (Cl -OR (C)) 
CM(C ) ·K (C) · (OC(C)-OR( CI) 

End if 

IF (CM(C) .GE. TPOSMAXOC ( C)' th.n 
OR (C) .NEGOiO (C) 

End .f 

If ( OR ( C ) .E·l . NEGe" ( C ) , tr.n 
K(C) ·POSMAXCM(C : /( FC5MA XOC (C)-uR (C)) 
CM (C ) ·K (C) • (OC (C) -OR (C) ) 
If (CM (C) • GE. My ) th_n 

eM (C)·My 
K(C)· lOO. OEOO 
POSMAXCM(C ) ·CM (C) 
POSMAXOC ' C) ·OC (C) 

End 11 
TPOSl'tAXCM(C)-CM , C) 
TPOSMAXDC(C)·OC (C) 

End If 
UNBLCM (C)·CM (C)-AM(C ) 
LASTCM (C)-CM (C) 
LASTOC(C)·OC (C) 
R.turn 

continue PI'tCINC 

I First cro •• l~~ 1~~' 
, pCli tlv. mcm~~: 

, "'.'9 1 0 n . 

I Positive moment en mono
toniC Curve And In:r~.s-

IF (PRINT .EG! . 1) THEN 
TYPE ., t PMCINC' 
END IF 
If (LASTCM(C) .LE. My) tn.n 

CM(C).FUNCTION_M (OC.C,PRINT) 
K(C)·PUNCTION_K(OC.C.PRINT ) 
If (CM(C) .GE. My) th.n 

End U 

CM(C)xMy 
K(C )· lOO .OEOO 

CM(C).My 
K(C)alOO.OEOO 

End if 
UNBLCM(C)·CM(C ) -AM(C) 
POSMAXCM(C)-CM (C) 
POSMAXOC(C ) ·OC (C) 
TPOSMAXCM(C ) ·CM (C) 

In9· 

Check to ••• if new con
nection mOMent i •. g t . 

I Yie l d ,noment ,My. 



" . 
~ 

c 
c 
C 
C 
C 

bbO 

c • 
700 
c 
c 
C 
C 
C 

TFOSMAXDCCCI-DCCCI 
LASTCMCC)-CMCC) 
LASTDCeC)-DCeC) 
FReC)-O 
Return 

continue 

IF CPRINT • EO.. I) THEN 
TYPE •. t PSMOEC' 
END IF 
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IF CP05MAXOC eCI • EG! . CD.» THEN 
PCSMAXOC(C)·~ASTOC(C) 

END IF 
If eLASTDC CC) • EO.. FOSMAXDC ec » tn.n 

OF:IILASTCMCC)/Io:. 
DFP-LASTOC (CI-DP 
IF CORP .LT. O. OOEOO) THEN 

OR(C)·ORF' 
ELSE 

ENO IF 
FReC)-1 

FSMCEC 
Positive moment c.c,....~.

ling. 

I UnloadIng f~OM . ·I ~r.m. 

I E:~.tl C un l o~dlns d t .pl. 
~: •• tl C res. dlSpl. 

K (C ) -LASTCM ee ) I (LASTOC ee) -DR(e ) I I New '.JO lo.adlng .t 1 fT'n.s*. 
POSOR(C ) .D~(C ) , Fos. e n tr".rnA ".5. dl'5P t. 
POSK(C)-K(C) I POSe unlo.adlng stl f fntUii. 

End if 
K ec) -POSK eC) 
IF '(ABSeK (C)) I .LT. 1".0.0) THEN 

~CSMAXOC ( C)-LASTOC(C) 

GOTO bbo. 
END IF 
IF epCSMAXOCeC) .LE. DE) ~HEN 

Kee)·lCe 
END IF 
OF-LASTCMeC)/K(C I 
OReC)aLASTOCeC)-Op 
If (OC(C) .LT. IlR (C» tn.n 

LASTDCeC)-OR(C) 
LASTCM(CI-<).o.o.Eo.O 
GOTIJ NMLDEC 

End 1';' 

CM(C ) -LASTCM(CI-~(C)' ( LASTOCCC ) -OC(C) 1 

UNBLCM(CI-CMCCI-AMeCI 
LASTCM(C)-CMCCI 
LASTOC(C)-OC(CI 
Return 

cant lnu. 

