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tance, it would seem, make FRP good candidategréstressing bars. A problem is that FRP matesia@svery
time and service dependent. Under steady load ghew varying degrees of creep deformation: CFRPB do¢
creep, GFRP shows a negligible creep, AFRP shomgtierm deformations due to creep. In additiorerfifass
rods have premature rupture under sustained tdoaille Conducting constant voltage, a tensile gtreof GFRP
falls to values as low as 20% that causes rupBeeause of these reasons, the carbon fiber seemnsat appro-
priate for FRP prestressing. Another problem thastrbe solved is the strengthening of rods. Spdeltes must
be due to low strength in the transverse direatiothe fibers. The advantage is that the FRP rage la high ten-
sile strength with moderate modulus and less semsit aging of concrete.
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CONSTRUCTION OF FLUIDITY BORDER TAKING INTO ACCOUNT PLASTIC ANISOTROPY
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Anisotropy due to plastic deformation was studiadubular steel specimens. This type of anisotiepy
found to influence the plastic strain incrementtoeas the stress point moves over the yield serfssociated
with a prescribed prestraining. The length of tHasfic strain increment vector is found to decreasethe
stress point moves from the point associated wighprestraining program. An appropriate measurehig ef-
fect is introduced in the form of a modulus of ¢ffective plastic strain increment. Variation oétmodulus over
the yield surface is compared with the resultsiirad by the existing flow theories.

Standard theories of plastic flow are formulateddtrulate deformations along a given loading path
only. Material anisotropy due to plastic deformatis either not accounted for, as it is the cagbeartheory of
isotropic hardening, or is considered only as r@gé#ne change of shape and position of subsequeddtsur-
faces. In all such theories the following ratio:

wP

S5

Is assumed to be constant on each subsequentgeelsl This ratio - we shall call it the modulustioé
effective plastic strain increment - involvé®” which is the length of the plastic strain incremeector and
8S;5, which stands for projection of the stress incremeector on the direction d@f3”. According to this as-
sumption all the vector8S with equaldS;; at any point of the yield surface which corresmota an actually
prestrained material produce the sadé [1].

The results of experiments [2, 3], suggest howethat, the deformation induced anisotropy manifésts
self not only through the change of shape and iposif subsequent yield surfaces but also makesntbaulus
K to vary with the stress profile on these surfaces.

The aim of the present paper is to examine howrtbdulus (1) varies with the loading path and with
stress trajectory on the yield surface.

The experiments have been carried out in planesstreder combined tension and torsion. A suitakle e
perimental outfit has been developed, resemblirg tlescribed in [4]. The deformations were measimed
means of mirror extensometers.

Thin-walled, tubular specimens were manufacturedhfdrawn mild steel tubes. The outer diameter and
the wall thickness of the specimens were 12 mm@Bdmm respectively. Initial anisotropy was removsd
annealing.
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The test results were interpreted in stress amaihstpaces referred to the coordinate systems:
S =0,S=1V3 and 2" =¢", 9, =3

The applied stresses are denotedzbgndt whereas:” andy” stand for plastic strains recorded in the
program. The lengths of vectdBs and?", correspond to the equivalent stress and strain.

In order to establish the magnitude of the mod#lusorresponding to the prescribed value of equivalent
plastic strain, specimens without prior plasticgr&ning were tested under proportional loadirgy. this pur-
pose straight paths of loading associated withersffit values of the Lode parametewere chosen and on each
of such paths the magnitude of the modusias established &t equal to 3 per ceht Two specimens were
tested for each loading path associated with acpbesi value of:.

The essential part of the testing procedure wa®lbsvs. After the specimens were subjected to equa
initial plastic strain in tension or in torsiongthwere unloaded and reloaded at different angléke direction
of prestraining well into the plastic range.

) The material used had a long platform of yieldiSgch an extensive deformation was necessary-in or
der to ensure entering into the hardening range.

