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DEVELOPMENT OF A HIGH TEMPERATURE MATERIAL MODEL
FOR GRADE S275JRSTEEL
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UzelacGlavinié*

Abstract:

The paper presents test results for the mechanical and creep properties of the European
steel grade S275JR at high temperatures. The objective of the research was to obtain a
reliable estimate of creep strain development in the temperature range 400-600°C, and to
identify the critical thermo-mechanical parameters which activate the cred@amsn

Tests of mechanical properties at temperature levels up to 600°C have shown good
agreement with the reduction factors for yield strength and modulus of elasticity given in
Eurocode 3 and other comparable studéestitical temperature for creep development of
approximately 400°C was identified in the tests. The creep tests conducted have also
shown that the creep strain rate starts to develop significantly at temperatures around
500°C when coupons are exposed to a mid-range stresedmal to 60% of the stress at

0.2% strain. The temperature level of 600°C is identified as the upper-bound temperature
for creep development, since creep develops very rapidly, even at very éow vels.

Finally, the paper presents an analytical creep model suitable for implementation in Finite

Element-based numerical models.
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1. INTRODUCTION

1.1 Motivation

Grade S275JR is currently widely used in the construction industry across Europe,
as a standard grade for design of residential and industrial buildings. The mechanical
properties of this steel grade at normal and elevated tempestatoireapplication in
structural engineering design, are providedurocode 3 [1] with the help of temperature-
dependent reduction factors for yield strength and modulus of elasticity. Furthermore,
Eurocode 3 provides a specific type of stress-strain model for Grade S275JR, which
originatedin a set of transient coupon tests conducted laating rate of 10°C/min by
Kirby et al.[2-3]. These studies also servagthe main source for the derivation of the
reduction factors for yield strength and modulus which are implemented in Eurocode 3. The
stress-strain model from Eurocode 3 contains an implicit creep strain component whose
level corresponds to the heating rate used in the original tests. This type of stress-strain
model is considereh Eurocode 3 Part 1-2 (Section 4.3.3, clause 4) to take into account all
practical effects of thermal creep under transient heating.

Recent researcf-5], focusing on the influence of creep on the response of steel
structures, has pointed out that the Eurocode 3 model has certain limitations in predicting
structural response when the structure is exposed to heating rates below 10°Clesa.
limitations affect estimates of deflection and determination of the fire resistance of steel
members exposed to bending or eccentric load arrangements. A similar conclusion was put
forward ina study conducted by Tori¢ et al. [6] inwhich numerical analysis of a series of
stationary fire tests on partially heated beams was condudtiecbeams were loaded for a
prolonged time period and heated to constant temperatures up to 700°C, which ultimately

caused significant creep development in the beams.

The test methodology used for deriving the Eurocode 3 stress-strain model for
Grade S275 (and other carbon steel grades such as S235 and S355) has left opes question
about the adequacy of the stress-strain model to cover all possible stationary and transient



heating scenarios, including consideration of the realistic creep development which can
occur during typical times of exposure to fire temperatukesther important issue when
using the Eurocode 3 stress-strain madéhe inevitable doubling of creep consideration

when an explicit creep analysis is attempted.

Since a proper explicit creep analyssot possible using thEurocode 3 material
model, due to its inherent implicit creep content, a methodology for extracting the implicit
creep content from the Eurocode 3 stress-strain maakeldtently been developed by
Tori¢ et al. [7]; this resulted in a proposal for a new type of creep-free EC3 strass-stra
model [5]. The propa=l stress-strain model is based on modifying the yield strain value
from 2% to 1% for all temperature levels. The applicatiothisfcreep-free model has been
presented in a recent study [8], defining a unified rheological model for steel at high
temperature which takes into account the effects of change of temperature and strain rate on
the stress-strain curve of the material.

The only previous research data regarding creep behavi@nade S275 available
in literature is givenn a studyby Brni¢ et al.[9], in which a limited range of creep test data
is presented in the form of an analytical creep model. Apart from one study [9], which i
based on a steel alloy with very low carbon content, it seems that there is no other available
research data on creep development in the high-temperature range for this grade of steel,
which can be used to assess its creep properties and resilience in fire conditions. This fact
represents the main motivation for conducting a new study of mechanical properties of
S275JR steel at high temperasyrand especially its creep properties. Development of an
explicit creep model for grade S275 is another strong motivation for this research, since
there are no reliable creep models available in the scientific literature for the purpose of
conducting proper explicit-creep analyses of steel structures exposed to fire.