IF (PRINT • EO.. I) THEN 
TYPE ., ' N~~OEC' 

END IF 
If (FR (C) • EO.. C) tn.n 

sete NMCOEC 

90te NMLOEC 
End if 

Ch.c~ to ••• 1f oc ce; 
c::or' .... pond. to £ neg
.. tt". moment. 

UnbAlAnced moment. 
Update lead hlste~y. 

, NGMOEC 
Negative moment and 
d.c,.. •• 'nng. 

If OR-O.on monotonic 
"Curvet.lwa on lin ... ~" 

, lo.d p.th.NMLCEC. 
NMCCEC-On n.g.tl v e mo
ment CUt' V . 1.0. d.cr •• s1.n~. 
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c . 
7~ cont lnu. NMLOEC 
c Neg.tl v e moment Iln • • ~l } 

c d.cr.~Sln9 ·NMLDEC . 
C IF (PRINT • Eel . 1) THEN 
C TYPE '. • MNLOEC' 
C END IF 

c • 
800 
c: 
c: • 

IF «LASTCM(C) .GE. O. OEOO ) .1>"0. (LASTI>M (C) .GE . O. OOE()"' ) THE" 
If (NEGMAXCM (C) .Ge:. -M. ) U ' .n • Lln .. r to .. I u h e 1 1l" ~ 

NEGMAXCM(C)--Ma ' .t l ••• t. 
NEGMAXOe(e ) --o. 
TNEGMAXeM (C) --M. 
TNEGMAXOC (C, --:l. 

End if 
EN:l IF 
If (NEGMAXCM(C) .LE. -M y) tn.n 

9ctc NLYOEC 
CnaCk t o . a e •• leadlng 

I t o yield I 1na . 
End 1 f 
If (LASTCM (C) .GE. 0 . 00) tn.n 

End if 

If CTNEGMAXCM (C) .EQ. I<EGMAXCM( C» t n. n 
POSOR ' C) -OR (C) 

End If 

I f (OR (e ' • NE. POSOR (C; ) tnan 
K ( C ) ·-TNEGMAXCM ( C )/(OR ( C)-TNEGM~XOe ( C) ) 

CM (C) -K (C) ' (OC (e ' -OR (C» 

End If 

If (CM (C) .LT . Tt.EGMAXCM (e ) t n.n 
OR (C)-POSOR (C) 

End 1f 

If (OR (e ) • EQ. P050R (C ) . tn.n 
K(C)_-NEGMAXCM(e)/(OR(C)-NEGMAXOC(C ) ' 
CM(C)-K(C)o(Oe(C)-OR(C» 

End If 

If (CM(C) .LE. ~EGMAXCM(C» tn.n 
CM(C)--FUNCTION_M(OC.C.PRI NT ) 
K(C)--FUNCTION_K(OC . C. PRI NT I 
FR(C)-o 
If (CM (C) • LE. -I'Iy) tn.n 

CM(C)--My 
K(C) -IOO.OEOO 

End If 
NEGMAXeM (C)-CM (C) 
NEGMAXOC (C)aOC (C) 

End If 
TNEGMAXCM (C)-CM(C) 
TNEGMAXOC(C)·OC(C) 

I Check to .Ga 1f h.v. 
I lnt.~ •• ct.d monoten t ~ 

I leAding c urve . 

I Check to ••• 1f h. ve 
. ~c •• d.d Yie l d mom. r ; . 

I Update load hl .t ~ry . 

