———— ~— ’w v . - ] \
i N ) "
A
. ‘ - . S
‘ A STUDY, OF PREFABRICATED SANDWICH{PANEL BUILDING STRUCTURES
. o !
Jn« * D“
Santi Rizzo
> 1
: ' e
A Thesis'.. N
in N
the Centre qr.Build!hg Studies,
| o (
’ ) ’/
: R z
] i
‘ Presented in Partial Fulfillment of the Requirements
o for the degree of Doctor of Philosophy at
® ‘ Concordia University

Montrea], Quebec, Canada

© " June 1979

o

ey o v - ’
>

© Ssanti Rizzo 1979

PO

gz%mﬂ;‘?,,.w;. o
.
-
~

P

\

.




v \

ABSTRACT

-

A STUDY OF PREFABRICATED SANDWICH-PANEL BUILDING éTRUCTURES )

- ~

Santi Rizzo, Ph.D.
Concordia University, 1979 |

. " «
Thé structural behaviour of a “half-scale building model

made ﬁp‘of' prefabricated 1ight-weight aluminum frame sandwich panels

a

and assembled with stapled connections is investigaped_theorgtical]y.'

3

- .
and experimentally.
The behaviour of the st$p1ed Joints showed nonlinear-shear-

slippage characteristics which were simulated by stepwise ho]y90651

2

within the theory. .
The ."Equivalent Frame Method", for the ah$1ysis of shear-

wall structuress was extgnded to model the behavidur of sandwich

t

' shear-walls such as used in the building model,
(Resu]ts from & set of four tests é?'the building model were

‘cémpared with theoretica] results., This comparison shows that‘the -
‘"Framg Equivalent Method" is suftable for the analysis of séndwich '
shear-wall structures with 2-dimensidnal non11near Jjoint behaviour,
A comprehensive strenggf analysis of.f;amed sandwich panels
is shown 'to favourably compare with the results obtained from a sét

of tests. The study also shows tfie relative contribution of the edge-

frames of the paﬁels to the overall Stiffﬁifs of the system.
The behaviour of the building model at failure was also

-
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CHAPTER I
‘ o o - . INTRODUCTION

-

1.1 ‘Prefabricated Panelized Buildings P

// \\\: o A- prefabricated panelized bu1lding is made up of prefabri-
/ ]

cated wa11 and f]oor panels. These panels fonn the main load-carrying

. elements, The wall assemblies provide the Bui1ding strength and stfff—-
ness against. the 1ateea% loads. The type of struefural system is’
usually referred to as:é%%ear -wall" structure.. v

1.2 Aims of the Research Programme’

M -
.

/ To improve the understanding of the behavidur of sandwich

» ‘ construdtion in the building industry, a research prograrme ‘was begun

in 1970 Fazio [1], to theoret1ca]1y and exper1menta11y study the struc-

o tural performance of prefabricated rectangu]ar framed aluminum sandwich
' pane1s when used as main load-carry1ng elements. .The aim of the prQJect
was to assess. the main parameters affectang ‘

i) the system's overall structural behaviour under static service

loads;’ _ -, ‘ - \ e

ii)  the resistance and’stiffness of the’sygtem when subjected to sim-

ulated severe wind and earthquake 10adings;

- °

b Separate studies were also undertaken to determine the b:;!"o

*

P

‘haviour of the frame aluminum sanddich panelf and of the connection

system., The objectives of these studies were‘to:

iii) investigate the stiffness and strength\of edge reinforced sand-
" wich panels,

iv) estab11sh the structural re11ab111ty of the stapled joints for

panel assemb11es. oo N
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1.3 Structura] Sandw1ch Panels .

.v' ..»r,‘
A sandw1ch beam or plate under flexure behaves much like,

‘an I-beam, with the flanges (the faces or skins“of the sandw1ch) carry-

3

ing the bend1ng action and the web (the core of the sandw1ch) prov1ding

the bending lever arm and thg»shear strength. ' . £:}
“The core also stab111zes the usually th1n face plates, which

may experience local instability phenomena such as wr1ka1ng, d1mp11ng

or crimpllng, especially .in the case of low-density core mater1a1s

1.4 Apgljcations and Mater1a1s for Sandw1ches

Sandw1g2htechnology has. been trad1t1ona11y used in the afr-q
wh

craft industry, re’it was first introduced for the cons$truction of

¢

the de Havilland "Mosquito" airplanes, during. the second world war.
' The structural sandwiches usua]Lj possess high and ad- .
\
. ‘. b ’
Vantageou‘ trength-we1ght and st1ffness-weight ratios, thch explain . {

their diversified c1v11 app11cat1ons for buildings (walts, floors, doars-,

stressed-skin components), for the industry of nava1 constructions

(plastic sandwich boat hulls) and mechanical constructions (containers,

i

The growing number of app1ica;ions in the building in-
dustry shows the great potentials of the structural sandwich for’

use as main-Tog& carrying elements, in large space shells (Parton [2],‘
<

‘ Anonymous [3]) large-span fo]ded-p?ate roofs (Fazie [4] [5]), panelized

bu11d1ng assemb11es (Fazio [1] [6] Nathan [7]) and as bu11d1ng structural
components of various kinds (Te1tsman [8], McLe11and [ 9], MateJa (101,
Abdel-Malek [11], Anonymous [12], Ha and Fazio [57] [58])

The versat1#1ty of the sandwich elements is also shown by the

" widé range of component materials used in building constructions,both

.
-

truck bodies, self-supporting car bodies, sub-way and railroad car bodies)..
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iv) ,Cﬁapter M reports on a comprehensive analysis of framed panels and

¢ , ,%
D3 : E
s . ; 1
for the faces: ' ) ) | ; 1
.,aL aluminum (for example, Fazio, [13,[{1,[5],[6];[8], Minford [15]); .g '
5) »steei (McCavour [14]); ) C S . | :' . ?.‘
c) plywood (B1b14s [151]; S . P 7’ |
| d] concrete (Nathan [7]2{; N . [ , |
e) o1ess-f15re reinforced plastics; . ‘ . rt%“
.ahd’the‘core; | S - , - : §
- f) " expanded 7>r?o$med.pTest1cs [Gad [161, Fazio,[1],[4],[%];{54J[3]); | %
q) paper honeycomb (Reichard [17]; Brentjes [18]). ‘ ‘ | ' g |
, 5 ‘ SN %
1. 5 0rganizat1on of the Thesis S . , ’ 3
The presentat1on of the ¥esearch obJect of this thesis is = - g %
organized as fo1lows:“i : t . Y T " é '
i) Chapter II describes, in detai],‘the ha] f-scale panelized build- §
.« ing mo&e1 (F-’ig.'~1’.1)a; made up of framed Snandwich"pe"nels and “ 'A ® ‘

-~

. vl
assembled by stapled cannections. In the same chapter, the test

setQup for the experimental sthdy of the‘structora1[5ehaviour of "

_the mode1 is descr1bed 1n detail. . : T

ii) Chapter Il presents the resu1ts of tests. dur1ﬂg which the model
was subjected to s1mu1ated vert1cal and 1atera1 loads S; var1ous

1nten 1t1es, R1zzo and Fazio [19].

{ a

ii1) The r search on the stapled connections formed the obJect of

{3

Ka]os akis [20] Master of Engineering thes1s. the nart

o o

re1ate to the overall structural behaviour -of the system is

. o
v oL

bpiefly reported in Chapter Iv.

.t.(....\ﬁ

S ~

the comp$r1son with experimental results ‘of a series of 8 sets of
A

" tests on 26 panels with var1ous edge cond1t1ons, and squected to

ca

!




edgewise compression or hending, Fazio and Rizzo [21]. )
e . y) A two-dimensfonal non-1tnear analysfs of the oézrall‘structural
'behavfour of the 5uT1d1ng is then presented in Chapter VI,
" vi) Chapter VII presents the- comparfson of theoreticaT and exper1-
. ., mental results of defTections aM stresses obtained from a set
. ‘ | of four tests, on the building model.
'-', .t vit) Finally, the results of the failure test are reported in Chapter
‘ yIiI. The failure modes of the lowest compressed sandwich’ papels

. 3
bt : .

~and their sequence of fai1ures are described. The early stages

e

of the fa11ure tests were compared witﬁ theoretica] results

) "obtained from the e1ast1c theory. .
. °, - ) ) ,.u’r

, R - .
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CHAPTER II .

z ’ *
THE HALF-SCALE BUILDING MODEL TEST SET-UP .
&

N -
- Y .
“

\

2.1 The Characteristics of the Building Model
2.1.1 General

o

Va ¥
A general view of the sandwich panel ‘building model is

&
/

given in Fig. f;]. The final model has a two-foom base 12 ft-6 Nae

x 6 ft- 4 in. (3.81 x 1.93 m) and a height of six floor, 2§ ft.

\\%} . (7.62 m). - - o |
B \ " o ~ ’ N
R The .floor plan of the model, Fig. 2.1, is made up of square

rooh un1ts with internal and externa1 side dimension (wall éo wall) of
, 6 ft- (183 cm)'and-s ft-4 in. (193 cm), respectively. A zz9ﬁ5a1 floor ’

unit results; Fig. 2.1, from the assembly of 3 equal éandwich bane]s,

placed with span peFBéndicu]ér to the direction of the horizontal 1oads;

B
[

¢
!

the panel assembly will éct asldiaphﬁagm-and transﬁit,fhé lateral- Toads
to the shear sandwich Qal]s, )
i . . [}

A typical room side wall (Fig. 2.2) is. made up of two 4 ft

(122 cm) ‘high panels, placed at the room cornersy: with an oben space
gap of 2 ft x 4 ft (61 x 122 cm), left between: them to represent (in the

.prototype) the window, ba1cony or door open1ngs " The* height of on§J

comp]ete floor ‘assembly (wall height and floor th1ckness) is 4 ft- -2 in.
(127 m)., '

-~ . ’ ¢

’ R The wa11 panels act as main 1oad-carrying é1ements~ as

. co1umn supnort1ng the vertica1 shear com1ng from the f109ws, and

as coupled sandwich shear-wa11s against the lateral loads. g .

o A

\. " “\ ‘ < --"b-*

»
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Aluminum extrusions were used to assemhle the panels and highl

strength steel staples to secure the pane]s to these extrus1ons Panels
!

and connect1ng extrusions are further descr1bed in the fo11ow1ng sections,
2.1,2 and2.1.3, respectively,

2.1.2 Pane1s _

; Panels are made up of two 0,025 in, (0.635 mm) thick a1um1num
skins and 1,875 in. (4.76 cm) thick styrofoam core, which has a dens1ty of

\

2 1b/cu.ft. (32 kg/m3). The overall panel thickness is then 1,925 in.
(4.9 cm), Fig. 2.3 (b and c). The panels have constant width 1 ft - 11
11/16 in. (23.69 cm) and lengfh\of: T ft (30.5ucm3 for lintel beams,
4 ft (122 cm) and 5 ft 1 9/16 in (181.8 cmd for wall and floor-.panels
respectively, Fig. 2.3.a. ' “

/ . . .
The four edges of the panel are reinforced\by‘clear white-

pine wood members, of 2 in. x I.875 in, (5.08 cm' x 4.76 cm) constant

" cross-section, assembled as rectangular closed frame by mitred corners

(45 degree‘ang1eusfud ends), Fig. 2.3.b, andby 1 in. x 3/8 in. (2.54 x

9.5 mm) metallic corrugated fasteners.
The assembly of the panel was done first by pfiming the alum- .

inum faces with‘Bosti%§ﬁ§:§§7 adhesive, ain:dried‘For a minimum of 12

8’

hours, fhen by priming the”faces with an epoxy aehesive The faces and
the core system (frame and styrofoam) were then mated . and stacked

into’ c1amp presses, subjected ta & pressure of about 15 psi (102 5 kN/m2)

! .
b

and left in the press to cure overn1ght.
2 1 3 Connections

Two=¥ypes of. connections, F1g. 2.4, are used in the mode1
i) aluminum extrus1on No. 1 (Fig. 2.4, a) 1s # shaped and is used- to

) tonnect panels or1ented‘in Orthogonal p1anes, name]y floor to wall

)
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panels (Fig. 2:5.b) (hor{zonta1 5 ft-6 ina ='167.64 cm jo}nt) or
wall to wall panels Qverticél 3 ft-6 in. = 106.68.cm jointi'(Fig.
2.5,a. )3 ' -
ii) aluminum extrusion No. 2 (Fig. 2.4.b),'wide flange I shaped, is used -
to connect panels in the same plaﬁe or floor to floor panels (5 ft.-
8 in. = 172.72 cm horizontal joint) (Fig, 2.5.b)." Tﬁe same extru-
sion, No. 2, with.its web rotated ‘by a’ 90 degree angle, is also
used to connect the first-fioor wall panels to the top of the base
or foundation-steel frame, Fig. 2.6. - .- L |

The aluminum a110y used to extrude the connections was type.

[
’

60-63-T5. ,

‘ The 1ong1tud1na1 grooves prov1ded in a11 -the f1anges of the ex-
trusions (Fig 2.4) were made to-reduce the f1ange th1aness to the mini-
mum which allowed to drive the h1gh strength carbon steel stap1es through
the connect1on flange, the panel skin and into the timber frame studs.

The groove s profile was designed to’ accommodate the head of SENCO s air

- pressure staple gun,

. The staples (see detail in Fig. 2.4) had 11/16 in. (17.4 mm ) |
length, 13/32 jin. (10.3 mm) crown and p = 0,0057 in. (1.5 mm) wire djé—“

“meter'and were. spaced at 3/4 in. (19 mm) along the connection.

2.2 Loading System' P SR

[
As already mentioned, the ‘mode] was subJected to 1oad1ng tests -

- <at its d1fferent stages of assembly. The loads were app1red as follows:
X P .

2.2.1 Horizontal Loads

<

2.2.1.a Concentrated Loads

~. lateral concentrated loads were applied at the.floor levels

. w{fh a two-ton (17.8 kN) ram and manually operated‘hydfaulic pump. The

[

/
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ram was conrected to a stud load cell having a 4.5 Tbf (20 kN) capacity.

K

. ;
]
&4
$
3

W

A chain connected the other end of the ram to a 417.7 steel heam fixed
to two heavy steel columns of an. adjacent test frame structure (detai]sv

in Ref. [22f3. _ - . :
2.2.1.b Distributed Loads "

i MC SN £

A To simulate horizontal loading conditfons, uniformly distri-
buted lateral loads were app1ied by the use of aié pressure‘plastic Q
bags which wére made up of .006‘in. (.15 mm) thick Tuftex‘plastic sheets,
“"type No. 1010, and had final standard dimensions of 5 ft,x 7 ft (152.4 x
213.4 cm). Seams of the bags were sealed with polytape, Fig. 2.7.d.
The volume of the ba;; was made larger than tpat'provideq by the gap

. * between the model and the wall so as to allow the bag to expand -with-

B ' out damage, when the model deflects under the bag pressure, Fig, 2.7.d.

.
BB 5ot v a0 i1 L o ..
e o Pl S oA 380 033 B i 12

The air.pressure was sdpp1ied by a 100 psi (690 kN/m2) 3/4 %n. (1.9 cﬁ)
. diameter air pressure 1ine. The input and output bag pressﬁres were
" monitored with a tubemanometér banel, Fig. 2.8. ‘
Each bag is inserted within the external protruding 1.86 in.
: (4fZ cm) flanges of aluminum extrusfon No. 2 (Fig. 2.7.a.1) dnd a re-
taining p]af?orm (Fig. 2.7.a.3) made’up of special tongue and groove
sgndwich panel reﬁovab1e assemblies (Fig. 2.7.bf.' A'wopden support
b frame (Fig. 2.7.a.) was designed to gransfet‘the air pressure from
the retaining platform into the rigid wall of the laboratory (Fig. 2.7.a.5)..
A bag 1s.provided for each 6 ft x 4 ft (183 x 122 cm) wall unit, l

The systemqnay then accommodate uniform and stepped loading conditions.

: The latter may have increasing or decreasing intensities from the
f . e bottom to the top, to simulate quasi-trianqular or quasi-trapezoidal
Toads.




temporarily placed-at the bottom of the wall opening GFig; 2.9) to

2.2.2 Vertical Loads

‘The gravity and 1ive loads are sifwlated on .the mode] by room-.
temperature water, supplied within water basins placed on each room.
module floor. . | ) °

CTwo 1 ft x 2 ft (30.5 x 61 cm) non stapled Vintel panels were

retain the water. A plastié sheet 10 ft'x 10 ft x 0,006 in (3.05 x

- 3,05 m x .15 mm) 9s thereafter spread on the floor and taped to the.

walls of each room module, forming,é 6 ft x.6 ft (183 x 183 m) ]eak- tf

proof open basin with 1 ft - 10 in. (56 cm) maximum water depth‘ which

corresponds to. a maximum uniform vertical load of 1ntens1ty 114,500 psf

(5500 kN/mz)

A system of va1JEs provides regulation of the water depth

according to the loading programme (see details in Ref. 221). A pump

ﬁsl 1nsta]1ed to remove the water. . ' :

2.3 Data Acquisition System

The data to be acquired consisted of strain ~and dis~

4
placement measurements.  Electrical resistance gages measured the

strains at sélected skin posit1ons and electrical d1sp1acement

transducers measured the bu11d1ng deflections.

2,3,1 Strain Measurements

r
Linear and rosette meta] foil gages manufactured by

Micro-Measurements were-used, The linear qages are designated as &
EA-13-1258T-120, opt1on E, and the rosettes as EA- 13-\25RA-120 option E.
The nominal gage factor of the gages was 2. 09-+ 20% ( 7$°F), the .gage

- « \ -
length was 1/8 in. (3.175 mm), grid width 0,062 in. {1.575 mm), 120.0 =




'on;o magnatic tape and the data can be processed in a QYBER 172 (CDC

- 10 -

"

4% q resistance. They are a11'encapsu1ated. Figures 2.10 and 2.11 show

thébposition of all the gages'u%ed during the test of'dssehbly No. 1-7,

Latd

. { S
namely the final building stage with two room modules and six-floors.

2.3,2 Displacement Measurements

D1sp1acement transducers had been developed by Faz1o to measure.
deflect1ons automatlcally These are made up of a steel cantilever strip
with a strain gage close to the f1xed end (F1g 2. 1; . One end of .
the rigid alum1num support is f1xed o a~heavy magnetic base (Fig.
2.12.b). The movement of the pin (Fig., 2.12.c) due to thg building d;s- .

placement gives'nfse to strain chénges.

2.3.3‘ Computerized Data Acquisition System |

Strains sensed by the gages are monitored by a computerized
data acquisition system (DAS) with 120 active channelg, Wires from strain
gages. are connected to junction boxes. Voltage signals- travel

from these dees to a signal conditioner and a multiplexer switcher, are

, .
H
i
¢

amplified, converted to digita1 and received by the PDP-8/L computer,,
The computer records and converts the voltage readings into strain units

at a rate of over 100 gages per second. The records c3n also be read

$
7200) computer by a program PDPRS developed by Sen [23]. A program
- !
called PANBLD has been written by the writer in‘Fortran IV language and
® |
included as Appendix A. This program transforms the st%ains into stresses
a ! ¥ .

and displacements.,
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PRESENTATION OF EXPERIMENTAL DEFLECTION :

AND STRESSES OF THE BUILDING MODEL

3.1 General u . R

' | This-chapterf presents the exper‘in;enta] deﬂeétions and stresses . ‘
obtained from a set of several loading tests on the building model. ‘
The strvuf:tural behaviour of the modelwas investigated at - o

T different stages of assembly. The assem'b1y and tests are designated ' TLed

by a code m}mbgr (see Figs. 3.1 aﬁd 3.2). In the coﬁvention code no.
05-11-L~, the first digit d_escribes the number of floor panels (0 for o o
1 floor panel assembly); the second digit, the number of floors (5 for
a four storey hssemb1y); the 'follovv'l ng two digits, ;he test number for .
that assembly. The letter at the end describes ’the/I1oad type (L for Tatt;- :
ral 105;1; TR for triangular lodd;CL for‘coTlapse-tjst).