1.2 Creep-related research

This study of the creep behaviour of a normal structural steel at high temperatures
complements other research output on steel creep properties during the past five years.
These studies have mainly concentrated on the specialized steel alloys used in prestressed
concrete structures and for high-strength steel, with some studies focusing on steeis of
range strength. Gales et al. [10] investigated the creep behaviour of the BS 5896-compliant
steel used in prestressing tendons for unbonded concrete structures. The testing
methodology included both stationary and transient creep tests, in which strain was
measured by using the Digital Image Correlation technique. The study by Wei et al. [11]
was also focused on BS 5896-compliant prestressing steel, and included additional steady-
state creep tests. Recent studies conducted on the Chinese grades Q345 and Q460, by Wang
et al. [12-13] used a series of stationary creep tests to obtain the corresponding analytical
creep model. The creep behaviour of the American steel grades A572 and A992 was
recently investigated by Morovat et al. [14] and by Kodur and Aziz [15] with the help of
stationary creep tests. Inspection of these recent studies #teiwsost of them (except
study [10] inwhich transient tests were conducted) have relied on stationary creep tests,
since theeare more reliable in terms of measurements and results. Mam outputs have
either been the development of various types of analytical creep model, or modification of

the creep model defined by Harmathy [16].

2. TEST STUDY AND COMPARISON OF RESULTS

2.1 Testsetup and methodology

The test study presented has been performed entirely at the University of Rijeka
Department of Engineering Mechanics. The test equipment and the coupon geometry are
presented in Figure 1; the test equipment comprises a Zwick-Roell tensile testing machine
with the maximum load capacity of 400 k&lmobile furnace capable of heating coupons to
900°C and a high-temperature-resistant extensometer. The tested coupons were
manufactured from the flanges of a European steel column section HE140B. These



columns are scheduled for testing during the later stages of the project for verification of
the steel’s creep properties. The coupons were threaded in order to attach to the platens of
the testing machine.

Both constant-stress-rate and stationary creep tests, all at constant temperature, were
conducted within the study. The test procedure for a constant-stress-rate test consists of
three stages: pre-heating, during which the coupon temperature is increased to a target
temperature level at an imposed furnace heating rate of 15°C/min; soaking of the coupon to
the target temperature fatime period of 30 min; loading, in which the coupon is loaated
a constant stress-rate, prescribed at 10 MPiis. test procedure farstationary creep test
follows a similar procedure: pre-heating to a target furnace temperature at g haatiof
15°C/min; soaking of the coupon to the target temperatura fone period of 60 min;
loading, inwhich the coupon is loaded quickly and held at constant stresspfmionged
time period. During the loading stage for both types of test the temperature in the furnace is
kept constant.

The coupon shape and geometry, including the loading arrangements, was in
accordance wh the guidelines of ASTM:E8M-11 [17] for ambient-temperature tests and
ASTM:E21-09 [1§ for high-temperature testd. summary of the test parameters forhoot
test types, including the test results, is presented in Tables 1 and 2. Table 3 presents a
comparison of the reduction factors for yield strength at 0.2% and 2% strain, and for
modulus of elasticity, between the test results and other selected studies. The test
temperature range for derivation of creep properties was 400-600°C, the objective being to
determine the critical temperature beyond which significant creep starts to dettatop (
insignificant creep temperatuieand to cover a temperature range in which carbon steels’
mechanical properties experience significant reduction. In these investigations engineering
stress-strain curves were generated at ambient temperature and at different elevated
temperatures. At each temperature, before performing the full tensile test, the modulus of
elasticity was first determined. Determination of a modulus of elasticity was based on
average from 5-10 tensile tests carried out on the same specimen in the elastic domain.
These test results are provided automatically by the computer-controlled testing machine

and are based @regression method.



