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EXPERIMENTAL SHAKEDOWN ANALYSIS OF SPACE
TRUSS NODES

J.A KARCZEWSKT and J. A K ONIG (WARSZAWA)

The purpose of the paper is to discuss the problem of the behaviour of the space truss
node subjected to alternating loading greater than the maximum load carrying capacity in the
elastic range. A cerfain experimental method is proposed which allows to investigate the
plastic strain stabilization process. The results of shakedown investigations of full-size nodes
composed of flat plates seem to confirm the practical applicability of the above msthod.
During the experiment the strain variations were recorded with the help of stzain gauges and
photoelastic coating made of synthetic resin epidian 2.

1. InTROBDUCTION

Space truss structures are usually analysed and designed by assuming
“the nodal joints to be morc resistant than the strut elements, ie. by
assuming that only the latter ones may fail at the ultimate limit state.
To keep this assumption valid, the nodes must be designed with a rather
broad margin of safety. However, evaluation of the node carrying capac:ty
is rather difficult and has been carried out, nedrly excluswely, only exper1~
mentally, Ref. [1]. '

On -the .other hand, the determmanon of that load carrying capamty
of nodes made of a ductile steel should account for plasticity effects. Since
the loads acting upon a truss, and thus the forces acting upon a node,
vary with time, the phenomena of alternating plasticity and/or of plastic
strain accumulation should be prevented. Plastic strains could be allowed to
appear but their final stabilization must be assured. Therefore shakedown
methods should be employed here rather than the plastic limit analysis
-approach which is able to evaluate only the ultimate lpad.

However, analytical or even numerical methods of shakedown analysis
seem to be hardly applicable to special nodes of complex shapes.

Therefore experimental determination of shakedown loads seems to be
the only practical and reliable approach. The present paper proposés a certain
systematic method which allows to investigate the plastic strain stabilization
process in the course of a quasi-state cyclic loading. The method of photo-
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elastic coating is used as in paper [2] but in a simpler manner in which,
at least in principle, the precise determination of strain components can be
avoided.

2. ESTIMATION OF SHAKEDOWN LOADS

The magnitudes of forces acting upon a given node of a space truss
in the course of a given loading process can be determined by means of
existing structural analysis computer programs. Those programs are now
able to account for plastic deformations as well as for buckling of the
struts, see Ref. [3]. Therefore the limits of loads acting upon a given node
can be assumed to be known. .

Every experimental shakedown investigation consists of the following:

a model (or a full-size structure) is subjected to a cyclic ioading of
a certain load amplitude; the structural deformations are recorded cycle
by cycle;

convergence {stabilization) of thie plastic deformations is exhibited when
the total strains begin to assume the same magnitudes in subsequent cycles;
after attaining the state of shakedown for a given load amplitude the latter
would be increased to deiect if the plastic strain stabilization appears, also,
at the new load amplitude. :

The whole procedure is to be continued until there is ne plastic strain
convergence any more. The highest load at which the shakedown still appears
provides a safe (lower) bound to the shakedown load.

Now it is a practical question how the structural deformations should
be measured and recorded. This depends on the type of structure investigated.
For example, in the case of beams and plane frames it is sufficient to
record some characteristic deflections measured by means of inductive or dial
gauges. In the case of surface elements this may not suffice. In the case of
plane stress, the simplest way might consist in making measurements at some,:
selected points of all the strain components by means of a strain gauge
rosette and analysing if their magnitudes repeat in subsequent load cycles.
However, this may lead to neglecting some localized changes in the strain
pattern. Therefore a more global inspection of the latter is necessary. For
this purpose, the method of photoelastic coating, for example, could be
employed.

Tt is important to stress that the knowledge of numerical values of the
strain components is not necessary. Namely, the identity of the isochrom
patterns in two subsequent load cycles implies, alrcady, the identity of the
strain fields and the plastic strain stabilization. Thus the involving procedure
of determining the strain magnitudes from the numbers of isochroms does
not need to be applied.
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Such an approach can be used also in the case of space elements with
sufficiently smooth surfaces as the changes of the strain fields within an
element volume should result in changes of the surface deformations.

3. ARRANGEMENT OF EXPERIMENTS

The general idea outlined above has been checked by wusing the experi-
mental arrangement we have at our disposal at the Warsaw Technical
University, Fig. 1. It enables to investigate full-size nodes loaded with up

Fi. 1. Arrangement of the experimental stand.

to 12 loads simulating forces from the struts intersecting at a given node. The
loads are executed by means of hydraulic jacks which can act independently
of each other or can be coupled into pairs or larger groups.

The intensity of the force of every jack is controlled- by manometers
as well as by means of strain gauges placed on the jack tips.