{ N
* The results reported herein will treat, fin particular, the de-

i g 10

flections and stresses obtained from tests carm‘ec& out on assemblies 05,

06, 07, (Rizzo and Fazio [19]) and 17. The results regarding the failure 1

tests 17-06-CL1 add 17-07-CL2 will be treated in detafil in Chapter VIII,

3.2 Presentation of Experimental Deflections

The various lateral or corr,\bined vertical-lateral loading-
coﬁdih:ons are 'represented in Fig. 3.1 for assemb]ies 05, 06, 07 and ,
in Fig. 3.2 for assembiy 17.
The experimental deflections of the model' at respectivé maxi;
‘mum loading intensities are presented in F'?"Ed 3.3 for assemblies 05, 06
and 07, |
b ~ The deflections for \stemmy 17 were monitored by lé canti-

lever gages and the deflected shapes for the different tests are ﬁre-

sented in Figs. 3.4, 3.5, 3.6 and 3.7. The three readings at each storey
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LY .
\ . . s

’ﬁ_]evel were averaged and plotted 1n Figs. 3.8 and 3.9,

3.3 Presentatwn of Fxpemmenta" Stresses

‘ The namberi ng and positioning of rosette gages are reported
in Fig. 3.10, wh‘ich summarizes‘ the more detailed description of Figs’a’
2,10 to 2.11. The strains from these rosettes were converted to stresses
using the generalized Hooke's law and plotted in Figs..z.ﬂ to 2.14.
The computer program written for this conversion is given in Appendix A.
I't“should be noted that the stresses for assembly f7 only arg'réborted

in this th'es~1's.‘ oo
3.4 Discussion of Experimental Deflectiens

The deflected shapes of the¢ model” resembles the typica] de-

flect-on shape of the shear-wall equivalent frame. ' i
The drift coefficients (ratio of the top deﬂec‘:tigm to the
building height) are reportnad in column. (6) of Tables 3.1 and 32
Tre National Building Code of Canada 1977 [24] requires the

_drift of the byi]cﬁng not to.exceed 1/500 at a lateral ‘uniwfbrm pressure’
of 300 psf (1,400 kN/m2). Column (7) of Tables 3.1 and 3.2 shows the
approximate drift of the model under various test conditions. .For simpli-
c1ty a linear load- deﬂectmn relationship was assumed to hold for the

" model. The results show: - ‘ ,
i) the reduced drift coefficient is bétw*n 1/300 and 1/400 for most

of the scaled loading conditions;

’

i1) the que] behaviour is very sensitive to upper triangular loading
shapes (1/246 ar'ift for Test 17-03-T1) and to tip (or concentrated

)
at the top) loads (1/136 and 1/243 drift for Tests 06-01-L and

4 05- H L respectively); ! | |

-

ii1)the (shapes of deﬂection dlagrams of assemblies 05,06,07 ‘and

of the average deflections of assembly 17 (Figs. 3.3, 3.8, 3.9)
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4 of the behaviour of the stap]ed connect'lons. The analysis is presented in

‘assembly 17. Panels on the leeward side had previously failed and were

- of stresses at the leeward side: . -

A

show the bui]ding'behaves n{uch like other shear wall buﬂdings

R PUAPRIIRE- - TP RN ¥

"The. re]atively large deflections have led to a closer 1nvest1gation

Chapter Iv.

3.5 Discussion of Experimental Strésses

?

Since  the structure is symmetric, the stress distribution in

each of the coupled shear walls should be similar, The discrepancy between
stress leve]lS of leeward (compression) and windward (tension) side flange
panels,: in Figs. .11 to 3.14, is mainly due to the direct application of =

. . ! (AP "
bag pressures on the windward panels, which resulted in localized bending J

stresses, . . ' Y

A1l gages on the biilding were rephc/ed for the test on s :

replaced. The, new péne s were gaged before replacement and proper appli- F
catioh could easily be carried out. Gages on panels in the windward side

were applicg in sifu with some difficulty, which may have resulted in some

poor installations .and wh_'ich would account for inconsistent ?@ﬂts in "

Figs. 3.11 to 3.14,

The, following observations can be made from the distribution -

a) Stresses in both facings of the pane1s in the 1eeward side generaﬂy
show uniform distribution across the width of the panels. V_ariations
exist at the corners of the model. This may be due to stress
concentrations and flexibility of vertical connections.

A%
‘‘
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b) The stress gradients in the web panels on the Teeward side vary

“from compression at the éx‘terior edges to tension at the interior

' edges,

1

c) From observatlons (aj and" {b), it may be conch@:}hat the panel

assembhes act as integral TorT sections

.
.
. o
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) A
TABLE 3.3 3
COMPARISON. WIND _
AND APPLIED TEST HORIZONTAL LOADS
_ ™ DESIGN* .
TEST TEST LOAD WIND LOAD RATIO" (2)/(3)
m Yy (2) - (3) (4)
05-10-C . 8000 1bs /13334 1bs 2.3
d (35.6- kN) (14,9 kN) *
05-11-L 3000 1bs . 3334 Ths 0.9
- . (13.4 kN) 7. (14.9 kN) :
06-01-L - - 2500 Tbs 4166 1bs 0.6
} {11.73 kN) (18.6 kN)
06-03-L 5000 1bs 4166 1bs 1.2
.- (22.3 kN) (18.6 kN) .+ - L
06-04-L 7500 1bs " do ‘<;&\ 1.8
: - (33.4 kN) .
06-05+L - 8000 1bs. do 1.92
(3526 kM)
06-06-L Y7500 Tbs _ do 1.8
= (33.3 kN) ’
oL L. 6750 1bs 5000 1bs 3
1 07-02-¢ (30 kN) - (22,3 kN)- o
17-01-p1 | 4500 Tbs . 10000 1bs 0145
, (20.0. kN) (44,5 kN)
12-02-P1 7500 1bs ~ 10000 1bs ¥ 0.75 «
(33.4 kN) (44,5 kN) .
17-03-T1 F 7500 1bs 10000 1bs 0.75 -
: ~/(33.4 kN) (44,5 'kN) N
-17-04-13 7500 1bs 10000 1bs 0.75
- ~ (33.4 kN) (44.5 kN) S
17-06-CL1 24000 1bs 10000 Ths 2.4
» (107.0 kN) (43,5 kN): .
17-07-CL2 51000 1bs 10000 1bs 5.1
e (227.0 kN) (4.5 kN) -

€° Assumed averaéé.unifbrmuwind pressure g = 30 psf (1.437 kN)

g
Q

on the lateral_éyrfacq.of the building model.

°

. L3

{

? -8
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. CHAPTER IV
. 'THE.BEHAVIOUR OF STAPLED CONNECTIONS -

4.1 Discdssion.gf Experihental Deflections

The straight curves in Fig. 4.1 would-seem to indicate the

deflection of the model” to be of. the shear type. This def1ettign, in

fact, is due'tb a combination of shear and bending displacements of . ;f

panels and shear s11ppage of the stapled Jo1nts (Chapter 111). This

s11ippage 1§2reduced by vert1ca1 for@es which substant1a11y 1ncrease

R . il

.friction forces between the connections and the panel. The reduct1on e
' oo s '

in slippage, due to increasing~fr1ctiqn'forces, is demonstrated in

Fig.~4.1.a where it is hown that def]ect1ons deckease with increase .

in vert1pa\ 1oads name1y 1n those tests where vertical 1oads were

‘ actyally app11gﬂ before the Tateral loads. Typical d1sp1acement Vs,

3

1oad1ng-un1oad;ng clirves are p]otted in F1g 4 2 a-for 1atera1 1oad1ﬁg

and {in Fag 4.2.b for combined 1oad1ng.

"-/

- : The‘effect of frictlon forces is also demonstrated in téTs -

\

figure where, it is shown that because of the presence of vert1ca1 load

.the initial pg$?1dn of the cut:e~;;;fjjb,4 .2.b has -a greater slope than s
- B
%

the corresponqkng portion of the ve in_Fig. 4. 2 M. Bechuse nf the
joint s11ppage and the influence of varylng vert1ca1 loads on this slip=
page; the’ behav1our of. theX:ode1 in non-linear, (F1g a4, 1) and a |
c1oser.exam1nat10n of the joint behav1our is required for better inter-

pretaiion of the model def]ect1ons

o ¢

« . ‘
4. 2 Results from Exner1menta} Stugy on St@pfed Joints .

»

An exper1menta1 1nvestigatnon-was carried out on a series of

typ1ca1 stapled Jo1ned sections [20] F1gure 4.3 shows a typical family

©
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e
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l'of curves resu1t1ng from a series of tests carried out on a two-foot
(61 cm) stap]ed Jo1nt subJected to combined shear forces a1ong the
joint axis and vasiab]e un1form1y~d1str]buted normal forces, perpendiefTig A‘ g ;

ular to the joint axis "They c1ear1y'show the frfction‘varfable stiff-

Y
1 <
\ I3
1
M A
S arir sy w»:"ﬁfmm P

ness as the norma4 -force N var1es from 0 to 6 k1ps (0 to 26.70 kN).

“a

It can be noted that

H Ed

-

(i) the curves are non-linear and the stiffness coefficients of the

L

a7

e e A, o 1 Y Sy b 0

jotnt/must be evaTuated from the tangent values to the curves; »
(ii) the.stiffness of the joint inéneasesxwith“increasihg §hear .
! forces, V; | . . 5 {;j~ .,
(iii) the stiffness of the joint increases with normal forces, N;
kiv) despite the non-Tinearity of the curves, the test Showzd that the . -
behaviour of the Jo1nts s elastic within the’ range of forces shown
These curves conf1rm the 1nterpretat1on of the modei deflec-
tions discussed above .‘guch curves can be used to mode] the joint be-
haviour in a theoret1ca1 analysis to pred1ct the behaviour gf such

A\

panelized structures (see Section 6.3.3). .
%,

!\;1_
A




BEHAVIOUR OF FRAMED SANDWIQﬁ PANELS
L N ' \

5.1 Introduction

B A

~

A the3¥etfca1 and experimental investigatioh was eareged out
on‘the type of sandwich panels used‘in the building model to determine:
/ 1. The’behaviour of the penels ip their e]ast{c range.
““Z“j/The stresses at which w:inklihg of the skins would occur.
3.. The ultimate capacity of the panels.
4, The influence of the wood frames on the load-carrying capacity of
the panels. . . ‘ '
Pane]s with various edge condit1ons (Figs 5.1 and 5.2) were
o : tested. These panels had a‘styrofoam core 1.875 in. (4,76 cm) thiék, .
L aluminum facings of 0.025 in. (.635 mm) thick and a 2-in. (5.08 cm)
w wide wood frame. ~The properties of the various materials of the pane]s
" % are presented in Table 5.6. Close agreement exists between the exper1:
. mental results and those obtained from a strength analysis developed to
" take into account the:contribution of the @dge frames. A design igrmula :
is rev1sed to yield c1oser agreement with experimental results. The
reduct1en in strenqth Teading to early wrinkling of the alumjnum facings
and lower ultimate load has been recognized to be due £Z the residual

stresses due to shrinkage of the wood framing of the panel, and eorner

deta111ng of this framing, (Fazio and Rizzo [21]) '

4.

v 5,2 Behaviour of Frame]ess Panels

- +

5.2 1 Review of Existing Wrinkling Stress Formu]ae for - .
- Thin Metalic Sk1ns v
" In deve]op1ng these formu]ae H1111ams [25], and A11en [26]
vz ! - ) i

a . ,‘ v - ‘i{
— . . )

He ‘¢ ' . ! - - ’ 1



assumed the sandwich skin as an infinitely long plate bearing on e1éé;

%

tic foundation (the core) and subjected to uniform compression. These

formulae are given by Alten [26]; . .

/ - ‘ i .

¢ ‘ 13 2/3

i T = BZEs Ec ! (5.1)
where .

LN
w
1

;= 30123~ )2 (1en )211(3;.
- -
and by Williams [25]: s
‘= 1 1/3 1
Oyp = 0476 (6,EE,) /3 . | (5.2)

Iy

T .o ’ I . ' i
Norris [27] suggestedﬂ for %he_purpose of design, to reduce
a ~ \/‘ K !

. the' coefficient 0.76 in Eq. (5.2) to 0.5.° Thus;

- 1/3 ' ‘ -
O, = 0.5 (6EE) / . « (5.3)

The Equat}ons (5‘1) to (5.3) may also be‘used to predict the

wrinkling stress of the compressed face of panels ufider out-of-plane

bending, provided the panel fa]]s.within the range oﬁ'thin‘facidgs_type,

Allen (1969). It is understood that the occurrence of the wrinkling of
the facings represents the ultimate 1imit state of the panels: after
yrink]ing any .1oad is no longer supported by the skins.
. By substituting the data'given in Table 5.6 into Eqs.'(S.l),
9 : = - 2y, = 3
(5.2) and (5.3), Oy 16100 psi (111200 kN/m?); O 1@800 Fs1

(116100 kN/m2) and o, = 10600 psi (73100 kN/m?) respectively.

P

- f

Two sets of four panels each were tested under edgewise com-

pression (Fig, 5.2.a) and two sets of three panels each were Fubjgcted

to the four-point 1oad-bend1ngbtest (Figs. 5.3.a and 5.3.b) to check the

" validity of the existing wrinkling‘formulae (Eqs. (5.1) to (5.3)).

IR
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¥

refer to panel sets. Both sets had a length H's 23-5/8 in. (60 cm).

- Wrinkling occurred at an average ultimate Joad of FL =3900 1b, (17300N)

: cm);‘ The test set -up is ShOWH in Fig. 5.3.a. The 1oad-was‘applied with

:1n Teble 5.1, column (3),

'eince, referring to Fig. 5.3.a,

- 22 -

5.2.2 Edgewise Compression Tests ' -

The first set of pane]s had a width bg = 7~?/8 in. (20 cm)

and the second set bI = 12 in. (30.5 cm) where Roman superscripts .

and PII = 5300 1b. (23600 N) respective]y -The scatter of the 1nd1v1d-

ual ultimate loads was +3%. * The correspond1ng wrinkling strésses -
T = P2 Oy (5.4).
are reported in column (3) of Table 5.1.

5.7:3 Four-Point: Load Bendwng Tests

111

Two sets of panels had a width of b~ = 8-7/8 in, (22.5 cm)

v

and\b -.18-11/16 in. (47.5 cm) respect1ve1y. Both sets hada hearing

span 2 = 45 in. (114.3 cm) and symmetr1c shear spans s = 18 in, (45.7

a Tinius-0lsen testing machine and transferred to the beam through
rollers.and bearihg plates. Wrink1ing occurred at the loading points

in the central span of the beam at an average load of' FIII 520 1b

(2300 kN), with scatter 1%, and FIY = 1120 1b. (4500 kN) with

scatter *1%. Thus, 'the corresponding wrinkling stressé? also rennrted

* M Fs
g = H = U C . {5.5)

' F .s . ‘
M= —%;— L : (5.6)




5.2.4 Comparison of Experimental and Theoretical Results

wise compression tests and . the four-point load bending test respectively.

5.2 and 5.3.

From Table 5.1 it can be seen that‘Equations/(S.l) and (5.2)

overestimate- the wrinkling stresses af/the frameless bane]s by 40 to

80% whereas Eq. (5.3) predicts them within 10%, ‘Therefore, it is’
suggested that only Eq. (5.3) be used to predict wrinkling stresses of

[ .
frame1ess sandwich panels of the type presented herein, It should

also be noted that (column (9) of Table 5.1) this equation overestimates

£

and underestimates by 10% the experimental O obtained from the edge-

The 20% scatter' between the two different teéts is analogous to scatter

reported by Norris [27]. It is recommended that in practice the edge- -

TN~ .
wise compression test be carried out to obtain the more conservative

wrinkling stress value and, for design, the coefficient of Eq. (5.3)

be further reduceq to 0.45. Thus,

- 1/3 : ‘
A 0.45 (GcEcEs) (5.7)

5.3 Behaviour of Framed Panels with Reinforced Longitudinal Edggs'Only
Edgewﬁse compression tests and four-point load bending tests

were carried out on two sets of three panels each (Fig. 5.2.b) and one

set of three panels (Fig. 5.3.c), respectively, in order to determine

the influence of longitudinal edge reinforcement on the wrinkling

stresses of the facings. The results of the tests are given in Tables

5.3.1 Charq;teristics of Limit States
The behaviour of the panels having reinforced longitudinal
edges (see Fig., 5.2.b, edgewise compression case, and Fig. 5.3.c,

{ :

A
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out-of-plane bending cas;) may be theoret{cally described by the fol-
lowing 1imit states: ‘ ‘ ‘
i) wrinkling of the facimgs (along width of core);
ii) l post-wrinkling (extension of wrinkling of face>a1ong
width of frame); '
iii) ultimate (rupture of the panel).. ‘

Thé cbrresponding load carrying capacity of the panels are given below,

for edgewise compression and out-of-plane bending respectively.

5.3.1.1 . Wrinkling Limit State

The edge strut and facings behave as a true composite section
up to the ?oint where wrinkling stress in the facings is reached. At

this point, a wrinkle forms on the skin and~extepds over the width of

. i . -
" the core bc, Fig. 5.4, and stops short of the edge struts. These wrin-

kles occurred at approkimateiy mid-height in ihe compression specimens,

and ‘beside the Toad bearing plates in the central portion of the beam

’

speciﬁens.
. For the edgewise compression cases, the wrinkling load

Pop = 2bp to,. * ?bf°f1 | (5.8)

where geometric symbols are identified in Fig: 5.4,
N y )
The o . is assumed not to exceed the value given by Eq. (5.3) and the
unorma1 stress on the cross section of the strut cfj’is obtained from

strain compatibility as

| /s
.,cfl = ewaf = Ef cwz-/E . “(5.9) )
For the bend}ng case, the moments of inertia
=2 (beift2) - - - ‘ >
I (be3/12) ‘
~ (5.10)
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- 25 - . N . 3
- h+cys4, . :
! I =1 +1,(EJE) . o h N | (5.11) |
p s f j'/ 8 : ' ) ' ]
afid the section modulus » %
Iy :
' = 5.12 Ty,
Sp h/2 ( )’ §
i
“ ’ . : ‘ §
The bending moment at which wrinkling occurs 'g
| Myt oS, | . (5.13) %
' where.cwr does not exceed the value given by Eq. (5.3). <y i
o’ 1 " ,I "‘g
. | ’ ' §
5.3.1.2 Post-Wrinkling Limit State - -3
' As the load is increased beyand the wrinkling 1imit state, § .
’ C ' ‘ !
the half-wave length, ), of the wrinkle (Fig. 5.5) is>reduced and its ‘3
, ‘ ‘ . K . .
amplitude increased, producing compression at A and tension at B on the R

core, up to the point where either the core or the adhesive C fails,
This failure is shown in Figs. 5.6.b and 5.8.a and the corresponding

critical stress in the skin g,, can be predicted by the following ex-

pression‘deve1oped by Marsh [28] and briefly presented in Appendix B. .

o =¢ E =g _ +0.25x 10=%.F (5.14)
er er 8 wr g

Thus, for the edgewise compression‘;gighk

Pcr' = be(:ctﬂ + 4bftccr + ZthUW (5.15)

where O e is obtained from Eq. (5.9).

The critical moment M_ for the bending case can be derived

Ve - . “
.from Eq. (5.13) by substituting_cwr wiﬁh 9, OF Eq. (5.14).

!




./ , p .
_state can be expressed as

'edge-fhames are generally required to achieve effective cornnections

— " -26- | -

- Mcr = Uc}'sp- . . . (5.16)

14

When the 1imit states described by Egs. (5.15) and (5.16) are reached,

‘the wrinkling wave propagates over the edge frames and all compression

stresses are transferred combletely onto the edge-frames (Fig. 5.8.a).

é.3.].3 Ultimate Limit State

For the edgewise compression case,‘the ultimate load at this
‘ N ,
Pu = cubefc : : . . © (5.17)

where (2b,c) is the cross area of the strut. It should-be notea that °

. 2]

:
ey

in' sandwich panel assemblies,

. \ )

The dimension bf of these frames can be varied so as to yield

a value for P not less than P in Eq. (5.15) and thus provide a secon-
py ‘ f

dary 1ogd-carrying mechanism’iﬁ case of wrinkling failure. )
For the bending case, the ultimate moment M, "{s carried by

Phe composite section made up of the facing under tension and the edge-

frames (Fig. 5.?.a). The cdrresbonding normal stress distributionlon

the cross-section is shown in Fig. 5.7.b., It is assumed that at fail-

ure the stress developed in the aluminum is F*S'(°ys)' From equilibrium

and Fig. 5.7.b,

)

2abf°uf'= bpt(] .50y8) ‘ ' (518’)

“« LY 3b tO' Y : :
e (5.19)

P Pur v

Taking moments of forces in Fig;.5.7.b,,the ultimate moment

. oot ay , (c-a)?
M, = 2aufbf1a(c + % - 2) + 3. ], (5.20)
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§;3.1;4 Comparison ofrEXperimthal and Theoretical Resu[ts

e

-Results given by the ébove.forMUlae compared favourably to '

o

nibipriiittn s
. »

corresponding experimental results (Table 5.4) with differengss varying

LR W

between 1% and 11%. : ' ' ‘ .4

5.4 Panels with Closed Edge-Frames

Panels with closed edge-frames (see Fig. 5.1) were used in

the pénelizéd'buj1ding model. Skin stresses were monitored during

" tests with rosette strain gages (?ig. 5.9) and an automatic PDP-8/L
Data Acquisition System. The stress values recorded prior to wrinkling
‘ranged from 5531 psi (38164 kN/m2) to 5560’psi (38585 kN/m2) (see Sec~

tion 8.3.1), approximately half thé values ‘for wriﬁkTing‘stresses yie}ﬂéﬁ

by Eq. (5.3) and obtained from comparable panels with Tongitudinal edge
o , F
reinfprcement only (see Section 5.2.4),

R Edgewise compression tests carried out on a three panel set

having closed edge-frames confirms the Tower stresses which occurred -
in the model for this type of panel. The average wrinkling pxill and

VIII

ultimate loads Pu reported in Table 5.5 are also approximately half Yé\

of those obtained from panels with longitudinal edqe reinforcement only

(see Table 5.1, Series V).

5.4,1 Effect of Edge Wood Frame Shrinkage on Wrinkling Load Reduction
\

The\iiii?kage which had developed in the previous 8 years in
J

these paneTs was shown by the inward bowing along the wood thickness
A t

around the edge of the panels and by small, yet visible wave deforma-

tions of the plate along the core contour. The edge longitudinal sh}ink-

“

age reduces the overall dimensions ofsthe wood frames and consequently

introduces orthogonal compressive strains in the facings, .
! ‘ .