2.2 Test studies for comparison

In order to compare the tested mechanical and creep properties of S275JR steel
several compatible test studies have been chosen. As previously mentatedy by
Brni¢ et al. [9] was selected for comparison, since it is based on tes8235JR alloyA
study by Kirby and Preston [2] was selected, since its test results represent the main
background for the creation of the Eurocode 3 material model and its corresponding
reduction factors. The difference betweendtiors’ study and the latter is that the stress-
strain curves from Kirby and Preston were determined by means of transient coupon tests
heated at 10°C/min on the now-superseded steel Grade 43A with an ambient-temperature
yield strength of approximately 267 MPa, which is close to the yield strength of the tested
grade. Results from studies by Harmathy [16, 19], and the corresponding creep model,
were selected for comparison with the creep tests conducted, although the material creep
parameters are based on the American A36 grade. However, the chemical composition and
the yield strength value (approximately 306 MPa [19]) of this particular alloy are similar to
those of the tested S275JR alloy. The nominal mechanical properties from Eurocode 3 were
also used for comparison. The chemical compositions sé#teels are presented in Table
4. It can be seen that the studied alloy daarbon content similao the others, with the
exception oBrni¢’s study [9] which used steel withlower carbon content.

Four other previous studiesere also used for the purpose of comparisbne
studyby Latham and Kirby [20] was selected since it is based on stationary strain-rate tests
of Grade S275 steel. The results of a test at a moderate straifi-Ge®2min’ have been
chosen for comparison. A new NIST material model [21] was also selected, since it is
partially calibrated using currently available S275 properties data; the parameters for
ordinary steel were chosen for comparison. WorlBblo et al. [22 based on S355 steel
was selected for comparison of the reduction factors for yield strength and modulus of
elasticity; these were determined using constant-strain-rate tests at J,000&sh is
comparable with the Latham and Kirby study. Finally, tests by Renner [23] at moderate
strain rates were selected, since they focus on yield strength reduction factors at 2% strain
for Grade S275 steel.



2.3 Testresults and comparison

Figure 2(a) presents the engineering stress-strain curves obtained from the constant stress-
rate tests. Figures 2(b-e) respectively present comparisons of the stress-strain curves
obtained against the Eurocode 3 creep-free material model [5], Latham and Kirby [20],
Kirby and Preston [2] and the NIST model [21]. A further comparison of test results against
Brni¢ et al. [9] is presented in Figure 3(a), and the test reduction factors for yield strength
and modulus of elasticity are compared with other studies in Figures 3(b-d). Figure 4 shows
similar output from the stationary creep test series in the temperature range 400-600°C.
Figure 5 presents a comparison between the creep tests at 400°C and predictions from the
research software Vulcan [24] usifigrmathy’s explicit creep modellfg]. It is important

to note that the original Harmathy creep model is capable of taking into account only the
primary and secondary creep phases. However, it can be noted that the tertiary creep phase
can be represented with the Harmathy model only if the geometrical changes of the coupon
are measured during the test, by applying the experimental procedure explained in
reference [10]. Since the conducted tests were based on measurements of the deformation
of a coupon as whole, the recorded strain output in the tertiary creep phase can be
considered as an averaged version of tertiary creep, since tertiary creep strain exhibits
higher values within the necking region [1(flarmathy’s creep model uses the following

equations for creep strains:

6, = 0‘%’;3 : coshl(zifo) (6<6,) 1)
Eq =Eqo+ 20 (60>6,) (2)
Oy=¢,0l Z (3)
t —AH
0= [exp™™dt (4)
0

in which Tr is the temperature’X), R is the universal gas constant (J/f#| 4H is the
creep activation energy (J/mol), Z is the Zener-Hollomon paramet8r (o is a

dimensionless creep parameter, t is time, @mepresents temperature-compensated time.



The material parameterd AH/R and & for this model can be found in [19]. The
parameters for the American steel A36 from study [19] are subsequently used for
comparison of the performance of the Harmathy model with the analytical model developed
in this paper.

The inclusion of creep strain into structural modelling can be achieved through
explicit consideration of creep strain in the total strain equation [25]:

Eiot :Sth(T)—i—&‘G(G,T)—i—&‘Cr(G,T,t) )

In which ¢, is the total straing, (T)is the temperature-dependent thermal strain and

tot

e, (o,T) is the stress-related strain, which depends upon the applied stressl

temperature T. The strai, (o, T,t) is the stress-, temperature- and time-dependent creep

strain. It is important to note that in this analysis the stress-related strain represents a creep-
free strain which is based on the creep-free model developed in [5]. The constitutive stress-

strain relationship of the creep-free model is given by the following expressions:

oc=¢k, (fore<eg,,) (6)
o=f,,—ctbla)] &—(e,-)2] (for &, <& <e,) 7)
o=1, (foreg,<&<0.04) (8)