IF «NEGMAXOC (C) • GE. -DE) • AND. (POSMAXDC (C) • LE. DE )) THEN 
OR(C)-O.OO 
K (C) -KE 
CM (C) -KE-DC (C) 

END IF 
UNBLeM(e)·CM(C)-AM(C) 
LASTeM(C)-CM(C) 
LASTOC(C)-DC (C) 
Rat\rn 

cent inue NLYOEC 
N.9.~l V. moment I 1ne ~ ly 

I deer ••• ln s to -My. 



t , .. 

C 
C 
C 

c . 
B~ 
c 
c 
C 
C 
C 

c . 

IF IPRINT • EQ. 1) THEN 
TYPE • • • NLYDEC' 
END IF 
If ILASTCMIC) .GE. 0) then 
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If ITNEGMAXCMIC) .EQ . NEGMAXCMIC» then 
POSDRIC)-ORIC) 

I F irst ero •• lng l~to 

I negat ive MOm.nt 
,...glon. 

End if 
End If 
If 10RIC) . NE. POSORIC» then 

K IC)--TNEGMAXCM IC) IIOR IC) -n~EGMAXDC IC» 
CMIC)-K(C) o IOCIC)-OR(C» 
If (CM IC) • LE. TNEGMAXCM IC» then 

OR (C)-POSDR (C) 
End If 

End If 
If lOR (C) .EQ. POSDR(C» then 

K(C)--NEGMAXCM(C)/(QR(C)-NEGMAXDC(C » 
CM(C)-K (C) · (OCIC)-ORIC» 
H ICM IC) • LE. -My) then 

CM(C)--My 
K(C)-IOO.OEOO 
NEGMAXCM IC)-cM(C) 
NEGMAXDC IC)-OC(C) 

End if 
TNEGMAXCM(C)-CM (C) 
TNEGMAXDCIC)-OCIC) 

End 'f 
UNBLCM(CI-CM(C)-AM(C) 
LASTCMIC)-CM(C) 
LASTDC(C)-OCIC) 
Return 

cent lnue 

IF (PR INT • EQ. !) THEN 
'rVF'E •• t NI'1COEC' 
END IF 
:+ IL"<STCM(C) .EE. -My' then 

el •• 

C:'1 (C) --FUI'JCT IOt~_M (CC. C. FRn.tT ) 
K ee) .FUNCTIO:'''_~ ( OC. C. ;:RltJT) 
;f i CM (C) .LE. -My) tn." 

CM(Cla-My 
K (C)al 0(t.OEOO 

End If 

CM(C)--My 
;.t(C)-100.0EOO 

End 1T 
UNBLCM(C)-CM(CI-AM(CI 
NE·:iMA 'CM (C I -CM (C I 
NEG,..,;oXOC ee) -CC tel 
TNEUMAXCMIC)-CM IC) 
TNEGMAXOC IC)-OC(C) 
L":'STCM (C) -etHe) 
LHSTDCIC)-OCIC) 
FR ' C)-o 
Raturn 
END 

I Cn.ck th .~ moment. dO not 
' • • c •• d laid. My. 

, N/'ICOEC 
• Nagatlve moment d.cr' •• lr~ 
I .long mcno\:'on Ie: cUI"ve. 

! Gat ~c.,r. "jjment. 
Get conr. 3tlTTn ••• . 

I Ch.~~ tr~t conn. MO~.-\ 
I .It. ~ eld. M/_ 

, Unbalanced conn. ~om.~t . 

Update loadIng "u,tOt' i ' 
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c .............................................................................................................................. .. 
c • 

Subroutln. MOMENT ~AGNIFICATION C~) 

~.~1.4 NEWV3. NEWV4, w. L. AM(5). O ( ~ ). INC D(~ ) . V3. V4, 
• UNOLV3Dl. UNBLV4Dl. INC_ACC~). INC_AMLC~). -

C .. unus.d common r •• l. 
• W~AX. WSTEP. INCW. H. E. lB. IC. INC_AJ C~). 
• WC_AMC:;:). INC-",I1B(2). INC_A~C(2). AJC~). UNBL_AJC~). 