We investigated steel nodes made of flat plates (see Fig. 2). The photo-
clastic coating made of the synthetic resin epidian 2 prepared in advance’
has been sticked to the plates. Strains within the plates were measured
also by means of strain gauges. Magnitudes of strains were recorded after
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FIG. 3. Load patterns and load intensity variations a) the first series
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every load change with the five minutes of waiting time to avoid any possible
influence of creep. Then also photos of the isochroms were made.

4. EXPERIMENTAL INVESTIGATIONS

Two series of five specimens in cach one of them have been investigated.
They are shown in Fig: 2. In the previous mvestlgatmns aimed at determining
the: ultimate loads of: ‘nodes’ ‘composed of flat plates, it has’ been found,
Ref. f4], that such a node can be" analysed as an assembly. of flat piaies
(without bending), the interaction between them being simulated via apbro-
~ priately defined boundary conditions ._Q_f ‘eachone of the: plates. Therefore,
the first series confained ‘cut-out nodes with the lower horizontal plate and
the ribs simulating the influence of vertical plates. Specimens of the second
series were complete nodes. -

Al the specimens were made of mﬂd steel grade ST BSX th:ckness of
the horizontal plate being 6 mm, thickness of the vertical ones-—4 mm,
The yield point stress of the former has been found to be 250 MPa and
220 MPa, respectively. e

: The cyclhic loadings of the spemmens ‘see F1g 3, has been assumed in
a posmbly stringent way following the analyses of a few space truss roofings
within the elastic-plastic range. In the initial load cycles, the ratios between
the dead and live loads have been assumed like in some typical civil
engineering structures. After confirming that shakedown had been attained
(cycles of loading. until ' strains stabilization) the live load" got a certain
increment. Shaking down had been detected again after a few cycles and
the live load had been given 'another increment etc.’ As seen. in. Fig: 3,
these increments have been assumed smaller when approachmg the expected
shakedown limit.

In:.the course of expenments 1t was assumed that: shakedown is attamed
when the difference in two subsequent cycles does not’ exceed 0.1 per cent.
Then also a photo was made. The comparison.of the photoelastic pictures
allows to confirm the occurrence of shakedown, ie. the perfectly elastic
response of the node investigated. Figure 4—6 give examples of the isochrom
patterns photographed on the specimen 01 of the first series. Figures 7—12
give the respective pictures of the vertical plate of the spec1men 11 of the
second scries. The numbes given in the figures correspond t¢' the load cycle
numbers of Fig. 3. One can see, for example, that the photos gf Figs. 5, 6 and
10, 11 taken after subsequent cycles, clearly imply shakedown.

The last load intensity at which shakedown has been attained provides
a fower bound to the shakedown load.

Small circles which can be seen in the photos are holes in the” photo-
elastic sheet and were prepared by means of a special technique introducing



F1G. 4. Photo of isochrom picture —node 01, cycle 8-9-10, point 9.

[550]




[551]




5523



[553]




isochrom’ picture - node 11 '.c':yc]'e'. !.0'—'1'1‘—'1'2,'
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FiG. 10. Photo of isochrom picture — node 11, cycle 33-34-35, point 35,
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Fic. 12. Photo of isochrom picture — fiode 11, cycle 38-39-40, point 40. i
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. Table 1. Result of the experimental investigations.

’ | Shakedown ]oad (lower bound) Ultimate load (calculated) -
Series o _Nﬁge_ | Lower plate * Vertical plate ‘Lowcr plate | vertical plate ]
' kN _ kN ] kN kN '
01 1250 — | 1587 —
L - 02 1350 ] 0 — ' 1587. 1 -
N 03~ |.oo1200 .1 — ] 1587 1 =
L 04 4 1050 10— ' 158.7 ' =
Tos |0 100 T 1587 | e
1 ) — 60.0 ' — ' 715
12 ] — ' 57.0 ' — i 7L5
2 | 13 ' — ' 52.5 ] — ] 71.5. -
‘ 14 ] — ' 570 | — | 5
s 7 — 1 s ' "— 1 s
i - [

small local se]f-stresses in the v1c1n1ty of the holes. ‘The photoelastlc plcture
of that state, when superimposed on the applied. stress, allows to determine
the: direction. of principal stresses in the coating sheet. ThlS addltlonally can'
help in"the comparisons of the pictures. : i

“Table 1 ‘gives a’ comparison of the experlmental shakedown load w1th
the ‘theoretical magmtudes of the ultimate load obtained in. prevxous mve-
stigations. reported in [4].

' '5‘ 'CoNCLUS'[o'N'

1. It has been conflrmed that the method enables to mvest1gate shakedown
of full-size nodes under cyclic loading.

2. The method, without major changes, could be emp]oyed to mvestlgate
nodes of more complex forms, e.g. with curvilinear surface. However, in such
a case preparation of photoelastic coating would require more effort and
attention:- I : -

_ 3. Similarly to othcr cases, no dlrect correlanon between the shakedown
and ultimate load can be seen. In the first series of our investigations,
the d1screpancy between these two loads is conmderable ‘whereas in the
second series it was much smaller.