S




i

The values of the shrinkage strains of wood in the direction | ;
# ‘ . ¢
‘parallel (or longitudinal ¢) and orthogonal (radial e) to the fibers
were reported by Mﬂbradt in 1968 [29] and range as follows: _ ’/
10ng /}1 to 0 3%, €pad - 4 to 6%

These strains due to shrinkage would induce initial stresses

N

in the facings which would account for the reduction of wrinkling

e

stresses in these panels. Further reduction may be attributed to the

. . -
plate bowing which causes ¥&condary face bending moments when subjected
to face compression (Fig. 5.10.b).

~ ? 5.4.2 Effect of Corner Frame Details in U1t1mate Panel Capacxty

The reduction of the u1t1mate Toad P can be mainly attributed

to the 45° corner connection of the frames (Fig. 5,1.bi%//yﬂder edge-
he edges of the

-~
s e ¢ .
e Bk e SRR L vt S o

N

wise compression, a Tateral force component tesults at«

L

Tongitudinal edge studs causing a combined compression-bending strut i

/ fai]ure'atxmid-height (Fig. 5.11). The wood frame is assumed to be

a

pin-connect®d at its corners and does not.contribute to the shear stiff-

ness of the panels. This assumption is adopted in the aha]yéis in

Chapter VI. ‘ : : . K i

—
‘

5.5 Conclusions '
. A test programme an aluminum sandwich panels_ with no rein- :
forcement showed that wrinkling stresses due to edgewise compression N '

are 20% lower than wrinkling stresses obtained from the‘?Bur-point
loading bending test. , b ‘ ‘ )
v Existing formulae by Allen [26] (Eq. (5.1)) and w11]iams,[23]

(Eq. (5.2)) overestimate these stresses by 40% and 70% for bending and

edgewise.compression, respectively (Table 5.1). The formula by Norris

[27] (Eq. (5.3)) overestimates the wrink1fn§ stresses due to edgewise
' ' y 4

. ,
: |
3 ’ . k.
. / ) I
s - '
N —_—
.




"
' according to Eq. (5.7). ‘ =

' i%ompare favourably with experimental results (Table 5.4). T

compression by 10% but it can be used safely by reducing Tt cdéfficient

Express1ons have been deve1oped to predict wr1nk11ng P and
u1t1mate Ioad carrying capac1ty P of panels with Iong1tud1na1 edge rein-

forcement subaected to edgewise compressions or bending. The express1on§.

derived from Eqs. (5.8), (5.16), (5.17) and (5.20) yield results which

L3

Wrinkling stresses in panels with close edge-frames were found
to be approximately %9% Tower than those of corresponding panels with

longitudinal edge reinfdfcement only, The ultimate load carrying

capacity Pu of these panels was found to be approxﬁmgte]y 40% of. panels N

_with longitudinal edge reinforcement. The combined effects descrihed

in Sections 5.4.1 and 5.4.2 méy have contributed to these observgﬁ
. . 1

reductions. . , 1
- 4 .
-]
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CHAPTER vI7'®

THE ELASTIC NONLINEAR ANALYSIS
OF THE EANDNICH BUILDING SYSTEM

6.1 General v

4

N The sandwich panel building system studied &g‘this programme

falls within the E]ass of ‘'shear wall type structures. The available

methods of Tinearly elastic analysis for these structures can be grouped

[
~

into the following: ‘ ’ ;s
(i)  the Continuum of Lamina Method

kii) the Equivalent Frame Method

(ii1) «the Finite Element Method S

The structures can a]so.bé analysed experimentally through models.

. The basic concept of the "Lamina Method", developed by Albiges
and Gou]ef [30], Beck [31], Rosman [32]4and Coull [33], [34], 1s to re-
place the discontinuous lintei beam connecting the solid shear wall canti-
1eveﬁg‘by an equivalent laminal or continuous medium (Fig. 6.1.b), and
thus solve the differential equation governing the behaviour of\the can;'

tilever wall subjected to the load actions and the reactions of the

3

* equivalent continuum. The contributions of bending and shear deforma-

tion in the connectio:“Winte1 beaﬁs and of the deformation due to bending
énd axial loads in the walls are incorporated within this model, Design
aids, Rosman [35] and:Schwaighofér and Tai [36], cover the most usual
shear-wall configurations. |

" The fFinite Element Method" has been widely and §uccessfu{1y
applied to analyse shear-wall structures. It has also beeﬁ sucessfully

applied to sandwich panel stmuctures by Ha [37]. However, f;is method

still remafns-prohibifive in terms of cost for large shear wall structures.

POk L A s T e ¥
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The "Equivalent Frame Method" remains the most_powerfui and’

versattle method at the disposal of today's structural analyst and de-
' : \

signer. The basic concept, Qenkfns and Harrison [38], (Fig. 6.7.c) is
the rep]acementﬁof the sﬁear:wa11 By a frame. which behaves identically
to the given shear wall. This analogous behaviour is achieved by care-
fully selecting the cross-sectional properties of the freme members ,
Stafford - Smith [39]. It requires medium—large computers, but it is
simple and effictent to use for any shear wall conftquration -and any
lateral or comb1nedmﬁoading condition, Schwafgﬁofer [40]. \
Structural model analysis is employed in the“solution of un<

usual structures and to confirm accuracy of analytical assumptions.

A wide spectrum of aspects have been treated in the above
Tt

stud1e§? elastic approach, elastoplastic behaviour, dynamic respdnse,‘

stab111ty,var1a51e ?/?metrdc configurations of the walls, foundation
settlement. However, little has been done on Tightweight mult1story
shear-walls made uﬁ of sandwich panels.

Tﬁe "Equivalent Frame Method" was adopted for reasons men-
tioned above, and extended to predict the behaviour of the sandwich
panel structuee investigated in this program. The non-linear behaviour
of the stapled joints was taken into account in this analysis (Section
6 .3.3), The results compared favourebly with those obtained from experi-
menta1 programs as, presented in Chapter VII.

6.2 Review of Past Research on Non-Linear-Frame Analysis

Many researchers have shown that joints between prefabricated
elements seldom give full structural restraint to the elements they
join. For instance, bolted, welded or riveted connections in steel

. . »
frame systems have a rotational capacity within the joints, and more

AR, Faesi 2
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' these coefficients must be modified at different stages corresponding
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accurate analyses have be?devehped in order to téke into account this
additional variable by Lidhtfoot and Le Mesurier [41], Lionberger and

Weaver [42], Montforton and Wu [43], Romstad and Subramanian t44], Suko
and Adams [45].

Slippage in 66nnections of prefabricated pahe]ized concrete
structure; has been studied by Burnett and Rejendra [467] and Cholewicki
(47], [48]. Theories have been developed by Pollner, Tso aAd Heidebrecht
[49] and Robinson [50] to predict the behaviour of such structures taking
’into account joint slippage.

Joint force-displacement curves in théjabove studies are geqe%—

ally non-]inear,/piece-wése‘1inearized: bi-linear [42], [44], three-linear

[4é], multi-iinear [50], and linear in an early paper in 1963 [43] and ‘

more recently in 1974 [41]. },
ﬁBécause of the non-linear behaviour of the joint, the analysis

had to be performed by a piece-wise procedure, the final.output being a .

sum of a series of small incremental Tinear analyses, [42], [50], {441,

4 { .
(45]. Almost all quoted papers [41], [42],. [43], [44], [45], introduce |
t
the joint variable within the bar local stiffness matrix, through "corr-

ection matrices” or "modified member stiffness matrices". These modified

y - s AP AL 2
T AR o bR A R i TR e R

member stiffness matrices contain appropriate coefficients which\account”

for the variable joint stiffness. This approach is complex because

to different segments of the assumed force-displacement curve. There-

fore, it is necessary to rebuild the globai general stiffness matrix at

t

each stage.

Recently, Tso, Pollner and Heidebrecht [49], approached the

problem differently, by separating the joints from the panels and setting
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( .
up a stiffness matrix for each vertical joint. This matrix takes into
a!:count the varying stiffness of the joint. Each joint is t[hus simu-
lated as a spring with variable stiffness. It should be noted that the
;qthors assumed full friction to develop along the h/or;,izonta] Joints,
[thué making the connections fully rig1&. This assumption was Jjustified
in the case of paﬁeh’zed concrete structureS‘w’here such friction 1is ‘
developed by the weight of the components.

1:he main advantage of this approach lies in the separation of

elements whose local matrices hqve‘ constant terms from those whose local
- matrices have variable terms, Therefore, only t'he iatter matrices need'
‘to be modified at the d)i‘fferent stages of the piece-wise analysis. More-
over., di fferent joint‘behaviour can be gasﬂy accommodatedwwithin the
ana]l\ysis. | [
6.3 Assumgt1on.s ! -

6.3.1 Shear Walls

[
e

- Web and flange panels act Ltog’ether as,jcompos;it‘e T or [T sections.

- Compression and ouf:-of-p1ane bendi_ng \Jsif.resses in the flange
panels (Fig. 6.2) are carried g facings and wood frames acting
as composite sections. :

- The in~-plane shear and bending stresses ir; thé web panels are
carried by the facings only, since the woad ‘frames are c‘onsidered‘

spinned at the corners.

5.3.2 Floor Assemblies

- Floor assemblies are infinitely rigid in their 0{1\ plane, but
flexible normal to the plane. i
- The effective width of the floor contributing to the bending

stiffness of the Tintel between the coupled shear walls is cal-




by
=
S
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VL
Y

- 40 -

-~ L4

culated in accordance with the design aids presented by Schwaib-
hofer [40]. . / -

q%@ ratio & /2, where 2 1s the effective width and 2 the
wall spécing is governed by the aspect ratios %-and % : The
actual values of ;hese ratios for the modet (d/L = .438 with
£/L = 1,10 and d/L = .378 with 2/L =.956) would yield a ratio
£e/2 = .76, (Fig. §.3)., This ratio was reduced to 0,65 fo; this
study so that tﬁe effective flange yidth would not exceed the
width of the flanges of the wall panel assemblies (Fig. 6;2),'
i.e. 48 in. (122 cm) and 24 in, (61 cm) for mid and side shear
walls, respectively.- |

'6,3,3 Stapled Joint

To take into account-the joint behagiour shown in Fig, 4.3

in the structural analysis, th;f201¥owing assumptions are made :

{a) Shear displacement A along éﬂE’joint axis is elastic and‘can be
represented by the displacement of a spring with stiffness BSp
(Fig. 6.4.a) o

(b) The shear dispiacement curves in Fig, 4.3 were obtained from joint
specimens of two ft (61 cm) in length. Since this length corre-
sponds to the width of each of the coupled shear walls, direct use
of the Rsp values pbtained from the curves in Fig. 4.3 can be made
for horizontal joints of the shear walls. Since the joint has
two shear planes, R_ is reduced to R_/2. (Fig. 6.4.b)

{¢) The incremental stif%neSs coefficient Rsp of the spring is eval-

uated as the slope of the tangent to the curve at the‘shea;




-

value V. For negative values of N (tension) the curve N = 0 is used,

4

since tensile normal force creates no friction. Table 6.} reports the

—

,
.values of the stiffnesses Rspf?.

6.4 Equivalent Frame Method -

The "Equivalent Frame Method" is adoptéd for the .idealization

1

of the structural pehaviour of the Eandwich shear wall system. A typi-

cal be@m or slender column member with 6-degrees of freedom is shown in
F1§. 6.6.a. The matrix stiffness or displacement method 1s adopted.
Tﬁé sign and numbering convections for eend member forcas and corres-(
pdnd1ng\displacements-are given in Fig. 6.6.a.] The member stiffness
matrices are developed below. ;

6.4.1 Stiffness Matrix of Sandwich Members

The stiffness matrix of a 6-degrees of freedom member, may be
4 LY

§enera11y expressed, following Przemieniecki [51],'with reference to

1

the member local axes (x,y,z) 'system, (Figs. 6.6.b.and 6.6.c), as

- B \

1 .2 ‘ 3 A 5 ) 6
EA ' N . 1
= .
12E1 . '

0 —_—E .
‘ 23(14 ) Symmetric \ 2
) y ' N
. 6EI, (“*4’,,)512. 3
22(1+ 14
( ¢y) o ,¢9)
-EA EA .
[s1=]2 % 0 0 =2 *(6.1)
. . :
; 0 -12E1, -6EI 2L, :
' T+ )83 2(1+¢ 3 . .
( ¢y) L Q ¢y) 2 (1+¢y)
‘ 6EI - ) -
0 (2 ¢y)EIz . 6EI -(4+¢ JEI .
22(1+ (1 T 2( ’
¢,) (T+s,) | 214, ) e(1+,)




where Ap Cr'c?‘ss-sect'ional area of the member
- E  Young's modulus
I Moment ;f inertia
% Span ’ |
The beam shear deformétions are accoim}:ed for by the coefficient

12E1
- 2

(6.2)

¢ =
¥ g2ga
sy
| . where G Shear modulus

'l = Asy effective shear area - o

Acqording to Feodosiev_[52], the shear shape factor ,'is expressed,* in

general terms, bw“‘

, §*2 dA
fg—L = _B_. f ‘_Z
A

12 A% p2
_z

(6.3
sy ’

o

i} ’ '
where b cross-area width

”

( :
e S; static moment of the area A* included between width b and

upper section contour (Fij. 6.6.c); and
2 o §
o 3 ‘ , A = —2 o (6.4)
L o . ' oY S*2 dA S
z b N

;
A* b2

)

Far thin webbed cross-sections such as the f1an§ed sandwich

. Y
" shear-walls, Eqs. (6.3) and (6.4) simplify into, Gere and Weaver [531,

+
- ¢
- 3

ﬁﬂ&b, : * - (6.5)"
w . s
1 ® Asy * Ayeb . (6.6) "
) “ ° ,
. ’ ° '.f

Y




6.4.2 Stiffness Matrix of Spring ) ™
[
P In accordance with the assumptions made in Section 613;37—theﬂ_h“*_hﬂ
' ( .
stiffness matrix Ssp of the springs, in terms of its local axes, may s
be expressed as ‘ /
: 1 2 "3 b 5 6 ) “ g
. 4 : -3
R. /2 0 0 -R /2 0 011 ‘ .
sp/‘ \ 3p/ _ ‘ N
2]
! 0 0 0 0 0 02 :
0. 0 . 0 0 0 0]
. S 1= : ‘ : . . (6.7
[s,,] | : L (6.7)
-R /2 0 0 R /2 0 Ofw
sp
. 0 0 0 0 0 0ls ‘
0 0o 0 0. 0 o)

springs at floor lavels.' The member Tocal stiffnesses are assembled in

T - 43 -

The compasite cross sectional area, Ap, and moment inertia, Iz” are cal-

culated according to the assumptions made in Sections 6.3 and.6.3.2. .

' PR -
Th1s stiffness matrix changes with R . in the stepwise manner
{
described by F1g 6 5, and Tab]e 6.1, during the incremental procedure -

of analysis, which is closely described in Section 6.8.

6.4.3 ~Transformations of Member Stiffness Matrices -
- /

The stiffness matrices (Eqs. (6.1) and (6.7)) are’expﬁéssed in
terms of local member axes. The system of general axes for the structure .
is chosen together with a reference structure layout, Fig. 6.7. Figure

6.7 summarizes the structural idealization which is adopted for the analy-

s

sis of the sandwich panelized shear walls, and displays the nonlinear

. - AN
this reference structure layout.

ES

Before the assemblage, the local member axes are translated

and rotated as required. Three iypes of matrix transformations are

- N -~

t ‘ ~ r




= - .= \

e . required:

o

ik tran;formation of forces and disiﬂ’acementsvof a member with its
s g longitudinal x-axis parallel to a referencé Tayout axis, Fig.46.8.a;
‘ i1) transformation of forces and‘d"isph(’:ements of a member with wide
rigid arms at its ends, Fig. 6.8.b, also called "gusset:s";
| ‘ iii) rotation of forces and displacements of a member into genéral

, axes, Fig. 6.8:¢, < ‘ - o

A member lﬁay undergb none or any combination of the abdve transformations.

6.4.3.1 Parallel Axes Transformation- (Fig. 6.9.a)* ' .
j

The displacements of the member CD can be expreied, in terms

| of its Tocal coordinate system'as

RO

-

" {A} = ‘ . ‘ : (6.9)

a7 o S N
b)

g . T
T
e ﬁ@?f’%&ﬁﬁf—“{ 3
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~ , 7
- Provided that these displaéehents are relatively smail, from déometric

compatibility, it can be stated that

. > y
s = A + A
. ) .9 1 3¥p ) o
§ = 4 (6.10) . *
{4» - a \ ‘
° 83 = A3
Sy - = Ay +A
!t ) . syp‘
J 65 = A'S !
v 8% = B
. N ’ /
A N )
or, in matrix form,
Tty = 8 _ (6.11)
. : o
/ - where
’}
; 1 2 3 .y 5 6
1 1
!yp L) } v
. o 1 0. ° [o] 2
° o o 1 3
(1] = . : ~ o (6.12)
, . 1 0 Yy |u o
. -Q, p B
, [0] 0 1 0 |s -
- e oo
’ : - ‘ 0 0 1 6 _ - -
! N

The forces d?‘ﬁemher CD in terms of its local coor&inéte system can be

expréssed as’ . .. ‘ ¢

o

e ——— L

- T . !
« A : P -“
, . oo
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where superscript t indicates matrix transbt;sition.
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The sign of\yb is taker in accordance with the true local member

N

coordinate system, with origin at C shown in Fig. 6.8.a. In this par-

-

ticular case, (Fig. 6.9.a),yp is negative,‘

The member governing-equation is, in member axes
7y =[s1¢8r | ' (6.17) -
By substituting Eq.‘(6.11) into Eq. (6.17) and the latter into Eq.

- (6.16) Lo » 2"
Cf - P = KDy U (6.08)
% .
where, for_ ntrogradient law, ~ » ] *
= mtosam - S (6.19)
6.4.3.2 W1de Rigid Arms Transformatlon - (Flg 6.9.b) '
. N The d1sp1acements of member CD are expressed by Eqs. (6.8)
and (6.9). From geometric compat1b111ty and for sma11 "displacements A
. . ?’ - /
/ 81 = 4 A . . )
\ §yp = Ay + Wiy \
- / { .
- 63 = A3
. \ - (6.20)
Sy = 4y M
/7 i ) 5 , ’
85 = b5 - Walg , i [~
. . s Y 4
» .
* ‘ 8¢ = Ag y \‘:
or, in matrix form ’ C QEE -
[Wla} = {6} ' (6.71) }
- é i
where . g
- “/
. . Y e
4 - ‘ . . 'i
» \ - * ! ) = l-
¢ PRI oy 21 YL ;
/' - o < - ‘/ :
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The forces of member CD, Fig. 6.9.b, afé\expressed
and (6.14). Equilibrium of forces applied to each

Fp =g 2 i -

L e Fa=fy
) . - F3 = féw1ﬁ4 f3 ‘/

Fo = R

/ : Fs = fs

Fs = -wofs + fs

(Fy = W1t

.Lusing Eqs.f(6;l7), (6.21) and (6.24), the stiffness

member is transfofmed as follows

-

<

‘.‘6.4.3:3 Rotption of Axes

[k] = [WItLSIIN]

. For members whose local axes are rotated

(Fig. 6.8.c), with respect to the glgbal axes, a ro

by Eqs. (6.13) ©

gusset requires

. (5 .2&2” o

\ [ .
where w, and w, are absolute values. In matrix form

S (6.24)
‘BX§rfx¢[§j of the
g—-——-—é
(6.25)

Q? an angle a .
tdtion transfor- ' e

-
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|
} « mation is required. The rotation matrix is expressed by

| o ‘
L ) I ' o 1 '2 3 N 5 6
} o ‘ oS o sin a 0 \ ?
r -sin a cos o 0o (o] 2
v - , ! ’
| ) - . 0 0 1 . ! 3
- [R] = ‘ ’ (6.26)
: : , P . cos o sina ° Ofy
l . ' (o] . ~sin o cos o« 0|5
| L ' e A 0 0 e
‘ . *  where, from Fig. 6.8.c, L - f
' \X:-X. ; -.
cos o = L% . (6.27)
L .
' and . ‘
. ) Y -~ Y. .
. : sin o = L—% l (6.28)
) L 3
L\; , .
i where o is the angle of rotation (anticlockwise positive), between ‘the -
et ) . e d v . .
Tocal positive x-axjs and the general positive X-axis.
- Following similar procedure as in the previous two trans-
4 ' formations, the local stiffness matrix*for rotation [S] is trans formed
A .
as T ’ - !
) e [K] = [RI*[SICR] , ‘ (6.29)
a’ /
Lo . 6.4.4 Assemblage of General Stiffness Matrix -
In the most general case,, any member may undergo all the
three above controgradient transformations.. In such cases, Egs. (6.19),
. x (6.25) and 6.29) can be combined into Equ. (6.30) as follows
: u [T = [I°LsILT) Lo, (69)
L © . [Kp] = TWICTK, IIWD * (6.25)
SRR S ) e S
L - . [Ks] = [K] = [RI[K.JIR] - (6.29)
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~ number of members. The equation governing the entire structural be-

~haviour is then
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o [KT = RITISCTI*EsITgeaLR] (6.30)
- ]
The global structure stiffness matrix is then assembled from

she transformed stiffness matrices (K], (Eq. (6,30)),6y use of addres-
sing {L} vectors; and accor@ing to the assumed number of degrees of
freedom of .the entire structure (Fig.'6.10). This figure shows the’
=se1écted éegnees of freedom are: i) displacements to axial forces
and bending moments in sandwich members; ii) floor horizontal displace-
ments;,iii) spring displaéements. (

- Since the structure is symmetric (Fig. 6.11), oniy half of it
is analysed in order to reduce computer storage and running‘time.//Ihe
two couple shﬁ?r-wa1is on one side\of the axis o% symmetry (Fig. 6.11)
will be both lumped on an assumed structural fra@e lay-out, Fig. 6.7;

the disfaﬁcesfbetween each member local axes and frame lay-out accounted

—

o,

for. The assemblage procedure may be expressed as
NB
b

(KD = ‘[Kli' ‘. N (6.21)

I=1
where [KI] are the transformed member matrices and NB is the total

X i e

‘.