• UNBLCI1CJ:4) 
Common /AXIAL/ VJ. V4. NEWVJ. NEWV4. UNBLVJDl. UNBLV4Dl 
Common /W_LDAD/ W. WMAX. WSTEP. INCW 
Common /GEOMETRY/ L. H. E. lB. IC 
C"""""" /LOADS/ INC_AJ. INC_AMI.. INC_AC. INC AMA. 

• INC_AI1B. INC_<\I'IC. AJ. AM. UNBL-",J. UN6LC~ 
Common /OISPLACE/ D. INC_D 
INTEGER M, Z 
N~-W·L/:+(~(3)+AM(4»/L 

NEWV4aW'L/:!-CAM(3)+AM(4»/L 
UNBLV3DI-NEWV3 ' DCl)-V3'CDCl)-INC_DC!» 
UNBLV4DI-NEWV4'DCl)-V4'CDCl)-INC_OCl» 
VJ-NEWV3 
V4-NEWV4 

C. IF ( M • ECI. 0) THEN 
C. INC_ACCl)-O.OEOO 
C. INC_ACC:!)--uNBLVJOl 
C. INC-",C(J)-O.OEOO 
C. INC_AC(4)-D.OEOO 
C. INC_ACC~)--UNBLV401 
C. DO Z-l,~ 
C. INC_AMLCZ)-D.OEOO 
C. END 00 
C. END IF 

RETURN 
END 

c 
c .................................................................................................................................... ... . ...... .. 
c 

Subrcut in. UNBALANCEDf,OMc:rolTS (F~INT) 

Fi: ... l*4 ur.BL_AJ(~). UNSLCM (J:"l. ~,::J~t..v:;r)1 . UjJct....;~t'l. 
c .. unus.d common ~ •• l. 

• INC_AJ C~), lI.jCjII1L C~). WC_AC C ~ ) . I NC_AMA C:: ' , INC_"'MS c::) • 
• trJC AMC (::>. ::tJ (~) .. .:oM l ='. V3. V~. iJet.V 3 , NEt..'\I4 

Com~n I LOADS / INC_hJ. :~J:_A."1l.. :jJ::_~C. :NC_~N"'. 
• INC-".~B, WC_"MC. AJ. AM. UNBL_AJ. Ur'BLC~ 

Common I;:'XI~L/ VJ t V4, NE\.I.i '· ... 3. NC\,.;'.l4, Ur~aL..V::;Ol. UNBLV';Ol 
Int_ger z. PRINT 
UNBL_AJ(l)-O.OEOO 
UNBL_AJ CZ) --UNBLCM C:l ) -UNc"'V:lD 1 
UNBL-,U Cll -UNBLCM (J) 
UNeL_A~(4)·UN8LCM C 4) 

UNBL_AJ ( ~) --UNSLCM Col ) -UNBLV.tOL 
C IF (PRINT .EO. 1) THEN 
C TYPE ••• UNBALANCED NODAL FORCES : ' 
C TYPE " UNBL-",J 
C END IF 

RETURN 
ENO 

c 
c ..••••••••••.•.•.•.•..•••..•. • .•.• • •.•.•.•.•...• , •.........•.•.. .• ....••. 
c: 



, , 
J 
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Sub~outin. CHECM_UN9ALANCEO~OMENT5 (SAL) 
R •• 1-4 UNBL_AJ(~). 

c • unused common ~ •• l. 

c 

• INC_AJ(~). INC_AML(~). INC_AC(~). INC_AMA(2). INC_AMB(~ ) . 
• INC~MC(2). AJ(~). AM ( ~). UNBLCM(3:4) 

Common ILOADSI INC_AJ. INC_AML. INC~. INC~MA. 
• INC_AMB. INC~MC. AJ. AM. UNBL_AJ. UNBLCM 

Intege,.. BAl., Z 
SAL-1 
DO Z-2.~ 

END DO 
RETURN 
END 

IF(ABS(UNBL_AJ(Z» .6E. I.OOEOO) THEN 
BAL-O 

END IF 

c: ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
c 

Subrou<ine REITERATE (I.REDO) 
R •• I •• INC_AC(~), UN9L_AJ(~). INC_AML(5). K (J:4), K~J, K4~ t 

c . unu •• d common r •• ls 
• INC_AJ(~). INC_AMA(2). INC_AMB(2). INC_AMC (2). AJ ( ~ ) . MM ( ~ ). 