Values of the modulug” were determined for each loading path when thed\selface associated with
the prestraining was reached and plastic straime wealuated by subtracting elastic strains froenrtteasured
strains by disregarding variations in the elastadali £ andG with plastic deformation. In order to eliminate
the influence of viscous effects, specimens weaeléd in steps aS = 100 kg/cr with an adequate time in-
terval between the consecutive steps. The resdtpr@sented in Figs. 1 and 2 where the abscigzadfigs the
angleo between the initial and the consecutive path afliog and the ordinate represents the rato K,/Kj.

K, denotes the modulus of plastic strain incremetheend of prestraining arl, the corresponding value for
the second loading. The magnitudes of initial dastrain are marked on the corresponding curves.
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Fig. 1. Variation of the modulus K along the yielgrve. Steel specimen)P=0.002
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Fig. 2. Variation of the modulus K along the yieladrve. Steel specimeid®”;=0.01

Fig. 1 specifies the variation éf along the yield curve. The value of plastic striaicrement at whictk
defined in (1) was computed &, =0,002. Similar curves relating &; = 0.001 are plotted in Fig. 2. In these
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figures the lines labelled a) correspond with rssaf specimens prestrained in torsion whereasethuarked b)
and c) represent results of specimen exposedttal ideformation in tension. Every experimentalmioharked
in the figures is the average value taken from $pecimens. The figures show that the modusecreases
significantly witha along the yield curve, i.e. with the distance fritva stress point associated with prestraining.
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Fig. 3. Rate of change of the modulus K along tleédyturve depending
on the value of initial plastic strain

It can be seen in Figs. 1 and 2 that the effecinge of prestraining increases with both, the ritadgm of ini-
tial plastic deformation and a reduction in theseffused when specifying the yield curve. The éxtkthe change in
K along the yield curve may partly be characterizgdhe ratioKy/K,,, whereK, is the modulus corresponding to
the stress point specified by the radius-vectorcwhinakes the angle = n/2 with the direction of prestraining.
In Fig. 3 the plot oKy/K,» against initial effective plastic strain is givéincan be readily seen that this relationship is
well approximated by a straight line for a compiaedy narrow range of initial strains consideredtia experiments.

Variation of the modules K with the length of thieess profile on the yield curve and with the léngt
of the secondary loading path

ASi 0 150 300 450 600

0° 3.7%0,001 4.3*0,001 5.0*0.001 6.4*0,00L  8.6*0100

25° 3.2*0,001 3.8*0.001 4.4*0.001 5.5%0.001  6.4010

65° 2.2*0.001 3.1*0.001 4.0*0.001 5.0*0.001  6.2°010

90° 1.2*0.001 2.2*0.001 3.2*0.001 4.3*0.00L  5.3'010

130° 5.2*0.0001| 6.0*0.0001 8.0*0.0001 1.2*0.001 *0.801

180° 3.5*0.0001| 4.1*0.0001 6.0*0.0001 7.0*0.0001 0*0.001

ASil 750 850 950 1050 1150 1250
0°

25° 7.9*0.001

65° 7.6*0.001 9.1*0.001

90° 6.6*0.001 7.5*0.001 8.5*0.001

130° 2.4*0,001 3.2*0.001 3.9*0.001 4.6*0.000 5.®01 | 7.2*0.001
180° 1.5*0.001 1.8*0.001 2.2*0.001 2.7%0.00p  3.1D01 | 3.7*0.001

In order to eliminate a possible conjecture thatdbserved variation of the modulkiss a property of
the steel tested, similar experiments were conduote nickel tubes (outer diameter 5 mm, wall theds
0.2 mm). The specimens were subjected to initapd prestraining of 0.011 and variationskofvere recorded
along the yield curve corresponding to an offsed.6002. These results are represented in Figutdcannot be
compared quantitatively with the curves shown igsFiland 2. However, it may be concluded that changes
along yield curves in the modul#sintroduced in this work prove to be a common propef metals.