(Klta¥ = ¢y =~ ° ~ ; (6.32)
where [A] is a di§p1akement‘Vector, unknown, and-{P} is the

vector of  external loads applied to the nodes” of the 'structure,
The. well t%%ablished matrix displacement method is used to solve
Eq. (6.32) in terms of {A}. Back substitution yields internal force§

' -

7and,dfsplacements. . < . o .

i1 ' ¥
4 N,
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6.5 The Nonlinear Anélysis

—~

'In a linear elastic analysis, the global stiffness matrix [K]

‘

in Eq. (6.32) is a constant, In a nonlineafgﬁﬁhstic structure, .

such as the model under investigation, the mdtrix (K] becomes a variable
to reflect the nonlinear load-displacement relationshis of the joints
shown in Fig. 6.5. ‘Equation (6.33) can then be rewritten as

{P} = [K(F,a)Xa} - (6.33)

To solve this equation, a step-by-step approach is re?uired,

/

An updatea summary af available methods for this approach is.given by \
Sahlin [54]. These methods are grouped.as follows:
1) Methods of initial constraints:
At each step, the ésvernfng matrix [K] is updateq to account for
variations of stiffnesses produced by the incremented forces and
displacements. To avoid this matrix updating, and the consequent ,
new inversion or solution of the system of 1ine§r'equat10ns, fictitious
e1eqentary‘external forces (initial co tréihfs) are ‘introduced
which can account for the di fference betgeen the forces linéar1y
“obtained at the end of .the step, and the real forces, which may be
ca]cu1atéd from the deformations at the end of the step. These
éict1t1ous forces are unknown and to be obfained,‘numerdus iterations.
are needed to complete each incremental step.
ii) Methods of initial defgrmations: k .
——- These methods are dual to the methodi,described above; they aperate
through the deformations to:correct the values of the forces. They
present the same inconvenient number~§f jterations to be per-
formed at each step %; increment. - . o oot
> o U
/ - < NV |

®

>
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.

S S 1 e b TN TS e
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) [
. This method replaces the nonlinear member characteristics by step-

. wisé linearized characteristics. Thus, an incremental step-by-stéb

A

?
i .
t ‘ r' ii1) Methods of variable stiffness (or ;rbitrary incrementals):
|

; linearized procedure may be performed which avoids the step iter-

-

ations necessary in the two previdus approaches, The increments

< ' h\\ needed to obtain the structural respoﬁée may vary according to
. ‘ R

the requireq éccuracy. ' .
The stapied Jointé charécterist(fs, Reference [20], have nof

yet received a complete mathematical formulatiop which would &1low their

- sfunctiofs to be incorporated within stiffness matrices. Therefore; for

|
the present structure, it 7§ more suitable to operate geometrically on

the curves of Fig. 4.3, as assumed in Section 6.3,3, to obtain step-by-

»

step bo1ygoma1s as E1ose as possible to the true ones, Fig. 6.5. Accord-
ingly, a method of variable stiffness is adobted and is described belaw.

(See flow chart in Fig, 6,12) *
i o s
1. Carry out analysis to determine initial shear forces V and normal

!

A 4

forces N aéting on the springs.
1.1 Generate the member stiffness matriceslegh constant coefficients,”
"‘hnmgg;~(6.1), trans form thgh if necessary (Fq. (6.30), assemble them
into Eq. (6.31) and store.them. ' \ e
1.2 Select initial values of spring stiffnesses Rsp/2 from Table 6.1

for N=0, V=0 and store first limit vélues of vfim and Nf}m; where
“k indicates the spring number. (e.g., points 1,2,3...5 in Fig. 6.13

are true values of shear force vfim

stiffress values for a given value of N).

at which the spring k changes

1.3 Generate the spring stiffness matrices, Eq. (6,7), transform them

: : : - "
‘ Y i jis o
8 - : o . bl

r e 4 v ' - ,




if necessary (Eq. (6.30)), and complete the global stiffness matrix
asgembly; Eq. (6.31). ‘

1.4 Compute forces and displacements due to the actual values of vertical
loads, 1f any, Eq. (6.32), and store them.

‘ !
2. Update spring conmstants and tterate.

A B2 ¢ 27 e E @;mm»nmd;m.\'»ﬁm/ww -

2.1 ﬁpdate with new spring stiffnesses, tﬁe"spring‘stiffness matrices

* in Step 1.3, and substitute, 1f necessary, the next values of limit

shear VH and axial force N (Fig. 6. 5) and comp]ete the g]oba1

1

P Y

stiffness matrix assembly.

2.2 Compute inghemental forces and disp]acements due to a set of unit \“\
lateral Toads and store them, ] ‘ CT .
2.3 Evaluate for each spring k the ratios (Fig. 6.13 and 6.14):‘ *
| - o =
: k k . ; ‘
v V (INC-l) . j
‘ ey (Ine) = 2m .
. unit(INc) , : o
(6.34)
k P ‘
N - N (INC 1)
Bk(INC) - 11m acc .
(INC)

un1t

t s f
- '

where % is the ratfo between maximum allowable increment of
shear force V without exceeding the 1imit. value '
assumed for this increment and shear force due to

the set of unit loads; '

-8y i{s the same as o but for the axial force N acting
(;

perpendicular to the joint ax1s (Fig. 6.4.b);

Vscc (OQ,Nacc) is the force accumu1ated in all previous .
steps; ) § c |
Avﬁnit “(or ANunitl is the forcé due tolthe set of unit |
© lateral loads; % _ ’. ,
3 . ! .
) r o .
L ,
. | .
‘ % — S . | ‘
. s
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1o
INC is the numher of current step and denotes the incre-. o

mental external load required for the next spring
) to regch“one of its true 11m1£§#V§}m of’??imf
L ( The geometric presentation of factors o, and 8, (Eq.(6.34) are
given in Fig. 6,13, and 6,14,, respective]y.‘
2.4 Select the minimum value of all o, and 8, determined in Step 2.3
anq take it as the load factor Ymin(INC)' I; méy happen that more

- than oﬁe‘gpring yields % and/or/Bk equal y

. min® .
2.5 Calculate the coefficient @ of accumulated external loads, as
N u ,
Q = 351 Ymin(d) = ) “ - (6.35) N
(INC-1) . |
= Yoy {IC) + 2y (3) ~ ~(6.36) &
. L = o
‘.M - ! d P
and check if A / -
&ér o ,, o (6.37)
; . where o ‘ : - . o
N r"= DESIGN LATERAL LOADS h (6.38)
| s UNIT LATERAL LOADS ‘ - R
l 2.5.1 1f a <[ use v .. (INC) from Step 2.4.
| ' o '
2.5.2 1fa > use S \
o L (INC-1) - o
g - o YminUINCL =Ynin abs, = [. ) ‘151 * minl) (6.39)

2.6‘ Multiply thé incremental forces and displacements of 511 members

1

(Step 2.2) by the load factor selected in Step 2.5, accumulate tb:_

forces and displacements (Step 1.4), and store.’ . -




1

] a .

2.7

6. 6

- 55 - 1%

If from Step 2.5,
2.7.1 ~ the load faéto} was given by Step 2,5.1, {terate from
Step'élx C ' | . !
2,7,2 - the load factor was givensby Step 2.5.2, Eq. (6.39), term-
tnate the increpenta1 procedure,
The above analysis is slightly modified when used for lateral
loads only., The corresponding flow chart is given in Fig. 6.12.

The above nonlinear procedure can be found within the.computer pro-

gram NOLT which is shown in Appendix C. . -

-
o

Coriclusions - L o

From the use of this ana]ysis the fo11ow1ng observations can.

be made:

-

i)

i11)

iv)

vx

5
k4

the Frame Equivalent Method for the analysis of shear-wa11 struc-
tures has been extended to cope with the case of 1ightweight sand-
wich panel structures,

the effect of wide rigid arms has been 1ncoréorat§d within the.
ana]ysis. ’

simplified assumption has been made for the bending contribion
of floor assemblies. » o .
two-dimensional (N,V) stapled joint characteristics are dealt with
pithin the analysis’ by setting up joint-spring matrix stif?nesses,

and using an incremental approach of analysis.

; a computer program for the nonlinear analysis of an Equiva]eht

/+ Frame (NOL1) has beéh developed. The programme (Appendix C) can

Be mod{fied to treat other structural typo1ogiés (i.e., nonlinear

“infill frames or concreté'frames). ‘ .
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’
[

the accuracy of the method depends on the number of curve§§keprg-

senting the spring stiffnesses (Table 6.1). "From Fig. 6,14 it

. may be notgd'that the average joint sttffness during each step {is

underest1mated because the axfal force on the joint‘fs assumed
constant durtng the step. Then the analysis should predict deflec-

tions higher than the actual ones.
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| | T , CHAPTER VII ;

“ : COMPARISON AND DISCUSSION OF , §

. THEORETICAL AND EXPERIMENTAL RESULTS - »
; OF THE SANDHICH BUILDING MODEL ‘

761  Introduction '
The theory presented in Chapter VI was used to predict the
theoretical stgesses and 8ef1ections‘f0r Toads corresponding to the tests
- , | on assemb]y;17. The.dat; used in the theory are given in Table 7.5, and C
they were caTéuTated according to the assumptions iq Chapter VI, Theoreti-
cal calues were compared with the experimental ones, which were already '

ﬁ?gsented in Chgﬂter I11. F

1 - 7.2 Cgmpa%isdn of Deflections ' %
< Neflections are compared in Figs..7.1 to 7.3 and in Table 7.1.
The following observations Ean be made from Figs. 7.1 and 7.2, -

M a) In these figures, curvé II represents the results obtained directly

from the analysis. The horizontal segments of the curves represent

I - the localized displacement of the springs which simulate the

stapled joints (Fig. 6.4.bj.

.
n

b) Curve III is obtained by averaging' the resultsiﬁn curve II. gyrve ITI
d

under the var-

"y

closely. represents the deformed shape of the
jous ldad distributipnﬁladopted for the tests.

) ‘ ¢) Curve II slight1y,undérestimatés the model deflections (Curve I)

at the bottom of the model and overestimates them towards.the top. =~
] » o ’

_The"-average theoretical deflections and_ the experimental

"

. t N . R
\lones for test 17-03-T1 were also compared on a 3-dimensional pilot,

asEshown iﬁtﬁﬁg§r7;3.- From this. figure, we 6b§eive the following:
G ¥ ' '

d) ~The Ethte =3 i;l deformed shape is ih‘&ery good agreement with the
i ! ‘ '.‘ ‘xf " X . ‘m,, . '
{ ekperimental pne..’ : -
- - ' I3 ' - N . 4
? \ . .
5 A




_a) columns shear deformations; .

" b) beam efféective width (see Sect. 6.3.2). «7/

/o
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1 ]

é) In the analysis, it was assumed that floors are infinitqu r}gid.
For uniform latefal loads, this analysis yields equal deflections

* at different levels of the building. This‘behaviou; is confirmed
by uniform experimental deflections shown in the model.

The comparison of the values of the deflectionsvat the top

level is reported in Table 7.1. It,can'be seen (column (4)) that the

percentage‘differences between experimental and theoretical results

range between +1 and +18%, which are acceptab]e differences on the safe

\ '3 .

side. Column (5) reports the number of increments needed to perform
the analysis., :
A study was carrieg égt to evaluate the inf1uenca of the two

"secondary" effects on the deflections due to:

-

Results are reported dn TabTe 7.2. It can be abserved in
this table that shear deformation in columnis si{qhtly increase the
building deflections, say 6 + 7% (column 2). If the‘Peam effective
Qidth is accounted for, a consistent reduction of approximate1y\11 to
j3% (;olumn (3)) will result{,\gdmbination of both'effectsnw111 reguce
the deflections (coluﬁn (4)) by approximately 5 to 7%. Close agree-
ment were observed (column 5, tablé 7.2) between Fhe experimental and

theoretical results after secondary effects were :taken into account,

“

7.3 Comparison of Normal Stresses

i From the end forces of the members obtained by means of the
incremental ana1ysis, the distribution of theoretical nonna] stresses
~———T

at foundation Tevel werf calculated &nd plotted in Figs. 7. 4, 7.6, 7.8

Y '

st

M Akt e DAY

A

V3 BN T e # bt b S 3 Hn e v R
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. . . 2 R . :
. 3’ -« . .\.4‘ }" . . . "‘ ) ¥
’ v » . v . . N : .
4 a-7:10 for the d1'~fferent tests. These figures show the flange panels .

=
¥

e , . ~
L . . 'pane]é of the 'interneﬂ,shear-waﬂ EF. - N

| ve ; A . o

, - of shear- waH AB to have h1ghér normaT stress 1ev§\s than the flange

b}
: i -

. Y . Ln order to comp,are t*heoret1ca* and experime\n{.aﬂ stresses,
. . Poe N
the proqeduré ‘mdmated‘ below was followed. E ’

e

. 4
] ' 4

. . A Sect1dn (a) of Figs. 7. 5, 7. 7, 7.9 and 7. ﬁ present the ®&
theoret1ca1 enve]opes of ,bendmg moments of the col umns (or shear-

, -
A o waHs) EE‘ and AA‘ .The value of the bend1ng moment at thedeve'l of

oL _ ’ the rosette gages, 4 m,;- (10 2 cm) above the ‘foundation level, was ob-

B £ /

f ta1ned from the moment enve]opes. Norma] str%sses were ca]cuhated from
: . . * R e
| D i these‘momen,t envelopes ‘and p1otte71 in, sectwns\(b) and (c) of Fi gs. 7 5,

7. 7 7 9 and 7. 'I'I «for shear-wa]{l)]s EF and AB respectaveLy.

- v . d

— - - The - experimenta1 stresses at gage 1oftion were in‘di‘cated on.
. %

» the Iatter d‘iagrams and a dotted l1near distribution of expemmental

stress was (traced The comparison of stresse/s is also reported in

oy

[] 2

-~

\
©L .
’ .. o Table 7. 4 The theory yilelds symmetmc stress envelopes {(Figs. 7. 4
* e
S gt ST 6 7‘8 & 7, 10) when spmngs at f]oor level are lumped. However, if
;.‘ " the dif'ference in spring st1ffnesses is taken into account these—

. stresses shift by approxwmately 4%, : o . e

ol - Thaﬁgures (sectwns (b) -and [c) of Figs. V.5, 7.7, 7. 9
B ; and 7. 11) gener‘aﬂy'show qu1te»goéd agreement on the shape \of the stross
b]pcks, as well: as goodiagreemenj: ‘on the val‘ues of str;sses for most

of the points of gage. Tocatwn. v § S

Column (5) of Tab]e 7.4 reports the percentage differenc7)
.'_between experjmen'tal an‘d theoretical stresses, which vary by 4 + 15% SN

* for o;/er 75<‘th‘e strain gages. 'Exper1menta1 normal stressés-in

0" o -
. . .
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%
o
¢
¢
4
A

:; . . ._6"'-

-

a/ #y ’ ’
the vertical d1reat1on were ca1cu1ated from -the data(gbtained from “the

AN ]
3

rosetteS'ahd plotted in the above figures. The extreme points were

-

used te?p1ot the, stress envelopes. ‘These curves compare. favourably

e,
-

" with the theoret1ca1 ones., ‘ L o
For a number of gages Shown, the percentage d1fference var1ed

¥

up to 45%. This may be attributed t0'1oca11zed‘stress tonditions which
are difficult to avoid 1{ sandwich construction:'
- > ’ -
In F1g, 7. 7,.t e lines qe-e- represent the theoret1ca1 stress

&
d1str1bution. In this the effectﬂ(@ width of beams has been accounted

Pr

,\for in these results. Ana]ogous shapes can be obtained for theiother -« -

stress detr1but1ons Figs. 7.5, 7.9 and 7.11.

7.4 Influence of Stiffer Lintel Beams - )

¢
.
LIRN -~ * ’

N

A theoretical study was also conducted to- determine the extent
. s T :

'by which~the building deflections’could be reduced by increasing stiff-
A Vo : '
. ness of-the lTintel beam. In fact if a Tintel beam, made up of a sand-
, - f
\ wich panel 1 ft. deep, is assumed to e stapled to the column® wgbs ana;

4 hor1zonta1 Joint the theory pwed1cts a reduction oi?approx1mate1y -12%

"fbr the deflectaons and of approximately -21 to 28% for the stresses.

Te 4 e ) ’ +
7. 5 Concﬂus1ons . /l ,;i_

o
s X . e —————— R
’ “

N .-_;< The comparison shows that the proposed theory may &e used to

+

wall systems.-’ v ' . aj
_;*'l Any arrangement of sandwich shear-wall’may be ana]yzed by the
v '. x proposed theory° The analytica] results will generally exceed the
» .-actua1 values by some 15%?q It 3111 be show# in Chapter VIII that 1oca15

jzed stresses.which may eiceed analytical values do not affect the oVer-

i

- predictg the deflection )nd stress- distributions of ‘framed sandwich shear-

’

I,
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<« Y . . - '
all strength of the building, as predictdd by the theory (see Section 8.3). \

The use of stiffer lintel beams is highly recommended for this

!

. . ~ N ’:
| , *» “kind of panel assembly to pohtro] deflections and reduce ‘stress.
| . ; The secondary effects of column shear deformations and beam

‘ W effective width tend to cangel each other with a net reductfon of de-
- . ¢ " {

flections and stresses,

RN ! This theory cart also be used to predﬁct the stress levels at g
r . A

* wh{ék\grink1ing will occur in the flange panels. These stressylevels R
ﬁ}e treated in Chapter VIII.
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COMPARISON OF THEORETICAL AND EXPERIMEN}AL

}‘ f . IBLETS
i
!

NORMAL STRESSES IN PSI AT GAGE LOCATIONS : /
ASSEMBLY 17 <
(see Figs. 7.5, 7.7, 7.9 afd 7.11) ya
N . =
TEST  °|. eAGE EXPERIMENTAL THEORETICAL | - % DIFFERENCE
NUMBER 'NUMBER (4) - (3)
M | @ (3) (4) (5)
) 7-0-m1 | " 38 1245 1400 e
C ol s 1714 1601 / -7
| 27 1931 2077 .7
- 3 ] 923 \ 903 v .2
17-02-p2 | 38 | 2417 2758 | 42
/ 10 1127 1465 +23 !
. ‘27” 3869 ° 3480 . 1210 ,
! 3|, s 1504 - 2
17-63-}1 : 10\ 1361 1048 " 430
Wl 9 1678 1750 +4
.. 15 3032 2877 -5
: 3 17q14 1447 -15‘
17-04-T3 10 530 961 ows | “
T 9 1918 © 1477, 13 |
15 1867 1655 1
f " 1 | e 885 -25
Dé ol e | {
( (1 psi = 6.9 kN/m2) R e
0' ¢
. |
~ R TN Y




o\
_ ' .
gL !
o - - - 67 -
TABLE 7.5 L \ . ;
GEOMETRIC PROPERTIES.OF =~
) EQUIVALENT FRAME MEMBERS: @ ' _ :
\ ‘ O
| MemeeR* A(in2) I(in*) 1 3Gn)
(1) (2) ], @) (4)
AB 3,20 . | 178.4 50
» . . .
EF | s.22 207.4 50 )
B | 4,37 7.32 24 |
| e 5.80 . | 8.5 24 |
l - - \
(*) See Fig. 7.4 for memb:‘r identification
(1 in = 2,54 cm)
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CHAPTER VIII

SEQUENCE OF FAILURES IN S .
PANELIZED SANDWICH SHEAR-WALL STRUCTURES

o

8.1 Introduction
The analysis developed in Chapter VI was used to predict the
‘ . . ‘ . ’
structural behaviour during the failure test. Uniform lateral pressures

were applied and progressively increased. The ob’jectiv’es of the. test -

+
o

‘we\re to: : ¢
i) record the actual sequence of panel f;aﬂures and compare it with t«<
sthe one predicted by tbeory. , ) .
»~ 1i) dinvestigate theudifferent'modes of panel failures | i
i1i) - determine the uitimafe 1oad-carryin§ capacity of the structur_gi
' system, ' |

i 82 Experimental Set Up

To record the occﬂreﬂce of skin deformation at the bottom of

3 4

L
the compressed flange panels’ and the corresponding ioad distribution,

‘two{reﬂ ex cameras were set up (Fiij) and connected to a single re- .

mote-control air-shutter-release.

\ : Fail(xres were preceded by crackling noi¥es and accompanied by
) \',
. a 1?ud bang. - The operator would inspect the. panels where the noises -

occurred and take pictures of the wrink]ing fai]ur'es. At the same time,

a ‘set of readings of strains and displacements was taken with the .
Y

PDP-8/L data acquisition system (DAS) The c(t)iuwequired to carry out
5

this’ test consisted of four persaons., -
>,

" \fhe theory predicted 1atera] top deﬂections 1arge enough "‘to'

B exhaust the’ maﬁlum travel ( 1in. =2, 54 cm) of the pin of. t'he canti- <
5 T y Coa " ' N

B "‘x "rn ’ ¥ * N
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G
lTever transducers (Fig. 2.12). To record larger deflections, a set §f

three other canti]evers &r{;ia/ced bes’ide the first ones and offset

from the building by a dist som’gwhat less ‘than 1 in% (2.54 cm).