• UNBLCM(J:4). DRP. DP. KE. ME. DE. MY, OC(3:4). 
• CM(3:4). LASTDC(3:4). LASTCM(3:4). DR(3:4'. POSDR (3:4 ) . 
• NEGDR(3:4). POSMAXCM(3:4). PDSMAXOC(3:4). 
• NEGMAXCM(3:4). NEGMAXDC (3:4). TPOSMAXCM(3:4 ) . TPOSMA),DC Cl:4 ' . 
• TNE~AXCM(3:4). TNEGMAXOC(3:4) 

Int.9~ 1. REDO. Z. 
c • unus.d common integer. 

c 

• FR (3:4' 
Common ILOAOSI INC_AJ. :NC_AML. WC_IIC. INC~MA. 

• INC_AMB. I NC_AMC. AJ. AM. UNBL_AJ. UNBLCM 
Common /NEW CONN IOTIFFI ~ 

Co~mon ICCN~CT/-DR? OPt KE. ME . O~. MY. 
• DC. eM, LASTOC, LASTCM. CR, POSOR . t":EGOR. 
• P05MAXCM. ?OS~~XDC. NEGMA XCM. NEGMAXOC. 
• TPOSMAXCM. TPCSMAXDC . TNEGMAXCM. TNEGMA XOC. FR 

Common / $:'R I NG I K::3. k 4~ 
r-["l 
REDO-I 
K2-3-'" ( J ) 
I(';'~.K ( 4 ) 

DO :-l.!i 

END 00 

INC_PC!Z) -UNSL_AJ ( Z ) 

It~CJIML ( Z' - 0 . CEOQ 

IF (I .GT •• 0) THEN 

END IF 
f'ETURN 
END 

REno·,) 

c ........................ . .................... . ............. . . .. .. .. ...... . 
c 

Subt'outin. NONCDNVEflGENCE 
Rea.l.4 W, p , 

c unu •• d common r.al. 
• WMAX. WSTE? INCW. P _CYCLE. PSTEP, INep . P _ADO. FMA X 

c unused ccmmcn integers 
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Integ.,. N 
C"""""" I W-,-Ol'lOI W. WMI'IX. WS'ci'. INeW 
Common I P LOI'IOI P. P CYCLE. PSTEP. INCP. P ADO. PMAX. N 
WRITE w.p:- "NONCONVERGENCE AFTER 10 ITERATIONS· 
Type • • N. W. P. • NONCONVERGENCE AFTER 10 ITERATIONS' 
RETLiRN 
END 

c ............... .. ...... .. .......................................................... .. .............. .. .......... .. .............................. .. 
c 

Sub~outlne OUTPUT (PRINT) 
R •• 1 - 4W. P. Af'1(:5) , D(~). 1(23. )(4::. VJ. V4, K (3:4), R(J:4), 

• LASTAM(l:4). LASTO(l:4). 
c • unus.d comman re.l. 

• WMAX. WSTEP. INCW. P_CYCLE. PSTEP. INCP. P_AOO. PMAX. 
• INC_AJ(~I. INC_AML(~). INC_AC(~). INC~ ( ~). INC-PMB (~). 
• INC~MC(2). AJ(~). UNBL_AJ(~). UNBLCM(l:4). INC_O (~). 

• NEWV3. NEWV4. UNBLVlDI. UNBLV4DI 
c .. unused common lnteger. 