4. It seems that also in thé case of shakedown analy&s the assumption
of limited interaction between different plates of the node and the lack
of bending remain valid.”

*5. One could think about lmprovmg the techmque of comparlng the
1sochrom ‘patterns, eg by means of telerecording and replay.
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PESIOMB

BKCHEPI/IMEHTAHLHBI]?I AHAJ]I/IB HPI/ICHOCOB}TEHHH V3J10B
ITPOCTPAHCTBEHHOFI cDEPMLI

B paﬁo*re pachOTcha “apobiema BKCHCpHMGHTaJIbHOH OTCHKH Hecymen cnocoﬁnocm
:yznos IPOCTPAHCTBEHHLIX epm, uonaeprﬂyn.v{ ,ueucmmo Harpy3Kd NEPEMEHEOH BO BPEMEHH.
HPEILCTBBJEH METOJL OOEHKH CIOCOGHOCTH Konmpyxum{ K npucnocoﬁnenuro MOI"yI!I(HH HalTH
'ElpHMe}me TaK IpH nponapxe pecqume Teopem‘lecmx Mopeeit;: KaK gt HEHOGpE}ICTBCHHO.
B -fipouecce c})opmupoaamm onchyIcmm Paccy)KJICHHﬂ HﬂfﬂOCTpHpOBaH’LI pe'synmarama
IKCNEPHMEHTARBHEIX HCCIIE IOBAHMH, IPeBENCHRBIME ABTOPAMHE 1 Bapmancxoaw l’[onnwmcm"ryTe ;

Plcc.nenonaﬂa cnocoﬁnocu. K IpHcnocoGuIenuio npocrpaucmeﬂﬂmx ysnomlc WITOT OB.IIEHHbIX
B3 TIOCKHEX CTATBHBIX Jmcron SKcnepHMCHTaHLHHe INEMEHTE mrorosnemﬂ B ﬂaTypaan)M
MacmTaﬁe B nepnou Oepvm ncenenonam,x }mxcmae ILUTHTBE yano:a [ peﬁpaMH, i
Bosneﬂcmne BEPTHRAABHBIX * ‘nmaT. Bo BTOpOH CepEH uccne,uonanm TOMHbE yam

Wawmepeine  aediopMalinii TpoBeagRHO, Hpﬂ nomomz [OBEPXIOCTHONO onmec:m '{yHcTBH-
TeABHOTO CHOS-U TEH3OMETPOB conpomsnennﬂ : o

PeayneTate SKCﬂBpHMEHTaJ]]:H]:IK uccnenoaaﬂm BTOpOH CEPHH Y3JIOB noxasmna}oT XOPOIIEE.
COBNAJEHUE C: aHanmmecmMu ou;eHKamu Hexinoro : 6o mas pacxo,unMocm Pe3yALTATOB,
l'IOJIY‘lEHHI;IX pu p:ccne,uonaﬂnﬂ nepnon cepm—x HBJIHGTCH peSYIIbTaTOM Hey-{e'ra B pacueTax
BJ]I[HHI{SI peﬁep, HOMGIL[GHHHX HA' rmm‘e ‘ et

'STRESZCZENI_E

DOSWIADCZALNA ANALIZA PRZYSTOSOWANIA SIE WEZLOW
KRATOWNICY PRZESTRZENNEY

Rozwazono proble_m'doéwiadczalnég'o.szacowahia noénoscl weztdw kratownic przestrzen-
nych podddnych dzialaniu obcigZenia zmiennego w czasie. Przedstawiono metod¢ oceny zdol-
nosci konstrukeji do. przystosowania sig, mogaca znaleZé zastosowanie zardwno przy weryfikaciji
obliczeniowych modeli teoretycznych jak i bezposrednio w procesie ksztaltowania konstrukcji.
Rozwazania zilustrowano wynikami badan doswiadezalnych przeprowadzonych przez autordw
w Politechnice Warszawskiej. Badano zdolnoé¢ do przystosowania sig wgzlow przestrzennych
wykonanych z ptaskich blach stalowych. Elementy doswiadczalne wykonano w skali naturalnej.
Wepierwszej serii badano ‘plyty dolne weztdéw z Zzebrami Syrnulujacyml oddzmlywame plyt
pionowych. W drugiej serii badane byly konipletne wezly.” Pomiar odkszialcen prowadzono
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z& pomoca powierzchniowej warstwy optycznie czulej i tensometrow elektrooporowych. Wyniki
badan cksperymentalnych drugiej serii wezlow wykazuja dobra zbieznosé 2 oszacowaniami
analitycznymi. Nieco wigksza rozbieinosé rezoltatdéw uzyskanych przy badanin pierwszej serii
jest wynikiem nieuwzglednienia w obliczeniach wplywu zeber umieszczonych na plycie.
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