The second sét éf transducers thus started'to record deflections just
before the travel of the first set-was exhaisted. The readings of the

second set were taken by a set of sprain-jndicator-and&switch-balaﬁce ;
units, to avoid new balance and calibration of the DAS during the test.

After all main panel-failures were recorded by camera #1, <

LS

Fig. 8.1, the same camera was used to measure the approximate deflec-
tions of the building ('s‘ee Fig.é,B.S'.a), as the building approached ulti-
mate failure. :

The increments‘of,loadings were appl'ied by very small and pro-

“gressive openings of the air pressure valves which regulated the pressure

i "d‘r"
within the plastic bags at different .floor levels,  The step-by-step

openﬁ\g of the va]vés produced small displacement of the building mode) ,

w‘hich'in‘turn reduced the pressure in all the other bags. This variation .

o

1n‘bressure,produced, at several .stages, non-symmetric loading comfnoﬁentf’s.

Air leakages which occurred in several bags alsu contributed to this -

-variation. Figure 8.2 shows the ,pict,,res taken: by camera #2 (Fig. 8.7) ‘

of the panel of mano:ﬁeters monitoring the pressures of the air bags,

at’ d1fferent’load intEns1ties In sSection (i) and (e) of this figure, -,

the level of pressure of three bags may be observed to have dropped
towards zero which indicates the heavy Ieak‘mg of these bags, due to
the ynexpected large preysur‘es réquired to*fail the buﬂding'.

8.3 Presentation of the Experimental Résults

The actual 'load'lng eondrtion' was recg;dgd at the time of

N faﬂures b){ phot;o?ra‘phing the pane1 of/manometers (camera #2%{;2*19. 8. 2)

. ~ . )' f
o '

&
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In the following presentation: , -\,
- the panel code number refers to the panels shown in Figs. 8.1 and
8.6.a. o ’ /
- the Load Index~(L.I.)'gymber indicates, in inches of water, the
pressures in thé‘12~?1ast1c bags (2 for each floor).

8.3.1 Sequence of Panel Failures and Corresponding Facing Stresses
« 4 .

Failures started at the flange panels 0616 and 0611 (Fig.
8.6. a) of corner shear-walls which fa11ed very close to and at L.I1.12.
(Figs. 8.2.e and 8.2.f) or at unifbrm lateral pressure,of '62.4 psf
, (3.0 kN/mZ) respectively.

A
g : Flange panel 0614 failed next at a load intensit élose to -
78 psf (3.74 kN/m2) (Fig. 8. 2.9). Experimental flange skii;stresses

close to fa11ure ranged between 5531*psi (38164 kN/mz) and 5560 psi

N + (38985 kN/mz) After f1ange failure, the experimental strain outputs
. \ from rosettes fo]]owwng on the wn1nk1gs gave erratic;resu1ts, becagse
T ’of the large curvature of the delaminated facing.
o \~{ - Next, the web panels of the corner shear walls failed: panel
0314 at L.I.]G, Fig. 8.2.h, which corresponds to a uniform pressurg of
83.2 psf (4.0 kN/m?); panel 0114 at L. I. 20, Fig. 8.2.1, which is equiv-
alent to a qpiform pressure of 104 psf (5.0 kN/mz).

, Flange pane1'0613 failed later at L.I.24, or oressure éqda[

ﬁ‘ ;9 to 125 psf (6 kN/m2). The sequence ended with web pane1«0234 at load
& disfribution close to fhe ultimate load of 177 psf ( 8.5 kN/m?)

' 8.3.2 Modes of Panel Failures
o Y d §§r

The modes of failure of al] flange panels were~sfm?1ar, w1¢h

I 4/, ' ) 1arge delamination of both faces, Figs.-8.3.a, ¢, e and f, show typical

et ¥

. -
.
U a . .

.

<
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f1ange de1am1nat1on extend1ng over the entire panel width. Flgs 8.3.b,
and dl show s1n11ar sk1n delamfhations on both sides of the panels,
. which indicates the same level ostk1n cohph:ss1qn stresses on both
: ﬁ%jngs. ’ _ , 4 | ‘
Figures 8.3.g and h show the typica]\mode of faifhres of web
panels 0114 and 0314, with facihg dé]amination limited to approximately
half thg web depth, ‘and star{id@‘froh the.webiﬁighge’ﬁunction. ¢In the
samé figures, the length and’amplitude’of the wrinkle may be pb§erved
to pr?gg§s$1§e1y decrease and to disappear as it apphoaches the tensfon
zone of the panel, Tﬁg\gradient of normal compresgive stresses acrés;
the depth of the web is conf1rmed by this mode of web failure.
8}}.3 Def1ect1ons
Figure 8.4' presents the experimenta) deflected shapes' of the
model at the first stages of the failure test. CThe Rortions of. the de-
" o flection curhes at L.I.12 and L.I.16 with dotted Tines, were thacea
, from the outputs of the second set of transducef; (see Section 8.2).

The full 1ine in curve 8.6.b aiso shows the shape Qf thé

from this curve,\\i may be observed that the ogccurrence of the fipst
flang panel fa11ure (:) corresponds to the development of large
building def]ect1ons, to the reductxhn of the stiffness or loss of in-

| ~ tegrity of the panel and, consequent]y,(to the end of the elast1c be- |
‘ o hav1our of the structure. . « /)"J '

At L.1.24 (q-125psf 6.0 kN/m2) the top deflection was recorded

A
' . by camera # and it can be ‘evaluated as close to 4-in. (10.2 cm) if the
*) ) . {
} hand in Fig. 8.5.a 1s used as:a reference. Figs. B.5.b and t show the
C i deflect1on at top and the deflected shape at same L.1.28, »
! .-/g "'_/6"‘// o ! K ’ ., a \ :. B '\. ) ’ . " J | ' $
' . o ‘ I\ Lo ] ) ‘ hd ‘ -
. : ’ b . ;_“ °" . -

"

éxperimental toad-deflection curve during the test. In part1cu1€r, L

PRI
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8.3.4 Ultimate Load , S
e Bed tntensity. - R
Tpe‘ﬂéad intensity at ultimate was close to L.I.34, namely,

- N .
o e er T AR R T LY P s <
>

3

3 S

e s ¢
a 1até¥al uniform pressure of 177 psf ( 8.5 kN/m ). As &lréady men-

tioned in Section 8.2, aigﬁigher load intensitjes, three bags were leak-
ing. After unloading, the structure recovered about three-quarters of /i

. its displacement,

R LR e e 2 1 ey §

‘8.4 Comparison of E;penimgntél;and Theoretical Results

8.4.1 Seduénce of Failures » . “
. ) 4 R]

PN
Comparison of predicted and actual seqnence of éi1u€es is .

"presented in Fig. 8,6,a, The theoretical one.may be explained (numbers
in squares{:]) with reference to the nistributidn o% theoretical normal
streSses (Figs. 7. 5 7.7, 7. 9 and 7 11). From these figures, the f\ange
paner of side shear- wa11s were pred1cted as the most stressed in com-

pression, The structural and’ 1@ad1ng symmetry also led to the pred1cted

symmetr1c pattern of fa11ures shnin/}n Flg(\B 6&;/‘\The compar1son shows

that; - e ‘s~

. L
1) A vé‘} good quaTxtat1ve agréement exisgs. between the two patterns. v

Flange pane]s 0616 (:) and 0611 (:) fai]ed almost s1mu1taneously, as

pred1cted.. Subsequeht]y, flange panels always failed hefore web

pane1s, as pred1cted

The' late® fa11ure of pane] 0613(:)'15 the only d1§crepancy in the

series, Thﬁs fa11ure was predicted to ‘occur at the same time as

. —~J
failuren(:) in panel" 0614, This d1scepancy may be mqinly attributed

. tos.
a)




s

pb) unavoidable variations in strength and stiffness of pane1s.

ol R B

8 4.2 Normal Stresses at Failure . . : ~ -
»

The compressive norma] stresses, at gagé Tevel,iwere theoret- "

ically calculated for the load distribution described in Fig. 8 2 -8,

A L

Just before the first flange panel $ailure (panel 0616). The corres-

< ponding stresses for ﬂange panels df the side walls were pred1cte‘d by 3 EJ
the theory to be 6346 psi (43787 kN/mz) an overestﬁnate‘ by 11 to 13% 2 - {
as compared t(( the exPerinenta1 stress (see Section 8.3. 1) ’ .
oo " It.may be noted tBat the experimental normal stresses at, (‘ . k
nrinang had values which match the corresponding values- “obtained from j

the 1nvest1gat1on on single panels (see Section 5.4 and Table 5.5).

8.4. 3 Load-Deﬂectwn H1story , . g N \/), '
2 ¥

Figure 8 6 b presents the IQad def'lection h'lstory. Table 8. 1

&,

~

*also summarizes the deﬂection c’ontpamson., Two pbases may be observed ! x

~

by 1nspect'lon of Fig. 8.6.b, i.e.,. * v N e
i) elastic range - up to the f'irst f]ange-panel faflure me the
N

~analysis is shown to predict deﬂectio’h values larger than t’he
experlmentahones by 81{0-15% (column (5) of Taele 8.1)u

i) posf—e]astic rangs - the an‘ﬂys1s in this zone was continued using
the same elastic propert'ies \Fd‘r the member, i e.,‘hithout accoun-

f .
ting, for the del amina}tions which had occurred The theoretical

\,, ot deﬂections in this zonhe were, therefore, egpected “to be 1?wer
e than the true ones, as shown in Fig. 8.6.8 and column (5) ‘of Table -
4 ,‘ 8 1 (between L I, 12 and(‘(. L. 161 . o T T \\A -
=Y ' .

. The analysis was discontinued after the f‘rrst ueb-pane&yfaﬂ- ‘
S ure ( pane] 0314), 1n the absence of re11a®1n¥omt‘lon on)the LI
true stiffness g assemmed shear sandwich-walls uith buckted ﬂanges. -
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8.5 Conclusions -

. ¢ ) . - v
T: . The, following conclusions may be drawn from this failure test:

. R
* 1), The analysis presented herein may\ be uséd to predict the level of"

stresses at which the first failure of f1ange7péne1s will occur.”
) Iy : ° . i
.1i) The analysis may be used to predict ‘the lateral.deflections for the ;

- *

he ¢

- . 4 l »
€lastic range, and for the early stage of post-elastic behaviour.
ii1) The sequence of failures may be established from ?ﬁe wrinkling

streﬁses predicted by the theofy. o .

iv) The different modes'of fai]ure.in tHe f1angeLand web pank]s have

3 ——

been described ghﬁ related to tﬁi bveraﬂi be a&i&ur of the structure,
"tv). The ultimate lateral load carried by ‘the structure was 177 psf
(- B;S.kN/mz) which corresponds %o six times the design wind load
St%Pd1a£ed:by the code [24]. Because of the large sqéle used.in
desighihg theimodeI, no peri%ms qf model aistortion [59] will
arise. Thus fhe‘mode]AFag be cpnsidetfd as prototype aﬁd com-
pari;on is direct1yimadé to analytiéa] resuits.  However a chéck

of the behaviour of the stapled jd{nts of thélfﬁﬁﬁ-sga]e proto-

type should be carried out.
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" CHAPTER IX . : 4
CONCLUSIONS AND RECOMMENDATIONS

Conclusions . ’

“» \

From the theoret1ca1 and experimenta] studies Carr1ed out on

»

the structura] aspects of the mode] the fo]]ow1ng observat1ons can be

made:

o)

~ of assembly, has shown:

SRETD

" out with'various Toading conditions and at its different stages

-

" The experimental invesiigation on the model (Chapter I, carried,'

B (l'—
a) the similarity ‘of the model behaviour to the behaviour of shear-

wall structures, for Both deflections and stresses;

b) a cohpoé1te web-flange behaviour of the wall panel assemblies;

-«

-¢) non=dimensional drift coefficients which’ for ﬁatera1 1oads’

equivalent to code stipulated w1qp 1oads, ranged between 1/300 .
"~ and 17400 (Section 334). . )

A computer program (PANBLDG, Append{x A) was deve]équ to process

the experimental data acquired by a 120 channel data acquisition _

- system, ' . e

~

A comprehensive analysis has been developéd to predict the .be- '

haviour of sandwich panelE with various edge conditions (Chapter

V). "The comparison of this analysis with the results of 8 sets

of tests on-26 panels, subjected to kdgewise compression or bend- —~

ing loads, has shows that:

1§

o . T LY
a) design formulae for wrinkling stresses of unreinforced edge

panels need to be revised according to Eq. (5.7); .

:
1

be et

o i o bntan § b

o 8 eyl BB TN s -
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b) the expressions developed to predict loads at wrinkTing,.
post-wrinkling ;nd ultimate stages compared favourabfy with
the experimental }esults. | ,
c) mitred corner details and transverse sfirinkage of the wood
frames reduce the 1eve} of ulfimaie and wr{nkling 1qad carry-
‘%ng gabacity of the panels, fespectiQe1y. '
A theory has been developed’ for the overall behaviqur of the

system {Chapter VI).~:It accounts for.the panel behaviour (Chapter

V) and for the non-linear behaviour of stapled joinfs (Chapter IV).

In the analysis, stapled joints were replaced by springs, whose ,
stiffnesses varied according to pfece-wise linearized joint char- -~

actEristics.

. a) from this incremental analysis a computer program was derived

in Fortran IV (Program NQLI; Appendix C). 'fhis program per- ¥
forms non-]inear elastic ana]ys{s which is includedeithin
the category of é;uiva1ehf'Frame Method‘for shear-walls, ‘and
“it can déa1‘§imp1y and efficiently with any sandwich wall
assembly. |
b) this theory was ;pblied to predict the: stresses and deflec-
. tions'oPéaiﬁed from 4 tests. ‘The comparison shows that
(Chapter 5%1) the analysis closely pre&icts shape aquvalué
of the lateral building deflections and stresses. The pre-
' dicted values will usually exéeed,the frue ones by an average

of 15%.

c) Substantial reduction in the deflection and stresses is
theoretically achieved by increasing the stiffness of the

lintels. o ; ™

.

GO e el S

ot
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. .

v) A fallure test of the mode]l(ChapteerI;I) has shown that%" '

13

a) the above‘ana1ysis may. be used to@predict the Tevel of wrink-

Tink stress at which failure of the first panel occurs under

increasing lateral loads. S ' E ’

i b) the sequence of failures may be estahlished from the stress

distribufion predicted by the theory,

o

™~ c) ‘the different modes of failure of panels under out=of-plane
bending (fliﬁge panels) and in-plane Bending (web panels)
have been_de%cfibed and related to the overa11~behaviour

of the structure. )

. d) The structure resisted iateré] Toads cTose.to 180 psf (8.6 kN/mﬁ)

\ an equivalent win&,pressure approximately six times larger

'

than design load.

N

9.2 Recommendation for Future Research

This study has been 1imited to the structural behaviour of

@

panelized assemblies made up of lightweight sandwich panels, Other °

(3

[ -
effects may be investigated:
i)  the connectiop system could be improved to reduce slippage and

designed to resist climate «conditions.
"ii) the strgbgth of the panel can be increased by using better corner

details for the wood frame.
jii) a dynamic investigation would help to determine the behaviour of

- f
this type of structure under earthquake forces. . i

vy effects of concentrated loads on the panels due to, appliances and %
furniture,
A

v) fire rating. . : N - '

vi ) construction procedure and related costs ‘ '

vii ) architectural aspects
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| . APPENDIX A o
. . COMPUTER PROGRAM PANBLDG T0 : ‘

- TRANSFORM STRAINS INTO STRESSES ~ © . -

‘ /
The Eomputer program, PANBLDG,lwéE deVeloﬁed to process the * . :

experimental data bbta1qed from the building node]} it transform$ the i

stfgﬁns of the-gages on the model into stresses in psi iﬁ selected direc~

s
tions and the strains from the deflection- transducers into deflections -,

.in inches, The fheory of elasticity is used to describe the two-dimen-

sional plane state stress condition on the\facfng and in the cantilevered
element of the deflection transducer: The main steps in the program are
traced in Fig. A.1. ‘ // Q
A.2 Goverﬁ}ng Equations |

A.2.1 Transformation of Measured Strains to Strains in Any Direction _ s
E Iy \

The positive conventions of strains and stresses are derived

[
from Perry and Lissmer [55], with reference to Fig. A.2;

e +¢ £ -€ Y ' a
e, =2l + Y co5 2% + - in.2¢ (A.1)
2 2 2 <

» 3

" To determine the three unknowns, € ay, ny three measured strains

\ €1, €2, £3,1n different directions ¢;, ¢5, ¢3,'respective1y, are }equired\

.to form a linear system of equations:

e te € =€
X X

¥ .
e = 4 + 4 cos 2¢; + <2 sin 29 o
2 2 2 .
e te € =€ ' Y
e =4 + £ 4 cos 2¢2\¢ Y sin 24, ‘ (A.2)
2 2 . 2
£ _*e € =€ : Y. ‘ ‘ ’
eg.= EH + LU cos 24, + L sin 29,
.2 2 o 2 ¢

LN
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Solution of Eq. (A.2) gives ¢, , € Yoy

-
’

-
e

. A.2.2 Principal Stiatns
’ * Differenttating Eq.

s 1mp1' t fic.(ati on, 1s:

v €

¥
C Yo A NA T TR L PR TR0 S

. y . .
. . _.__._2 = tan 2¢p\ = ——‘E’L. e (A_3)
T cos 2¢ ' £ =€ -
.. A 4 ‘ Y
i ' _where .
- . h : Y. ’
sin2p_ == Y :
P e e )2 by 2 \ , '
. ry 0w A . - (A.4)
. ez"Ey - - ‘ . ., t §
cos 24 =" : ' :
. P / - )2 4 L2 , 3
v ey ey) Yay ;

-

Use of the positive and riegat{ivg value of Eq. (A.4)’ into Eq. (A.1) ylelds,

. .\ )

e te, /(e -e )%+ < ’ N

LWttty Tl vy

- mx .
.2 -2

\
respectively,

-~

. - - . ‘_
e %2y Mege))” *vpp | (A5)
2 2 . ’

T 1 o 2
Ymaxa"aea:: ey) P Y¥ay -

which represent the principal strain values.

. A.2.3 Principal Stresses
AN

’ From the generalized Hooke's law, - - P ‘
. ‘ S

o 2 e {g +‘\u £ ) o T

max (1=u2) max min . l
"~ Opip = Cnin
(1-u2)

Ty L '

Ao

—




. . o - . .
5 . "\‘ - ' - = E “Y’ N . T (A 6)
s _max 2(141) 'max . T *

Aédf Rectanguhr‘ Rosettes B : ‘

Stra'rns were recorded with rectangular rosette gages, Fig. A.3. -
- After suﬁstitution of the values ‘of ¢1,¢2 and ¢31nto Eq. (A, 2) and %olving

for e e and-f fie- following expressfons are obtained; .
=y u / S e

%

< i “"ex.=e:1 -:ey=»€3’ A

Yy, = 262 = (e1 % e3)
¢ . ) v ° , \
. Substitutins Eq. (A.7) into Eq.. (A.5) and simplifying,
ertey  Mleg-e3)? + [2¢; < (ete3]]?
max " 2 .. + * 2 ;

¥ , : ’ 51+€3 s Ymax -~
< — . S—— q B s

min . 9 ?

M
13

= [ermea)? ¥ 2, - (erhea) 12

. max .
o C , 1 2y - (ep+e3)
57 , ‘d’p 5 arctg - - X , .
€1~€3 .
’ ' , These values are subsfitute,dlin Eqs. (A.6) ,fo o!{tain thé prin-
cipal stresses, ° : . e - .
., o " A.3 Details of the PANBLDG Prbgram ] .\ "

* Data from strain gages are processed and stored on tape, Each ’
strain gage. ts read 50 times consecutfvely, then the average va]ue of
the voltages is read and stored., For eyery fload Tncrement .three sets

of such readti ngs are recorded. A calibration reading is also taken. The '

A}
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- tape'is‘tnen processed -by the CYBER'172 (coc 7200). The vthage,readings
are converted to strains wtth the Sen program [23]. The results are
. ',(stored,tq a taﬁu1ar(form. Each Ttne contafns from left to rTght the
Toad fndex ALO:‘HJ‘~ channel No. NCH, ca]tﬁratfon reacing CAL, average reading

AVGRD. Erroneous readings are eliminated by tnspectfon replaced by 0.

4

‘ ~and the rg;pective channels fdenttfied.
‘ ) ’
. The program PANBLDG operates on the above data, which are called

1

N : vaiaTAPE‘S. Calibrated average readings are calculated according.to Fazio

and Palusamy [56]:°

LIRS , ) .