Inte9_ N. PRINT 
Common ILASTI LASTAM. LAETD 
Common INaW_CONN_STIFFI K 
Common IW_LOADI W. WMAX. WSTEP. INCW 
COMmOn IP_LOADI P. P_CYCLE. PSTEP. INCP. P_ADD. PMAX . N 
Common ILDADSI INC_AJ. INC_AML. INC-AC. INC~MA. 

• INC_AMB. INC_AMC. AJ. AM. UNBL_AJ. UNSLCI1 
Common I DISPLACEI D. INC_D 
Common ISPRINGI K2J. K4~ 
Common IAXIALI VJ. V4. NEWVJ. NEWV4 . UNBLVlOI. UNSLV4DI 
K2J-1( (3) 
K4~-K ( 4' 
R(J)-D(2'-D(J) 
LASTD(J)-R(J) 
R(4)-0(~)-D(4 ) 

LASTO (4 ) -R (4 ) 
LASTAM (J )-AM (J) 
LASTAI1 (4 ) -AI1 (4) 

c .. WRITE.W.P . AM.D. K=3.K4~.V3.V4 

IF (FRI NT • E('I . :) THEN 
Type · . • • 
T~pe •• • W • P 
T~pe • • AM 
TYPE •• R (J ) . R(~) 

Type .. 0 
iype • • VJ. V4. ~2J. ~ 4!5 

TYPE •• • • 
END IF 
RETURN 
END 

c 
c ... .... ............... .... ...... . ....... . .... . .......... ............ ............ ....................................... .. .. . .. 
c 

Function FUNCT ION_M (DC ,J.~RINI) 

R •• l.4 Xt At 8. C, D. OC(J:4) 
INTEGER ?RINT. J 
A-l.34B~6666E09 

S--Z9703B8Z.4EOO 
C-2l8347.27'1EOO 
O·~9.8110e:! 
X-ABS(OC(J» 
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F~JCTION_M-P~ X · X . X·S . X·X·C · X·D 
IF IX .LT. 0.0007) THEN 

FUNCTION_M-3.b7Ib4EO~·X 
END IF 
IF (X .GT. O.OO~) THEN 

FUNCTION~-7=0.OOEOO+ I X-o.00~3).IOO.OEOO 
END IF 

C IF (PRINT .EQ. I) THEN 
C TYPE •• • FUNCTION_M: • 
C TYPE ., ' C-'. J 
C TYPE ., t ABS(OC1-'. X 
C TYPE *, ' M-'. FUNCTION_P1 
C END IF 

Retl.rn 
End 

c 
c: .... .o.o • .o •• .o.o.o ... .o •• .o.o.o.o.o.o.o.o • .o.o.o.o.o.o.o.o.o.o.o.o • .o.o.o.o.o.o • .o.o • .o.o • .o •• .o.o.o.o ••• .o.o.o •• .o ••• •• 

Function FUNCTION_K IOC.J.PRINT) 
R •• l.4 X. A. 8. C, OC(J:4) 
INTEGER PRINT. J 
A-l.:J4e~o606E09 

S--29703SB2.4EOO 
C·238347.27~OO 
X-~BS IDC I J) ) 
FUNCTION_K·J.OEOO·~·X·X·~.OEOO·8·X+C 
IF (X .LT. 0.0?07) THEN 

. FUNCTION_K-3.67164EO~ 
END IF 
IF (X .GT. O.OO~) THEN 

END IF 
C IF (PRINT .EQ. ;) THEN 
C iVPE -, ' FUNCTiON_K:' 
C TYPE . , t c. t , J 
C TYPE •• t ~SS ( CC ) -'. X 
C TYPE .0 ' K.t. FUNCTION_I{ 
C END IF 

C:nd 
c 
c .o •• .o ••••• .o • .o • .o •••• .o.o •• .o •••• .o ••• .o ••••••••• • ••••••••••••••••••••••••••• •• •• 
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