As already mentioned, the moduliiswas measured for the secondary straight pathsading along the
yield curve established by using a standard offié&1.002. A certain regularity of change &h was observed
which appears to depend on how far secondary pHthsadingAS; advanced into the plastic range. It was
found that at increasingS;, the difference between th€'s for different paths of secondary loading decreased
and vanished at a definite vald&,q at which the magnitudes of the modulus reachedtdigle valu&ly. The
quantityAS;y is called 'the length of restoration pathkdf and should not be confused with the so called trace
of delay of scalar properties. Loci correspondmgtationary values @€ are called 'isomodular lines'.
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Fig. 4. Variation of the modulus K along the yielarve.
Nickel specimeng?”=0.02

In Figs. 5-7 the yield curves obtained using tledard offset of 0.002 (curves a) and the corredipgn
isomodular lines (curves b) are presented for spees subjected to plastic prestrain of 0.02,0.004 @nd 0.05
4respectively. In Fig. 5 the results of the moghptete analysis of the curves are representedspeeimens of
the relevant experiment were subjected to plaststmining in torsion, and the angles of secondiaaging
paths were & o < n. The shaded area of the diagram corresponds tetdes associated with 'slight' plastic
strains, i.e. to the restoration path of K. Nun@rialues oK are given in mm2/kg on table 1. On the basis of
both the tabulated data and the curves presenteid).ifs it is evident that the lengltSi0 of the restoration path
of K depends on the angledefined before the length increases as the amglesg In Figs. 6 and 7 the curves
corresponding to the specimens subjected to pmeistgain tension are given. The curves are showwg onthe
first quadrant of the {S1,S2} plane. It is easys&é® that in these cases alsfi0 increases asgrows. The com-
parison of the curves presented in figures leadhe¢oconclusion that the restoration path lengfy, of the
modulus depends also on the value of initial ptastiiain.
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Fig. 5. Yield curve and isomodular line for spearmaubjected to plastic prestraining in torsion,
at 0.027 of equivalent strain
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Fig. 6. Yield curve and isomodular line for speammaubjected to plastic prestraining in tension,
at?”=0.04
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Fig. 7. Yield curve and isomodular line for speammaubjected to plastic prestraining in tension,
at3pi=0.05

In order to estimate errors that are caused byep#dgl the anisotropy considered in the paper, expe
mental data and theoretical predictions obtainedhleytheory of kinematical hardening and by theotheac-
counting for the Bauschinger effect were compalgdconsidering and disregarding a change of modkilus
The comparison was made for two combined loadirigspahich caused the greatest discrepancy betvinesn t
retical results and experimental data.

Plastic strain components were determined in geafaitim using the curve — ¢° obtained experimen-
tally from data of tensile specimens. The resules@esented in Figs. 1-7. The effect of the véeiab on the
accuracy of analytical predictions is most pron@atha Fig. 5, in which plastic strains found experntally
and evaluated theoretically by accounting for tleighinger effect are compared for a specimen stelojeo
initial shearing strain” = 2.7 per cent.

The strain components obtained in accordance \ghnentioned theories even allowing for the de-
scribed plastic strain induced anisotropy, deviadasiderably from those found experimentally (thpplies
specifically to the theory of kinematical harderinyo better agreement can, however, be expected aake
into account, only one of the factors influencingdcuracy of the available flow theories. And iawiof some
reasons for this inaccuracy of the flow theories ba given, i.e. lack of coincidence of the yiedgdilobtained
experimentally and theoretically. Also the influenuf the stress deviator on the plastic deformatimtess was
not considered in any of the mentioned theories ddturacy of these theories is also influencethéyact that
the deviators of stress and plastic strain arecoakial even under proportional loading as foundséyeral in-
vestigators.
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STRAIN CALCULATION FOR COMPRESSED CURVED BAR UNDER COMBINED APPLICATION
OF THERMAL EXPOSURE AND LOAD

EVGENIYA VOLKOVA, LEONID TURISHCHEV
Polotsk State University, Belarus

Differential equation of the axis of a compressadred bar with unspecified ends fixity under corelin
application of thermal exposure and load has beeatained. Application of the obtained equation foaim cal-
culation for a beam, hinged at its ends, has beanahstrated.

It is usual practice to carry out analysis of dtuues in relation to load exposure and temperagwy-
sure separately and subsequently summate the de¢elrstress-strain state (SSS) parameters in aamooedvith
the principle of superposition. But this approashirue for linearly strained structures only. Iseaf flexible
structures geometrical nonlinearity and structurairs calculation must be taken into account. Sisshies as
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