_AVGC = AVGRD x CF ‘ - (A.9)

- where .
. Il

2000 . s the calibration factor « (A.10)

CAL - AVGRD

g

' CF =

:The program dist1nguishes the rosettes on the model from the 11near gaQES

and theadeflection transducers and makes appropriate transformations 1nto
def1ections or stresses., The array INDEX {s - used to 1denttfy the rosettes

. » and deflection: transducers and- stored in a file wh1ch is retrieved via '

/

TAPE 4. The comp]ete content of this data f11e js givén below,
© Card No, o : ;o

.1 0 MR ONCT . NG HCHR -
1. .2 I -+ typical row.for
- T rosettes

i

Y,

12 0 13 - typical row for

: e -t L roséttes with 2

’ s e T ‘orthogonal gages only
NR+NCT+NLG+1 o - 3 0 + typtcal row for

L 915,24,.918,4..1018,28 Vinear gage

ARRAY INDEX

2

A-‘ ' N - ' <

Y

e e trstemeatbe i PR APPSR
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o AN, 2 S 0Kt MR B AT TR 1517 1 N K Bt ol
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* a calibration coefficient for each tr‘ansducer EPSL is stored and used
. to transform strains to dispTacemants. . :
) : ]
"The final stresses and deflectiorrsmre printed in tabgﬂar form . ' .
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., MEASURED ‘
1 | STRAINS, . .
. i A
.o oo STRAINS IN ANY | STRESSES IN ANY .
| 2 DIRECTION : DIRECTION 3" )
g . | L
. | ,
/ . e .. 4 i
y L PRINCIPAL PRINCIPAL ,
3 STRAINS STRESSES. . 4
) / /" Fla. A.1 - TRANSLATION OF MEASURED STRAINS
. . INTO STRESSES IN ANY DIRECTION . - YK
§
N ) '
« | A y "
le 0°
. 5 $2= 45°
5oy 1 ' " ¢3 ¢3= 900
, ek
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R ) . N. L4 x 3
f FIG. A.2 - REPRESENTATION OF LINEAR (FIG. A.3.- NUMBERING CONVENTION ~  *
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PROGRAM PANBLDG 73/172 OPTai PAGE 1. FTN 4,7+470

.

.

- 90 =

PROGRAM PANBLDG LISTING — . . ‘

PROGRAM PRNBLDG(INPUT:OUTPUT:TAPE41TAPES) e

" DIMENSIQON’ ALDAD(L”OO)vNCH(l”OO)rCAL(IZOO)vAUGRD(I”OO)

DIMENSI EPS(i00+3) s INDEX(100+3) yEPSL(100+2) s INDEM(S0)
DIMENSION AVGC(200)AVBRISP(100)SXY(100+3),EPSS(100)

DIMENSION EXY(100+3)yEMAX(100) sEMIN(100) »GHAX(100)sIMOD(100s3)
DIMENSION PRANG(100},CR(100),STRESS(100)sDISPL(100),PSTR(100,s3)

READC4sXINRyNCTsNLGYNCHA
ND=NR+NCT+NLG

PRINT 444

PRINT 445:NDsNRsNCT NLGsNCHA

CCC READING AND PRINTING ARRAY INDEX.
READCArX) ( (INDEX(IrJ)rd=is3)y I'llND)
PRINT 7
DO 85 I=1+ND .

PRINT &¢I (INDEXCI»J)»Jml,3) .

85" CONTINUE ‘

‘CcC READING HATERIRL ELASTIC MODULUS (PSI) AND POISSON RATIO.

CC (PRESENT VALUES ARE FOR ALUMINIUM) ) )
TE=10000000 ' . o -
E=TE/1600000 - ’

’ POIS=1,/3 ‘ e

CCC READING CANTILEVER FACTORS EFSL(I»2) AND THEIR AVG CONST.

IF(NCT.ER.0)25»2

26 REﬁD(4vt)(EP3L(Lr YrL=l s NCT) \\5
PAS=Q,
DO 30 L=1sNCT,
PAS=PAS+EPSL(L,2)

30 CONTINUE .
CONST=PAS/NCT ¢

CXCXCXCRCXCRCICKCACE OUTPUT PROCESSING FOR DISPLACEMENTS
c. (INCH) AND STRESSES (PED).
PRINT 909
. READ X»NREC
25 DO 900 KK=1sNREC .
KL=KK-1 ° , .
PRINT 2000 ,KK ‘, ; : -

CCC READ DATA FROM TAPES. .o
DO 1.J=1,NCHA ' '

.

KJmJ+ (NCHAXKL) ’
READ (5 355)ALOAD CKJ) s NCH(KU) s CAL (KJ) s AVBRD(KJ),
IF (AVBRD(KJ) EQ.CAL(KU) ) 620,430 . .
620 AVBC(J)=AVBRD(KJ) ' . é'
GO TO 1 \

430 AVGC(J)‘AUBhD(KJ)t(2000/(CAL(KJ)~AUGRb(KJ)))
1 CONTINUE )
LI=ALOAD(K,]),
PRINT 3000,LI ) :

CCC PRINTING STRAINS DATA FROM TAPES. S . i
CPRINT 18 \ . . ) ‘
PRINT 19 ‘ R .

vy

e i
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PROGRAM PANBLDG
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PAGE 2.

s

KN=NCHA/S : ' S
DO 90 I=1,KN : : . :
JmIHKN :

LaJ+KN ‘. :

ML +KN , :

" NEM+KN

?0

PRINT 5;IvﬂUBC(I)rgvHUGC(J)erAUGC(L)lHrAVGC(H)vaAUGC(N)
CONTINUE | " .

CCC INDEX ARRAY HDDIFICATIDN FOR NUT RELYABLE READINGS.

_ READ *»NRR

<

111

b4

776"

77
888

PRINT 700 -

N .

PRINT 707sNRR -

READ X» ( INDEM(IM)» IM=1,NRR)

DO 111 I=1sND

DO 111 JU=i,3
INDD(I;J)‘INDEX(I’J) oL
CONTINUE
Jl=y
KM=}
L=l

. DO 888 K=KM»ND . A

DO 888 .L=LM,3

IF(IMODCKsL) JEQ, INDEH(JL))ééérGBB"
IMOD(K,L)=150
IF(JL.EQ.NRR)?77¢774

“JL=JL+) : .

GO 7O 988

KM=ND

KL=3 . -
"CONTINUE ‘ "

CCC ADRESSING STRAINS QUTPUT N

230

PRINT 334
IC0

IR=0

IL=0 . : -
D0 20 K=1,ND ‘ : A s
IF (IMOD(K»3) ,EQ.0)220+230 ~

IF (INOD(K»2) .EQ.0) 240,255

1CICH1 .

LL=IMOD(Ks1)

W IFCLLILE.120)242,244 ' . . .

EPSL(IC»1)=AVGC(LL) ~
GO TO 20 - <

“EPSL(ICs1)=0, . s

PRINT 337,KsLL

GO ‘TG 20 : : g

IL=IL+L . .
LL=IMOD(K,2) o . ‘ g
IF(LL.LE.120)257, 259 .
EPSS(IL)=AVGC(LL) . . o

G0 T0 20 . .

EFSS(IL)=0, \ . ‘
"PRINT 337rKeLL , . ' [
GO, R ,

I
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LL=IMOD(K,1) T (
IF(LL.LE,120)231,232 .
231 EPS(IRs1)=AVGC(LL)
GO TO 233 . . .
232-EPS(IRs1)=0, o
PRINT 337sKsLL
233 MK=IMOD(Ks3)
. IF(MK.LE.120)234,235 .
234 EPS(IRy3)=AUGE (MK) v °
GO TO 236 .
¢ 235 EPS(IR,3)=0,
PRINT 337,KsMK
i!g JU=IMOD (K, 2)
IF(JJ.EQ.01250,270
270 IF(JJ.LE.120)280,290

260 EPS(IR,2)=0, , ' ' . .

GO TO 20 i
280 EPS(IR:Z)-AVGC(JJL
- GQ TO 20
290 EPS(IRs2)=0" R
PRINT 337+KeJJ : .
20 CONTINUE;

CCC CALCULATING CANTILEVER DISPLACEHENTS.
IF(NCT.E0.0)12%,124
124 DO 8350 L=1sNCT
DISPL(L)=(EPSL(Ls1)XEPSL(L,2 ))/1000000
AVGDISP(L)=(EPSL (L» 1) XCONST) /1000000 :
850 CONTINUE N .
CCC PRINTING CANTILEVER STRAINS FACTORS AND DISPLACEHENTS.
PRINT 14 ° M
PRINT 1S5,CONST
. D0 880 II=1,21

o~

. PRINT 460,I1,EPSL(ITI»1)EPSL{TT,2 Yy 115 DISPLULII) »+AVBDISP(II)
| .

880 CONTINUE.

v

CCC PRINTING ROSETTES AND ROS.2 OUTPUT STRAINS. .
125 IF(NR.EQ.0)150,99 : .
. 99 PRINT 12 )
PRINT 13 .,
DO 80 I=1,NR .
PRINT 8y1,EPS(I,1)/EPS(I,2)1EPS(I,3)
80 CONTINU

ccc CALCULATING AND PRINTING ROSETTES ANQQRDS +«/2 PRINC. STRESSES AND STR¢

PRINT 1000, .
PRINT 1001 )
PRINT 550, . -
DO 100 I=1sNR :
IF(EPS(I+1).EQ.0)9%5:91 . . v
9% IF(EPS(I+3).€Q.0)94,97 ’ .
94 IF(EPS(I+2).EQ.0)92,97 . - .
92 PRINT 192:1 vy
Gd To 100 ’
91 IF(EPS(I+1).EQ.EPS{I+2))191,97
191 IF(EPS(I,+1).EQ.EPS(I13))94+97
7

[y -

.
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94 AB=E/(1,-(POISXPRIS)) ) -
SXY(171)=(EPSCT+1)+(FOISIKEPS(Is3))XAS .
PRINT 194+1. '
PRINT 195sEPS¢I2)rSXY(Ir2) ‘ .
GO TO 100 . . )
Al=ySXC(EPS(Is1)+EPS(E+3)) L Ce
A2=EPS(1,1)-EPS(I,3) : . -
EXY(1,1)=EPS(I,1) oL
EXY(I,2)=EPS(I,3)
EXY(I+3)=EPS(I,2)-A1 . v ) '
A3=2XEXY (153) .
GMAX(T)=2SART(A2XK2+ATRXD) :
AP=.SXATAN2(A3+AD) \ . ,
PRANB(I)=357.3%AP . .
CR(II=GMAX(IIX .5 h " ¥ - )
ENAX(I1)aAl1+CR(T) ‘ ~ T |
EMIN(I)=A1-CR(I) ‘ .
PSTR(I,3)=CR(TIIX(E/ (L. +POIS)) | o ' . ‘
. PS=A1XE/(1.~POIS) - - - ) H
- PSTR(Is1)=PS4PSTR(I,3) - i
§

LY

‘97

A P g B

\
-:lr:.,.. .

5—(;

PSTR(Is2)=PS-PSTR(I,3) . '
AS=E/(1.,-(POISXPDIS)) " ' <
SXY(Is1)=CEXY(Is1)+¢POISKEXY C1s2)))%AS : ) I
SXY(I»2)=(EXYCT»2)+(POISKEXY (Is1)))KAS : . . ;
SXY(Iy3)mEXEXY(I+3)/¢1.+POLS) : .

PRINT 400;IyEHAX(I)rEH!N(I)vGHAX(I)pPRANG(I)yCR(I)yEXY(I 13
KEXYCI+3) 2EXY(Is2) oI
PRINT 600sPSTR(I51)/PSTR(I,2)+PSTR(I+3)sPSTR(IrD), ~ !
XSXY(111)95XY(I53)sSXYCI,2) \
100 CONTINUE : )

CCC CALCULATING AND PRINTING LINEAR BGAGES STRESSES.
160 IF(NLB.EQ.0)3005170
170 PRINT 333 : ‘
. DO 1BO L=1sNLG , ' . ' ’
STRESS(L)=EPSS(L)*E ) .
PRINT 334sLsEPSS(L)+STRESS(L) :
180 CONTINUE

. 5§
900 CONTINUE .
FORMAT(S(3Xr14s3XsE10.4)) : .
FORMAT(SX»13,3¢4%X,13)) : . . .
FORMAT (/1 4X: 4ARRAY INDEXX»/»2X 7 KDEVICER» 4Xr K1) 874X/ KC2) K1 4X; :
X7 (3)%4/) .
8 FORHﬁT(3X:1313(6XpE10.4)) : * .
12 FORMAT(/,XROSETTES AND ROS,/2 OUTPUT(MICROINCH/INCH)X+/)
13 FORMAT(AXs ANOX s 8X s REPSCIs 1)K s @Xs KEPS( 12 2) Xy OX s REPS(I 30 %)
14 FQRMAT(/ ¢ %CANTILEVER TRANSDUCERS QUTPUT (MICROINCH/INCHYX»4XsXDISPL
RACEMENTS(INCHY X, /) - .
15 FORMAT(4X, KNDX» 7%, AEPSLA »BX » XFACTORK » BX » XNOX 15X » ) I
. XADISPL . %, 7X s $AUGDISPX, 3Xs XK (CONST FACTOR=XsF7, 20 %) %)
18 FORMAT(/,#DATA ACOUISITION SYSTEM QUTPUT(MICROINCH/INCH)X,/)
19 FORMAT (S(2Xs KCHANNELX » SXr KSTRAINX))
23 FORMAT(S(2Xs13)) o
192 FORMAT(1X+I3,10Xs&NO STRAINS EXISISTING (EPS1=EPS2=ERS3=0,)%y/) . .
195 FORMAT (14X, K(EPS1=EPS2=EPSIxXsE10.4, %) ks 2X s kSIGHAX=SIGHATY= X,

.
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4 PROGRAM PANELDG 73/172 0OPTat PAGE S. FTN 4-7+470, . R
0 Al .t . N y 1
vt X€E10.42/)
230 196 FORMAT (1Xs 135 10X, KGAHMAXY=TAUXY=0. (HOHR 'S CIRCLES ARE POINTSIX)™

- 235

*
. . «

200 FORMAT(2(I3))

250 FORMAT(IBFS5.3)

333 FORMAT(/+2Xr%x1-D LINEAR GAGES*-/r3XrtND§r6X:*STRﬂIh*v
*X4%s XSTRESSX)

334 FORMAT(2X,I3»2(2X4E10.4)) : ;

336 FORMAT(/»2X»%XNO CALIBRATED CHANNELSX/» 2X 1 XDEVY « X1 5X » KCHANK)

337 FORMAT(3Xr1324XsI3) :

350 FORMAT(F9.4,F5.3)

400 FORMAT (1XrI3s* STRAIN':IX,B(EIO 491X) sF7.214C1X1E10.4) o % STRAIN*:
*1Xr 13}

444 FORMAT(/»2X»%NO. OF>MEASURING DEVICES USED‘:/: IX K1) TOTALX»2X
*'")ROSETTES'v2X113)CANT TRANSD X, 2Xy %X4)LIN. GﬂGESﬂrZXr*S)D.A.S. CHA

ANNELBX)
445'FORHAT(4XII3'6XrI3r10X:I3;14X;I3112X:I3) . - ! .

460 FORMAT(IXsI322(3X1EL10,4)+46Xs1352(3X2E10,4))
27X+ *MIN, "v6Xr *TANG, *

550 FURHQT(/v'ROgETTE"10X1'an. ’
%3X s "ALFAPR® » 4X» XRADTUSK 18X » XX %y 9X,XXthIOXviY*vBXrtROSET Xr/)
55% FORMAT(F2,0rI3,2(F8.2)) ' ’%
400 FORMATR(SX» *STRESS*»3(1Xs810.4)y9X+EL0.4,3(1X,EL10.4)»X STRESSXy/)
700 FORMAT(//,2X s %ENTER NUMBER QF NOT RELYABLE READINGSX) .

707 FORMAT(//»2X s XENTERX »3Xr I3, 3X s XCHANNEL NUMBERSX)

909 FORMAT(//»2X» XENTER NUMBER OF TAPE RECORDS=LOAD INDEXESX)

1000 FORMAT(//312Xs*~-PRINCIPAL STRAINS AND STRESSES~*s10Xs*-MOHR’S CIRC . -

. XLE AISTRAIN WITH (EPSsGAMMA/2) AXES-*)
1001 FORMAT (18X, X (MICROINCH/INCH)X»3XsX(PSI)Xy24XsXB)STRESS WITH (SIGMA

Xy TAU) AXES-X)}
2000 FORMAT(///»S3X+XTAPE RECORD NO- =X:13)

3000 FORMAT(SSX» %LLOAD INDEX =Xy X3s//7) -

STOP
[END : .
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o " APPENDIX B
‘ POST-HRINKLING CORE TENSIQN'FAILURE ANALYSIS: BY C, HARsH
\ . " An tnitial plate imperfection may be;expressed as .
- 8, =-2/1000 \
Y , The wave displacement function is assumed as, Fig. 5.5, ' .

' w =60 sin % X

with C the subgrade (core) foundation coéfficient.

-

C = (r/2) /Gc/Ec

The effective strain in the waved skin will be incremented \
N : i \ ~ )

o

to a value equal to

? g 2 6
-we 728
JE, )

.. ep
If
A , L = f
§ = 8,/(1- 5 ? 0,9 S n

N ,
“ the strain increment value in Eq. (d),{and Eq. (5.14},
hZ

7

4

—

2 & ‘
)" = 0.25 x 107 “
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APPENDIX € | .
COMPUTFR 'PROGRAM NOLT . I

|
i

i

b
S
IR

ﬁg- fhé program,.NOL1 whose 1ist1n§ fo!!oﬁs performs the

\4

] .
anaWysis of sandwich shear—wa11s with two- d1mens1ona1 (N V) horizontal

;‘Joint character15t1cs. . u . !

3

It incorporates the effects of r1gid arms para11e1 and ortho-

gonal to the longitudinal member ax1s. It 1nc1udes 22 subrout1nes which

perform the various matrix algebra_op;rations needed for the anglysis.

7
SRPTPETR VG TP T SN CS NUSCCOE SRR S

The data needed to operate the programe are: (notation is given

at the beginning of the program listing) “
’ s ’ . I

z
)
~ e e et e,

.

1. via TAPE 4 -

S '  CcApp NO , .
T ‘ A |
1 NT - . : }

2| 1=1 | AQ1y, FLQY), FIQ1), EQY), V(1)

i
i
, , : 1
NT + 11 I=NT | A(NT), . . . . . ., V(NT) (%) . [
R ' . '
NT + 2 SPG(1,) . . . . ., SPG(1,k)
3 ' ] o \ ’ ; had
Y NT+\2 +dJd) sPG{J,1) . . ¢ . ., SPG(J,K)
U k4 ) ) & > ,17 ‘
NT+9+3f sy oL . . . ., VLIM(L)
” NT+J+4 LN . . . .., AXLIM(L)

L

P

* The program organization requires that for I = NT, or: for the last
. set of member properties, the spring properties must be input as
follows: éNT) = 1.0 FL(NT) = 1 0 FI(NT) = 0.0 E(NT) = 1.0

NI) =00 ! _ .

N N

1
, »
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I=NDF

N
l
2. via TAPE 5 ‘ o
“[CARD NO. -~
i P
1 NB, LDF
: 2 ICON(1) . . . . . . , ICOM(NBY
3 {151 "] LBL(T,1): ., (LBLCLELMTY(1),CX(T),H1(1),42(1),D¥(1)
N8 +2 | I=nB | LBL(NB,1). | ,LBL(NE,6),MTY(NB),CX(NB),
. W1 (NB), W2(NB),DY(NB)
2. via TAPE 6 p R
| caro to. A ‘\\\
1 NDF, NLV:
b . R .
2 | 1= ALD(1,1)s « « o . . 5 ALD{I,NLV)
TP NDF + 1 ALD(NDF,1) . . . . . , ALD(NDF,NLV)

The input data are organized to give flexibjlity to the use of the .

program. Thus, different combinations of data files may be made.

—
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. N
~ . N « -t .
Ee . .
) N / - 98 + . ‘
< f c {
. , B .
- * ¢
< [ - ,
S . - . \
\ . e
LEVEL 2,2.1 (JEC TT7) 05/380 FEORTRAN H EXTENDED , ok
. REQUESTED OPTIaNS + NOBECK,NOOBJECT : . . . ’
. ;. ° OPTIONS IN EFFECTO NAMEIMATN) NOOPTIMIZE LINECOUNT(60) SIZE(MAXI AUTODBLNONE)
. . SOURCE £BCCIC NOLIST NODECK NQOBJECT NOMAP NOFORMAT NOGCSTPT NOXREF -
N coce S .
. . CCCCC PRIGRAM NOLI (INPUT,OUTPUT) L .
. o ccee . - .
. . _ CCC NOTAFION o \ /
« € NT = INTEGER NO. OF SETS OF MEMBER PROPERTIES
: ‘ R C (MEMBEKS WITH EQUAL PROPEATIES ARE INPUT ONCE ONLY) _.
. € NB = INTEGER NO, OF MEMBERS UF THE STAUCTURE . -
, C LOF = PEMGER LOCAL CEGREES OF FREEOOM _
“ C NDF = STRUCTURE' OEGREES OF FREEDOM .
€ NLV & INTEGER NC. CF LJAD VECTORS .
€ NJB = INTEGER ND. OF 8Aa§ SUBJECT TO STRESS CHECK
, , C  KINCs MAXIPUM NO, OF LOAD [NCREMENTS
. R [4 AHIMi THE INCRENENT! LDAD FAGTNR. "~
€ SUMANINa ACCUMULATED ANIN [N PREVIOUS AND CURRENT STEP .
: C. SCALUMD= FACTGCR OF LDAG REDUCTION
CCC CUEMAX = INV:RSE JOF SCALOAC
+engCCC - . .
- CCC ARRAYS wWpwPd T MINIMUN DIMENSION =NT . ’
i ©C ALNTY, cndﬁ AREL OF MEMBER o
C  FLINT), U r “OF MEMBER -
N , "¢ FLINTIN MQMBNISDF INERTIA OF MEMBER ° " . :
C E{NT),y YD NGDULUS QF NEMBER ]
G VINT), FACTOR FOR MZMBSR SHEAR DEFORMATION
: ciee -
- 1SN J:02 DIMENSTUN AUS),FLISI(FTI5),E(5),V(5) - . -
‘ ceee w
' CCC ARRAYS HAVING FIRST OINENSION = NB U v .
s . € ULBLINI,LDF), INTEGER ARAAY NF AQRESSING LABELS
. C  INDEINBy2)y» [NTEGER ARRAY TO SELECTaPRING STIFENESS
! 4 CXU4BY, COSINE OF ANGLE OF LJUCAL AN GLOBAL X~-AXES N N
. ) L WL{NB), LEFT-HAND WIDZ LIGID ARM OF MEMBER -
. ¢ . G W2{N3):RIGTFr=HAND w(CE RISID ARM OF MEMBER
C  OY(N3): DISTANCE OF LAYIUT AXIS TO MEMAER X-AXIS
N € MTY{NB}, MEMBZR TYPE (REFERS TO ARRAYSO AoFLoFLsE,v)
: C OV (45),5PRING LD. FACTOR FOR SHEAR )
' 3 C  BAX(NB),SPRING LD. FACTOR FOR AXIAL FORCE .
€ ICUNINBI, INJEC TO CONNECT SPRING TO COLUMN ,
i -~ C  FACCIIBILDF)y ACCUMULATED LOCAL MEMBER FORCES
. C  OACCIHB,LCF), ACCUMULATED LOCAL MEMBER DISPLACENENTS
C  FIHCINB/LLCF). INCREFENTAL LOCAL MEMBER FORCES %
€ DING(8/LCF), T4CREMENTAL LOCAL MEHBER DISPLACEMENTS
» C  CHAING], ARRAY FOR CHANGE OF SPRING STIFFNESS - ;
ceec,
: 1SN D3

. : ;: ISw .4
ISN 005

OIMENSICN CX(56),MLI(56),M2(56),0Y(56),MTY(56),BV(58) ,8AX(54)
DIMENSION FINCIZE,8)oLOLI56,6), INDEIS6,2),0ACCI58,6) FACC(56,6)
DIMENSION OINCI5e,8), ICONISS) ,CHALSE) ,
ccee : ‘ .
CCC ARRAYS MAVING FIRST OIMCNSIOM = LDF

C  S(LUF+LOFl: MEMBER LOCAL STIFFNESS MATRIX ,

C  SGILDFILDFI, MSPBER GLOBAL STIFFNESS MATRIX ) \\
€ R (LDF(LDF), ROTATION MATRIX

€ . TRILOF,LCF), TRANSFORMATION MATRIX T

T SRILDF,LCF) o '

v

BALLTD gube L #

5
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»

N

F . . «. \ Lo
) , - .
‘ ‘ . -Pl.
- 99 -~ * . .
AN ! ] '
4 M 4
. ) v ?
» u . M . \
LEVCL 2.2.1 (DEC 1) MAIN 05/360 FORTRAN H EXTENDED cA C
¢ TS(LDF,LCF) R N ,
€ FLCILDF), LOCAL MENBER FORCES - . IS
C  DILLILDF)¢ LAYOUT MEMBER JISPLACEAENTS .
¢ DOIL(LDF), LOCAL MEMAER DISPLACEMENTS . : . — e——
) G OIPILDF), CIPLACEFENTS // TG LAYQUT o
¢ DIW(LOF), OIPLACEMENTS AT RIGID ARMS ENDS s
. ¢ DIRILOF), DIPLACERENTS AFTER ROTATION . .
seee ot A
ISN 1336 DIMENSICN S{6,5FoRI6,81,TRIS,8),5G1646)¢SRIEE),TSI68) FLCLE) ! N I
1SN ydut DIMENSION DILLL6),DILI&) +OIP(4),01W(8),DIR(S) ' @
cece
CCC ARRAYS HAVING FIRST-OINENSION = NOF 3
€ STGIMOF,NCF), STRUCTURE' GENERAL STIFFNESS MATRIX
€ DST{HOF«NOF), STG CUPLICATED
€ STIUMOF,NOFI, STG INVERTED ' .
- ¢ ALDlNDF.'iLVh MATRIX OF EXTERNAL NOGDAL LOADS , .. . <
C  ALOVINDF), A LOAD VECTOR EXTRACTED FROM ALOD '
€ OIV(idF), STRUCTURE® GENERAL DISPLACEMENTS (ow-sn-u.ow
C  ALAVINCF) ARGUMENT OF LIBRARY SUBROUTINE MINV s .
£ BLAVINOF) ,ARGUMENT OF LIBRARY SUBROUTINE MINY ' L .
C  ACCLO(NCF), ACCUMULATED LOADS -
€ ACCDIINDF): ACCUMULATED DISPLACEMENTS © -
{44 AN .
IS 538 DIMENSION ST3040,47)DSTH4 4401, STI(40,40) sALD(40,6) sALDV(40)
TSN 2919 DIMERSION DIV(40 1, ALAVISU) JBLAVIEN) CLAVIAD, 4N
ISN al. , oxrehsmr{ ACCLOLA;)eACCDI{40) % ' '
cece ' N
CCC FURTHER unus ' P
€ NLCIL.)e ARGUNENT OF PRINTING SUBAGUTINES .
. € SPGyaRRAY OF SPRING STIFFNESSES :
€ YLIMNARRAY UF SPRING LIMIT SHEARS .
o € AXLIMY AKRAY OF SPRING LIMIT Axm. Foncss L ¢
tee
ISN 1411 - DIMENSION NLCI1P ).sncls.u.vumsa.uumn o
. 4444 - . B
‘ CCC ANRAYS HAVING CIMENSION aNJB ¢ ! ’ N
C  JDAR(HJBI, VECTOR OF 6AR NG. SUBJECT TO STRESS CMECK ‘
C  WSK(MJB), SECTION MODULUS(LEFY) . .
C  WOX(NJBI, SECTIQON MODULUS(RIGTH) . ; v
\. ({444 ' . ' )
LSN Jul2 . CUIMENSICN JBAR(4),dSX{4),WDX{4) : -
Lo cece . b T
ISN 0013 . CALL ERRSET(207,300+~Ls1% 1,207} - B .
cce - . ol ¢ . . . . .
CCCCL DATS REACING ' . . . .
’ cee
ISN 0014 READL. (3,7)) NT . )
1SN Juls WRITE (645561 N C
ISN 046 DO 11 IskNT ¢
1SN ul? READ ~(5972) ACL)FLITISFIUL)EB(T),VIT)
ISN 17018 WRITE (6,115) l.A(thUt)\oFI(ll-E(HN(H . . . : .
1SN uul? © 11 COuTINUE o
ISN 3220 READ(Sy T1INAX . -
LISN 21 READ(S, udmsu CL }
ISN" 0022 L READ (£, T3} LESPGII J)sdm) ) NAX), ImLoNSH) o : .
ISN Q023 WRITEL6)668u)NSHyNAX ) % . .
ISN Jo24n CALL PRINT (SPGyNSHyNAX,NLC] ) VR .
ASN 0125 READ (51720 JVLIMITI IabyNSHY - 4 .
, .
» - & “
. - - ! , [
< . ﬁ - ¢ '
. - ’ a .
Y - ! )
o ! , \ -4 i .
¢ . v ‘ ' " 3
2 i ' 1 -
. . - ) &
. . v’ ' . / .
_ i - . -~
- - A} .
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] .
. .
. - 100 - . ’ ]
. ] . . :
- ' - - 1
- ¥ -y
- t . - . Al . rd
LEVEL 2.2.1 (DEC TT) MAIN "o 08/380 FORTRAN W EXTENDED ¢ DATE ,
15N On26 READ (5,731 (AXCIM{T 1, 1o 1,NAX) ’ ‘
ISN 0027 WRITE (64750 (VLIM(I), I=1,NSH) R v )
ISN 2928 WRITE (6+TAMCAXLINIL), IaL1,NAX) had e
JISN 2029 READ {3,71) NA . - C _
ISN 3)3u READ (5,71) LCF . N
1SN Qu3l CALL ZZRU {LBL,NByLOF)" o .
ISN 4032 WRITE (64113) ) Q P
~ISN 0033 DO 1111 K= 1.N8 #
ISN 1134 READ (5'76) (LBLIK;J )y J®1,LOF) 4 MTYEK), Cx(l)u“l‘llvuz(l)luv‘llo P
LICONIKY
1SN v35 WRITE (612 m.usux.u.a-l.wn,rmmu-cx(x;.uum.uzm-ovtn.
oICiIK) - .- .
ISN 2338 1111 CONTINUE ' . . : -
ISV 99 READ (3,71} NOF , . . ‘
ISN 93 g READ {5,717 ALV . H
ISN 0039, READ {3+73)0(ALD(1,d .J-I.NLv).x-x.nun . ' .
1SN Judy WRITE(6,6690) NOF,NLV - : ..
ISN Juel  * © CALL PRINT(ALD,HOFsHLY 4NLC) e
ISN 342 | READ(3,T1) nNJB . ) .,
ISN vi43 WRITE(G )44 1)) . . : R S
ISN I0es 0 1513 XKal,NJB8 P . . )
TSN 045 EBD(5,450M 1) JBARIKK) (WSX{XK ), WOX{RK) \ . ’
IEN w6 WRITE(8,46 ' ) KKyJBAR(KK) WSXIKKY WOX(KK}
ISN 147 1513 COATINVE '
158 Goé8 44 1060) FORNAT (/y3Xq'NG.* .ax.wm-.ex.'usx'. 9X, "WDX*) . .
ASN' N9 . 45707 FORMAT (13,2(F12.21) .
ISN JiSu ' 4&ius FORMAT u..tx.n.ax.l;.z(zx.no.m
cce » o .
ccgcc L0AD vacro« SELECTICN 4
. £s :
1SN 3251 <5434 DO &3 LelsNLV . . e .
15N J:sz 00 222 JelyN8 - ok : "
ISN 2.%3 INDE(JsL)ml .
A58 guse INOE(J42) =1 . . .
ISN 4488 222 COJTINVE i
ISN 0336 | CALL 25R3 (STG,NOF,iiDF) . PR
ISN 5557 CALL LERD (FACCoNB,LOF) . -
ISN-u058  © CALL ZERQ (DACCyNB,:LOF} : .
1SN 0089 ! CALL ZFROV(CHA(NB) i . F)] : M
ISN Gby CALL, ZEROV{ACCLC,NDF) : - .
ISN Jusl CALL ZEZROVIACCCI,NDF) 7 o
ISN Jo62 SUMANI =0.) . : :
ISN J063 © KINCsl.v . .
1SN 3084 WARITE(6,6531)L . Co
X 1 ) : .
CCCCC BEGINMING OF INCREMENTAL ANALYSIS .
. 444 . . .
1S% ud63 © 33333 DO 333 INGEl.KINC . N . R
1SN U6e T WRITET6, 30900 YINC . ’ H : °
ISN Gua? . CALL IPRNT (tuoe.ub.z.m.h - - ,
P cce - | '
. CCCCC GENZIRATION OF MEMBER STIFENESS WATRICES )
. (134
15N Odes - CALL ZERU {DST,NOF,NOF) . '
ISN 2269 . CALL ZERO (STT,NCF\NOF) s
ISN T <00 10 I=l,NY : . o ' :
" ISN U671 ¢ XKI=MYY(T) ' . ‘.
ISN us12 o - SIF(KKI.EGeNT) GO TO 2) . . .
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.. : ! LEVEL 242.1 (DEC TT) . MAIN 05/380 FORTRAN-H EXTENDED
- . ’ 1SN 09Te 1F (INCGT.1) GO 7O 10,
L . - ISN 0676 GO YO 4u
L. . ISN 017 2y 1v=INDE(1,1}
. 1SN 0078 TAX®INDE(]42} " “
e ISN 279" AIKK]}uSPGLIVy 1K) - LA
; A ISH J08) WRITE(6,676) (Ve IAX °
. % , ISN g8l . WRITE(6467T] 1,KRI.SPG(IVIAX) - '
v / , c _ISn 382 41 CALL MESTI (SJLCF oA EsFIoFL,V NT KK}
: . C T ISa gusae TFOYL,GT, 1) 0R. INC.GT.1}) GO TO 54U . .
- 1SN O085 WRITE(8,50) 1 LA
1SN 0136 Call PRINT 15¢LDF,LOF,NLC]
. " 15N Ju8T 340 CONTINUE -
. X - JSN 3188 ccx-ct%n .
- 1SN J-89 Al=wlt C
. .o Aoy ISH duer wi=u2(1) . .
. . « . ISN 0391 - oP=UY{} L
) . . 1SN 0392 CALL GESTI(S,SGyLDF Ry TR TS SRyCCH T gndoDP)
. . 1SN 0393 B TF({LoGTo1)00Rs (INCLGTo1}] GO TO 5540
: . 15N Ju9s WRITE(8y00 ) | °
L. ¥ 1SN J09 CALL PRINTISG+LEF;LOF,NLC) . "
' . 7 ISN 09T . 5547 CONTINUE
. *ISN 0198 IF (KKILEQ.TY GO TO 240
, L ISN ulde ~ IF TINC.GT.1) 30 TC 1)
' - ISN 9122 CALL ACCUST 15GoSTGyLBL, Iy NDF,LDF,NB)°
= N ISN ul)3 GO T0 lu . . .
;. ISN J104 26 CALL MCCUST (S5,DST,LBLyI,NDF,LCF,NS)
o ISH IL)S 1. CONTINUE -
N L PN ﬁcP
: \Va CELCC SULUTIUN OF THE GLOSAL STRUCTUHE MATRIX
. .- cce .
' . » . 1SN J106 L CALL AOD 15TG,DST,STI;NOF,ADF) -
_ 1SN D107 CALL DUPL IST1,D5T¢NDFyNOF)
ko 1SN uius . CALL DUPL(STI,CLAV,NCF,NDF) i
. e LSK 4109 WRITE(6,TUINDF,NOF B
- , ISN ) CALL NINY IDST,NCEs0sALAVyBLAY) ~ )
vy . ¢ . ISN il c. LL OUPLIDST,STI,NDF,NDF Y, te
- : . . 1SN J112 ., WRITE1543,INCF,NDF
e, ey 1SN 119 “CALL MULTICLAY,STLyOST,NOF,NOF,NCF)
N — 131] LS CALL EXTVM (ALOV,ALDyHOF NLVyLs 1) N
s ‘\l o xs~ s . SCALGA slo/10M | '
< 4 1 . CALL SCALEV (ALDVeSCALBA (ALDV,NOF) -
e : o xsn vll7 SALL MULTY csn.n.nv.cxvmur.uogx N
R ) N .o 1sh g118 MRITE(S,95)Ls INC @
! 1SN 0119 ° .30 42 %s1,4CF -
. v, ISN 0120 . uuxrsw.vnn.mwm.ALovuu v ‘
L .o e L ISM 2L’ 42 CONTIANVE . » '
. : v . cee -
L e . .. CCCCC INCREMENTAL FORCES AND DISPLACENENTS
K . . cec . ’ : .
N ISN J122 .. CALL ZEAQV (84X,NEI . ~
- . » ISN J12) . CALL 2ERQV BV +ND)
<, . ' ) ISN 0124 v CALL ZZRO (CINC,NB,LOF)
.- ‘Y . 1SN Wl2s . . CALL IERD ,tﬂncms.ms) \ -
’ L0 “ ISN U126 , 56666 00 &6 Nel,Nd .
. v ISN Ji2? CCALL EXTV (OILC,DIVeLBLIN/LOFINDF,NDY -
v . N N IS8 0128 T CCXaCx (N} , s .
[ »o, “ . ‘[SN 0129 L wieMlN) s SR y
. L. 1SN J13}- WIsW24N) Y
- ? 3 A A . . .
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LEVEL 2.2.1 (DEC 77)

1SN U131
1SN U132
ISN Q133
ISN wide
ISN 0135

I5n
[$1]
ISN
1511
ISN
15K
[£1.]

vi3s
vi3T7
vl38
q139
PILN
visl
ule2

A L2 *
« .
- v
: } .
(VRid
P
N . -
- r,
MAIN -, 057360 FORTRAN H EXTENDED
oPepyy) a\
CALL LQCD[S “:“.LlCIL-LDFN\QYﬂ'nlgleﬁlql sCCX oMY 4 WdyDP)
XKI=NTYIN) .
«CALL MESTI (SoLDFyAoE FI,FL VvV NT,KKI)
7CALL MULTV ISnDlL.FLCoLDFvLDF) :
lN-FL(KKlI .

CALL"EQUCHK (FLCsLDF,FLM)
CALL™ ACCUVY (ELGy FINCoNB,LOF)N,2)
CALL AZCUVM (ETLoCINCoNB,LOF,Ne2)
48 CONTINUE
WRITE(S,10750) INC
CALL PRINT (FINC/NB(LDFINLC}

cce

2

’

cce
CCLCCC ANALYSIS OF RESULTING lNCRENENTlL Fnl?fé,":> A

WRITELS, 3501
.00 850 [f=lynp -
T KKLmNTY(18)
IF {KKI,NE.AT) GC TO 668
TFIFINC(18,1),EQaU.0) STOP v c
KV=INOE([By L} R ot
YLINCoVLIN(KY)
uv(lat-(VLlNC-ABS(FACCGlﬂ.l)l)IABS(F!MC!IB-I))
RATIOWFACC(IB)11/FINCIIB,1]) .
IFIRATIUCGES D021 GO TO AS4.
AVIIB)e=BV(13)

4740 JKa[CO4(IB) Y .
JEIFINCIJK,1]4EQeded) STOP
TFIFACCIIRI1IIGELDsd) GOTO 4242

4141 "BAX{IB)=107417010%0e2 ﬁ

, 30 TO 6611
4242 KAT1QSFAGCIJK)L)I/FINCCJIK, 1)
TIFIRATIULGeaUov) GO TO 4343
-~ G0 T0 622
4343 KAXSINDE(16,2)

ALLINCaAXLEN{XAX) ' '
BAX(IB) e {AXLINC-FACC(JKe 1)) /FINCIK,1) .
60 T0 &61f /
5224l FIRAX,EQel) GO TO 4141 ’
KAXSKAL =} '

AXL INC=AXLIN(KAX)} .
dAX(18}= (FACC(JK:ll-lXLINCl/FINClJK'll ‘

Tes11
S0b6

WRITE(6439,0) 18, ICONCIBY, AX{IB) BVIIO S ) ‘

nire

J18

J181
01d3
viae
2186
o187
v188

CONT INVE (.
ccc

CCCCC MINIMUW (QAD FACTOR SELECTION
cce
AMINZL 2001050, 002

”

[did
:gccc PASSIBLE LIMIT LOAD FACTORS EGR SPRINGS T
ccc .
0 777 LB=LeNS - < .
IF (MTYILB)(2Q.NT) GO°TO 722
GO T 777 - -
722 1F (BVILB)<SEJABIND GO TO Ta& N
AMIN®BY (LB) .
IBAReLD

Th4 lFllelLd).Lf.d.ﬂ) 30 TO 77

°
s

B i

*

PER AV F T

LT LT PR SN R N LY gy ey

b




LEVEL 2.2,1 (DEC ™D

1SN
1SN
- ISN
1Sy
ISN

ISN
ISN
TSN
ISN

1SN
1SN

1SN
IS
1SN
1SN

158
SN

. ISy

Co 15y

SN

9190
wil92
vle2
wilvé
5195

019%
ule?
2199
J2v.
nn
3212
U243
Ty
d2us
Jaur
2.8
29
w2l
s211
2212
<213

T

" cee
cecee
cee

(COEMAX=L,/SCALOA

mmn

1

-

" a7

‘cee
ccece
cce

38

‘338
18113

3949

CCCCC
ccl

89222

83111
v a9

-y

-
\ B
103 ‘
L 3
+ , !
wALN 05/369: FORTRAN H EXTENDED
IF (BAXILB)«GE*AMINY GO TQ 777 .
AMIN=BAX{LB)
{RaR=LD
CONTINVE \

WRITEL6446TT)ANIN, IBAR'L'INC
CHECK FQR TER?[NATIC“ QF INCREMENTAL ANALYSIS

IF {AMINLGE.COEMAX) GO TO TNMT

30 1C 78

AM{ N COEMAX

SUMAMT =SUMANI FAMIN

ANITEL 81 227T1AN I, ARAX, COEMAX, SUNAME

30 TQ 89222

AMAKSCUENAX<SUMAN] Do

IF (AKAKSLZ,AMIN) GO TO 37 .

SUNAMT =SUMAMI FAMIN.

ARITZ 00022771 A¥IN, ANAX ) COEMAX , SLNAMT \
30 T0 38 g
ANIY wAMax
SUNAME SUMAL sAMIN ‘
WRITE(6,2277) AN Ly ANAX , COENAX  SUNANT

6o TQ 89111 .

MOOEFICATION OF ARRAY INGE :

00 8989 Kuymi,Nu -
IF IMTY(KH),NELNT) GO TO 8989
IF |AMINGEQ.BVIKB)) GO TO @888
vQ TG 19318
lNJ:(KHoll'lNDC(KS-lI*l

CHAIKBI =1, ) . . .

lF(APIV-Ed.BAl(KBIl GD TQ 999 *
GO TC 5989

1~051xu.21-xNuE|xa.2101

CHAIKBI =L,

COITINUE

FORCES AYD DISPLACEMENTS TO 8E ACCUMULATED

INCP=INC=-1 ”
WRITELA ¢4U 1 J)TINCP

CALL PRINT {FACC,NB,LDF,NLC)
WRITE16,11T7IANIN

GO TO 99 .
WRITE(SyAATTIAMIY

GO 1O a9

WRITE(S+33TTIANIN

CALL SCALE (FINC,AMINyFINC,N8yLOF) -
WRITEL G o L7} INC i
CALL PRINT (FINC,N3+LOF,HLC)

CALL 0L tsacc.rlnc.ﬁncc.nu.Lusu
WRITE(6040 17)INC

" CALL PRINT [FAGCyNS,LDF,NLC) ,

CALL SCALEV(ALOVyAMINyALDV,NDF)
CALL ADDY(ALDY(ACCLD,ACCLO,NDE) v
CALL SCALEVY CIV4AMIN, -DIV,NDF)

s -

v
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]

" LEVEL

ISN
ISN
ISN
1SN
ISN
ISn
1$1]
ISN

1SN

ISN
ISN
15N

ISN
ISN

" 15N
ISN
ISN

sy
158
1SN
s
ISN
1SN

2.2.1 (DEC T7} NAIN

0248
N246
247
0248
1249
1259
v251

4253

025«
v255
17313
w287

w238
u2se
J2b
J2sl
4282
vaa3

" U264

['r{.1}
w266
J267
2268

J269 7

n
4271

0212
Ld?3
uzrTe

w215
9276
0217
L]

021y

v2e.
vaét
1282
vae3
u2he

J288

286
12987
208

v2a9
0290
v291
uz92
4293
u294

0S/360 FORTRAN H EXTENDED

CALL ADOY{ CIV*ACCDI,ACCDI,NOF} Q.
WRITE(S U9 )Ly INC, SUMAMT
00 7073 Jsl,NOF
WRITEL6,9T7} .J)ACCDT (4] ,ACCLDLI)
7,70 CONTINUE
IFIN=INC .
IF (AMINLEQ.AMAX] GO TO 45
333 CONTINUE ¢
cce )
ECCCC cNO OF [I4CHEMENTAL ANALYSIS
cc
4564 CONTINUE
CALL STRESS CJBAR,WSX(NDX11JB(FACE NBILOF \NTY JA ¢NT)
WRITE(6,66791L, LFIN
* 4% CONTINUE
C

c
CCCCC FORMATS
cce ’
3 FOUMATI /41 X, 'LOCAL STIFMAT SL'413)

56" FOAMAT L/ 20y *TYPEY , 11N, "A0, 16X, 'L 16K, 1, 16X, YEV, 14X, SPHL ! )

0. FORMAT[/,) Xy 'GLOBAL STIFMAT SG',13)

71 FORAAT (/41 1Xo*GLOBAL  STIFFNESS MATRIX STG(®,13,1,9,13,v)¢) o

71, FORMAY (13) .

T2 FOAMAT (na(Fl2.,2)) .

T3 FOAMAT (6(FL2.,2)) .
T4 FORMAT {212X4F12.2))

TS FOIMAT (5(24,F12,2))

TA FOIMAT (T7(13),4(F8.,2),13)

TT FORMATY (6{FB.4})

80 FOAMAT( /41 X+ 'INVERTED STIFFNESS MATRIX STI(',13,%,%,13,¢
P FIRMAT(///+8Xs"DISPLVECTREDLDCVET (NDot 1342, 9(INCH?,]

)

99 FIRNAT(///,8%e *ACCoDISe AND ACCoLDVECTa'y1342X,*(INCu®,}3,)7,

. 12X, 'SUMAM IRt , F9,3)
97 FORMAT (1M s 2Xe1393XyE0Ce93X¥9.3)
11 FDMMAT (/42,1 512X F15.3)) :

115 FORMAT{/,4X,'8AR9,]12X,'CODE NU"BERS'.O!:'TYFE',4X.'CC$".!Ky'bl'

lBX.'HZ'pﬂX.'DY'.éxo’lCON'./l

12) FORMAT(1H ‘Z‘QI’cllvﬁ(zlnxlio3"l]vllvﬁ(llvFC 3) 42X 1M

676 FORMAT( /42Xy BAR® y 2Ny *TYPE' y2X ¢ *SPGI Y o13,%,9,13,¢)¢}
677 FORMAT(LH 42Xs2013y2X1 Fl244)
LITT FOAMAT (//,3%, '"MINIMUN OF AMIN=*,E12.4)

'

2217 FORnAT(/v3K¢"ﬂlN¢'-612-4vZX"lﬂll"1512-hnix-'COEPAI-‘.EIZ.#:EK.

LESUMAMI=®,E12,4)
3377 FORMATI /3%, "AMIN= ANAXI'.EIZ-§J
A4TT7 FORMAT (/43X *AMINSCOEMAX=? E12,4)
§0)) FOIMATOLH 212Xy 13)4202%4612,4)1)
5300 FORMATU/ 3%, "QARY y 2Xs " ICON 16X *BAK®y 12X, '8V ")

6677 FORMAT(/ /43Xy tAMIN®* E12,4%,3Xs 'AT BAR NOa* '13.461.'0'L0.VECT NO. -

LIy ' CINCHt, [3," eer)

657% Fonnar(////.zx.--.. END OF INCREPENTAL ANALYSIS FOR lDAO VECTQR NO

Law' s 13, 2X¢'AT [NCm?,[3,2X, sant)

6683 FORMATU /2Ky *MATRIX SPGL*)13¢%0%413,%)¢,'0F SPRING STIFFNESSES?)
6697 FORNAT €/,2%y "MATREX ALDE®)134%y%,13,%)%,'0F LOAD VECTORS*)
6581 FORMATY 1H1,2X4////4%esseee INCREMENTAL ANALYSIS FCR LOAD VECTCR NO

La®' 134 2X, 0000000, //7//) .
1900 FORMAT(/,2Xs'FINC OF INCa',[3)
2635¢ FDlMATI/lel'DlNC QF INCet,[3),
3L 1)U FORMAT(/ 42X, INDE OF [NCs=',[3),
4w FORMAT (/,2X,7FACC OF INC*',13)
sTaP
END

i A by A
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. . LEVIL 2.2.1 (OEC 77) 05/380 FORTRAN H EXTENDED < OATE
) REQUESTED OPTLONS : NOJECK,NOOBJECT . ' L T ' "
: ornons N "LFRECTL NAME'MALN) NCOPrpyrze LINECOUNTIAO) SIZE(MAX) AUTODBLINONE)
, . ) SOURCE ESCDIC NOLIST NOOECK NOOBJECT NCMAP NOFORMAT NOGOSTFT NCXREF N
, . ISH 9002 SUBROUTINE STRESS(JAAR, WSXy WOXoNJB ¢ FACC 1B (LOF (NTY,ASNT)
' : - _ISh 3003 DIMENSION .umuuu;.usxmun.uoxmm.uccms.n.un.uun.vmuu
. s 1SN 0506 00 150 l1sl,NJp
1SN 0095 © I1esJIBAR(1) ' .
. R fsa 923e KKI=sNTY({[19) :
1SN w07 SAR=(FACCIF1B¢ 1)/AIRKTD)
. 1SN 2008 §Sxe  FACCIII8,3)/MSXIT) L
. 1SN 0049 SDR=~(FACCII18,3)/u0X( 1)) .
.ot 1SN G0 L STSXa§AXeSSX -
S ISN-L 1L STOX=SAX+SOX
. . 1SN 0012 YWRITE (8,1°) I8
. ~~ ISN €13 WRITE (5¢2))FACCITIB, 1Y oAIKKTY,FACCETIN, ), MSXLT),0xt1)
1SN Dole WRITE (6427)S4%K,S5X,S0K, STSX, STOX .
. ISH Sul3 WRITE (6,3 )
~ 1SN JU1® 190 CONTINVE
. VA F LY L) FORMAT(/48%, FACCIL) ¢ L1XoTATy LNy 'FACC (3101 9Xy BSXE 11204 WD 43K
*' se BAR NUs )13y ae?)
ISH U918 2% FORMAT {1H 1 2X,5(E13.452X)}
) 1SN 8019 39 FORNAT (1M , o:.vsu-.ux,vssx-.xzx.'snx-.ux.-stsx-.ux.-srox-)
1SN Ju2is RETURN
\ BILE " CEND 0
. ) * '
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el

LEVEL 2.2.1 (DEC 77) 0S/360 FORTRAN H EXTENCED * DATE 79

upnans IN EFPECI‘ NAME (MAIN) NGOPTIMIgE LINEC.’JUNN‘N SIZE(NAX) AUTODBL4NCNE)
SOURCE EBCOIC NOLIST NODSCK NOOBJECT NOMAP NOFORMAT NOGOSTPT uuxues NGAL »

REQUESTED uptxaus'y YODECK*NCGRIECT

-

1SN, 9902 SUBRQUT INE GESTT (S+SGsLOFsRyTRe TS, SReCC X9 W] 0doDP)

CCCC  THIS ROUTIWE TRANSFORMS STIFFNESS MATRICES FROM LOCAL TG GLOBAL AXES
ISN 0073 OIMSNSION TRULOF,LOF)S{LOF,LOF) 4RILDF,LCF) SR{LDF,LOF)
ISN do0e - DIMENSIGN TS(LDF4LDF},SGILDF,LDF)

PPN S S

o

. ‘

1S4 3095 CALL ZERQ {$GyLOF,LOF)
ISN v Je TFUINTLEU 01} o ANDL (WJLEQaCau)) GO TO 48 .
1SN U008 CALL TRANSF (TR, 1,WI,NJ,0P,LOF)
1SNy Juue CALL FRIMY (S, LDF,TR,S$R,LOF,TS)
IS8 9010 CALL CUPL (TS,$,LO0F,LOF)
158 3011 AR IF (DP.EGs,sl) GC TO 55
1SN 913 CALL TRANSF (TRy2¢WI,WdoDPLODF)
ISy 0'1é CALL TRIPYU {SoLDFyTR,)SRyLOF¢TS)
1SA 915 CALL CUPL (TS¢S)LDF,LCF)
ISN J 16 53 IF (CCXJ.EQule) GC TO 52
1SN Guld CALL ROTA (Ry CCX,LOF}
ISN U119 L TRIPU (S+LECF, RySRILOF,TS)
ISN Ju( ALL CUPL (TSeS,LOF4LOF) .
ISy su21 82 CALL OUPL ($,S5,L0F,LOF) .
1SN 0022 RETURN
1S~ u23 ENO - L
X
\
~ .

-t

ALk




e
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LEVEL 2.2.1 (DEC ™) 0573560 FORTRAN H EXTENDED 04 . )
© - REQUESTED OPTIONSC NODECK+NQOBJECT )
GPTIONS "IN EFFECT NAME(MAIN) NOOPTIMIZE LINECOUNT(S0) S1zE(MAX) AUTODBLIMCNE
SOURCE EBCOIC NOLIST NODECK MOOBJECT NOMAP NOFORMAT NOGOSTHT NCXREF P
ISN 9302 SUBRQUTINE MULT (G, FeGEyLoMsN) ) ’
‘* CCCCC MATRIX MULTIPLICATION ROUTINE
ISN ¢0.3 DIMENSION GILy M}, E{MyN)GFILIN)
15N COus 00 1917 1s),L
ISN 2305 « ,00 1CLY JalyN .
ISN JOOs N HIRTTIDIN .
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LEVEL 2.2.1 {vgC 77}
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iove
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SUBRQUT INE CUPL (FyGyl,M) . vt

DIMENS ION F(L,M),GILyM}

00 33 LT=1,t

00 53 KTel,n
£

i .
SILT, KT )eF(LTKT) ' '
53 CONTI.UE -
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LEVEL 2.2.1 (VEC TT)
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05/360 FORTRAN H EXTENDED

: REQUESTED OPTIUNSY NUDECK,NOBBJECT

N .
' , OPTIONS IN EFFECT: NAME(MAIN) NOOPTIMIZE LINECOUNTIAC) SIZE(MAX]) AUTODBL(NCNE)
) SCURCE EBCDIC NOLIST NODECK NUOBJECT NOMAP NOFOKMAT NOGCSTPT nOX
© 1SN J0u2 SUNROUT INE PRINT {A,NR¢NCoNA) .
- R CCCCC PRINT RCUTINE OF REAL’ ARRAY.S Ny ‘
ISN UJv3 . OIMENSION A(NR/NC),NAL10) >
Y . ISN 000s IF INC.LE,.10) GC TO & .
ISN Cous $0 10 /7
1SN 0007 & Al .
. TSN Lyl NST=lj: :
ISN 0009 GO 10 i R
ISN wuly T “Poue
. 1SN ool 11 yPaNPe} .
ISN J12 NSTanPel" .
. 1SN Jull 1AaNST=9
ISN DIlé 16 NAIL)=TA - . -
. 1SN 0uls 00 39 LA=2,13
ISN uslb * KAsLA=1"
' ISN 217 NAILAImNA(KA)+L
c e ISN 9uld, 30 CONTINUE
1SN 2019 © IF {NCeLE.NST) GO TD 9
ISN J.21 [o=NST
, . 1SN 022 WRLTE (8, 115) INALJA),JA=L,12) i
« 15N vl GO 70 12 '
1SN 3026 9 [rsNC . TN
. IS8 4125 KKKn] i=N5TeNC : .
. ISN 0426 WRITE (65 110) (NALJAD(JA®L KKK}, N
. ISN Ju27 12 50 20 I=1,NR B e -
ISN 0u2d WRITE (691:0) [aCACT J)ednTAsIB) ‘ o
ISN Ju29 2) CONTINUE . . '
1SN J03: IF (18.EQNC) GC TO 15 .
1SN 132 G0 10 L1 .
: ISN 0033 15 CONTINUE ‘ .
, R ISN . 13s 1o} FORMAT (13,1 :(2K,EL7 o)) ‘
. 1SN 08038 110 FORMAT ( 1My B8X,1.013,9%)) ’ *
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LEVEL 2.2.1 (DEC 1T)
REQUESTED OPTIONSG NODECKsNQOBJECT
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087360 FORYRAN N.EIT!NOEQ

OPTIONS IN EFFECTL NAMEIMAINY NOOPTIMIZE LINECOUNT(60) SIZE{MAX) AUTODBL (NCNE)
SOUACE EBCOIC NOLIST NODECK WOOBJECY NONAP NCECRMAT NOGOSTPT NCXB

SUSROUTINE IPRNT(IR,NRyNCyNA}
PRINT ROUTINE OF INTEGER ARAAYS
DIMENSION IR(NR,NC] NALLQ)
IF (NC,LE.LD) GO TO 6 t
Gortaz? ’ .
A=y
N§Te il
G0 TO 14
NP=, 1
NP=NPol
VSTaNRoL0 .
[AwyST-9 o :
Re(1)alA
00 3% LA=2,13
KAsLA=]
NA(LA)SNATKA)+) U} ' ..
CUNTINUE S ‘ .
IF INC,LE.NST) GC 7D 9 ' .
18=NST
WRITE (64119) (NALJA),JA®L,10)
w0 70 12 :
18=nC
AKK=10-NST+NC .
WRITE (891lv} (NAGJA),JARL, KKK} ae
00 24 Isl4NR
WRITE (891 LI, (IR(1VJ)edulAs1B)
CONTINUE
IF {184€CeNC) GO TO 18
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CONTINVE
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FORMAT (1M ,8X,1C(13,9X)) -
RETURN R
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CLEVEL 2.2.1 (JE6 TN 087360 FORTRAN H EITE‘NAD'EUM—J
AEQUESTED OPTIUNSL NODECK.HGGGJECT * .

QPYIONS [N EFFECTL w-smum NCDPTIMIZE L Necaumum suetnu) AUTODSLIMCNE) -
souncE EBCDIC NULISY ODECK NUOBJECT NOMAP NOFORMAT AOGCSTMY NOX

L 1SN 9naZ suenwnne MESTT (ABJLOF, AN, &N, FIN, FLHy VR NT , kK4 )
~ CCCC ROUTINE T CREATE LOCAL MEMBER STIFENESS MATRICES .
ISN Quya DIMENS TON AMLDF'LDN.AMNT).Enmn.nnmu.ﬂrmn.vmMl
ISN UU04 e CALL ZERO (ABy(OF,LCF)
1SM Q%8 C=ER{XK)/FLM{KK } .
1SN Ao ST1aAM(KK]SC .
1SN wdo? AB(111)1e8T1 .
s o 1SN 209 ABLA,41=ABI], L :
- 158 $509 aBlesdlu=Ag(1;1)
158, 001, AB(1,h1ARts,1) ‘
1SN Jutg IF (FINIKKILEQ,)ev} GO TO 1D -
158 JU13 DeiCOFINIKK))Z (1. 4VRIRKY) |
- 1SN Juls © STIx(4eYNIKK] ) oD
158 378 STIn(2-VMIKK ) }oQ
154 wals SThalseD)/FLMIXK)
. NN a1 STE={208TA}/FLMIKR ]
. IS8 014 ABI2,2)=8TS
158 yur? AB(5,5)uA8(2,2) '
ISH )u2. ABISs2)u=AB(5,5)
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. ISy yu22 AB(213)STa .
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1SN 2932 AB(6,51wAB(3,6) N
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LEVEL 2.2.1 (0EC 77) . :
REVUCSTED UPTIONSS NODECK,NOOBJECT

0S/360  FORTRAN H-EfTENDED
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LEVEL '2.2.1 (0€C TT)
REQUESTED OPTIONSU NOCSCK (NOOBJECT o

f

’ 0$/360 FORTRAN H EXTENDED

o

. .
CPTIONS IN tFFECT. NAME(MAIN) NCOPTIMIZE LINECOUNTY(6U) SIZE(MAX) AUTODBL!ACNE)

ISN
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1S~
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(33
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3003
v ue
I8
dlae
31
Qu.8
d419

I991s

cce
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SOURCF EBCCIC NOLIST NUDECK NOGBJECT NOMAP NOFCRMAT NOGOSTHY

SUBRIUTINE TRIMU (tByNoAeCoM,D) -

CC ROUTINE FQR CONTRGCGRABIENT TRANSFORMATION
DIMENSION A{NyM) 3(NJN)CINyMIO(MyM)
CALL ZERD (CoMyH) )

CALL ZERD (CyNyM) : .

CALL MULT (R,A4Cy A NyM)
CALL TRANSP{A,B4N,M) °

CALL WULT (B4CyCeMy NoN)

RETURN ’ ’
END




‘ LEVEL 2.2.1 (DEC 77}
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0S/360 FORTRAN H EXTENDEQ
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&OPTID.NS IN EFFECT : NAME(MALN) NDUPTIMIZE LINECOUNTISS) SIZE(MAX) AUTODBL(NONEY

-

ISN Jut2 SUBAQUTINE TRANSF (WT,INDyA,8,C,LOF)
CCCCC RODUTEINE FOR AXES TRANSFORMATIONS
CCCCC IND =1y FOR WICE RIGID ARMSS TRANSFORMATION,
. C€CCCC 1D GT OR LT 1y FCR PARALLEL AXES TRANSFORMATION.
‘ ISN 00v3 DIMENSICN WT(LDF,LCF}
ISN Jvsy CALL IERO (MT,LCF,LOF)
ISN Q003 Will,1)el, .
ISN utr)a uTi2,21al, [
15N D7 Wri3,3)ai, o
. 1SN 0008 ATITILI . :
ISk V339 WTi3y5)mL, : N :
ISN UVl wilos6)el, N -
ISn Jold IF (INC.ECal) GC TO 1Y 7
ISN 0N13 . AT(1ly3)=C
1SN Q0le dTias6)eC { - }
ISN Yulb 60 T0O 5o P
ISN urlé 1Y WEi2y3)m-4
ISN 217 " AT{3,6)s=8
ISN 3019 , 37 JONTINVE ,
ISN 2J19 RETURN .
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REQUESTED OPTINNSO NODECK ,NCOBJECT
QPTIONS IN EFFECT. VaMe(maIn} noopTIMIZE LINECOUNTI60) SIZEIMAX) AUTQDBL(NONE Y

0S/360 FORVRAN H EXTENDED

f

SOURCE EBCDIC NOLIST NODECK NOOBJECT NOPAP NOFCRMAT NOGCSTMT NC

ccece

31
n

SUBROUTINE ACCUST (SG,8TGeLABY I4NDF,LOFNB) X
ROUTINE TD ACCUNULATE LOCAL INTO GLOBAL STIFNESS MATVRIX

DIMENSION BTGINCF,NDF),SGILOF,LDF),LABINA,LDF) Pl .

00 3, K=sioLLE “

IF (LAB(I,K)LEQ.Ce) SO TO 30
LReLAB(I,K) °

00 31 Lsl,LCF

IF (LAMIWL)eEQeL.) GO TA N1

LS=LABLE)L) .

BTG (LR LSI=BTGILR,LS) +SGIK, LD ' .
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CONTINUE ’
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LEVEL 2.2.1
REQUESTED OPTIUNS.

(DEC T

NOOECK ¢ ¥COBJECT -

037360 FORTRAN H EXTENOED ‘ OAT

v

QPTIONS IN EFFECT ) NAME(WAIN) NOOPTIMIZE LINECOUNT{80) SIZE(MAX) AUTQDBLIACNE)
SOURCE EBCDIC NOLIST NODECK NOOBJECT NOMAP NOFORMAT NOGCSTMT NOXREF

ISN
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15N
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FIG. 8.5 - DEFLECTIONS AT LATERAL LOADS

q=124.9 psf (= 6 kN/m?)
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