Parameters?lb? and ¢ are defined as follows:

a’= (&,0 = €pp)(Eyg —€pp + €I By)

b? = o~ £,0) Eug + € (©)
_ (fy,e_fp,e)z

B (gy,e _gp,e) Eae - 2( fye - f pe)

c

in which ¢,, = f ,/E_, and ¢, , =0.01, which represents a modified value of the nominal
yield strain, used to exclude implicit creep. The paramdigrsf, ., E,, respectively

represent the proportional limit, yield strength and modulus of elasticity at tempefature



Modelling of the coupon tests was conducted by using two three-noded line elements with

appropriate segmentation of the cross-section as an 8x8 matrix.
2.4 Analytical creep model

The creep test results presented in Figure 4 were used as the backgroand for
analytical creep model. This was created in order to convert the test tesaltsiore
general form, which allows the creep model to be implemeimtetimerical modelling
software based on the Finite Element Method. The developed analytical model is capable of
representing the test results witleiachof the primary, secondary and tertiary creep phases.
The model is defined with the help of a polynomial function:

(o, T.t)=e,+e =c+a-1°+e-t' (10)

in which: g is the elastic straings is the creep strain (%), is time (min) and

8eI

=c:Ei-1oo. The coefficients a, b, e and f are determined by curve-fitting of the
y.0

creep test results for various stress levels (Figure 4), while the value of the coefficient ¢
represents the elastic strain which can easily be obtained by dividing the initial stress level
by the temperature-dependent modulus of elastigity Ehe coefficients used in Equation

(10) are presented in Table 5. The analytical model can also be utilized to interpolate a
creep curve for the intermediate stress levels at the temperatures which were used in the
tests.

Figure 6(a) presents a comparison between the proposed analytical creep model and
the results obtained from the creep tests at 500°C. It can be seen that Equation (10) is in
good agreement with the experimental results for steel grade S275JR for this temperature
level, and for all three distinct creep phases. Figure 6(b) psssenmparison between the
test results at the intermediate temperature levels of 450°C and 550°C and the predictions
of the analytical model. The plot of the creep output using this creep model is based on

linear interpolation af test stress ratio of/f,,, and temperatures of 400°C, 500°C and

600°C. The comparison shown in Figure 6(b) indicates that the linear interpolation scheme



using the stress ratig/f,,, provides a conservative prediction of the creep evolution at

intermediate temperature levels.
2.5 Microstructure of steel

Figure 7 presents a photograph of the &ewlcrostructure obtained from optical
microscopy at 200x magnification. The structure shows ferrite and pearlite distinct
strip-like structure pattern which is characteristic of the low-carbon steels used in hot-rolled
profiles. Since the temperature range used was below 600°C, no change in the
microstructure was observed compared to that of unheated specimens. Vickers hardness
tests were conducted for specimens at 20°C and 600°C, and thess simoincrease in
hardness value from 131.6 at 20°C to 173.6 at 600°C.

3. DISCUSSION OF THE RESULTS

3.1 Stress-strain curves

Figure 2() shows that the test results from constant-stress-rate tests are very similar
to the newly-proposed credpee Eurocode 3 model [5], which provides support for the
objective of creating this model. Eurocode 3 proposes a stress-strain model whose strain
output is greater than the mechanical strain usually occurring at high temperatures for
grades S235, S275 and S355. If this generic form of stress-strain model is combined with
an explicit creep model it is reasonable to assume that it can simulate earlier failure of
structural steel members. However, in the absence of further test results, on S235 and S355,

it is premature to claim that the creep model is applicable to these grades.

Comparison with study [20] indicates some discrepancy when comparing the yield
strength values from this study at various temperatures with the derived stress-strain curves,
which can be attributed to the different effects of strain-rate on the change of yield strength.

It can be seen that the effect of increase of yield strength is not of the same order of
magnitude when the results of constant stress- and strain-rate tests at the same temperature
levels are compared; this is clearly illustrated in Figuré. 2(c



Figure 2(d) clearly depicts the amount of implicit creep which was present in the
transient-test-based stress-strain curves proposed by Kirby and Preston. Consequently,
comparison of strain predictions between the constant-stress-rate and transient test curves
show discrepancies within the entire strain range. Comparison with the NIST mofdel [21
from Figure 2(e) shows a certain level of discrepancy in predicting the effect of strain-rate
on the increase of yield strength of S275 at high temperature. This can be attributed to the
fact that the NIST model is better adjusted to representing strain-rate-cortiesttechther
than stress-rate-controlled tests, since it contains an explicit strain-rate term in its

constitutive model.
3.2 Mechanical properties

Figures 3(a-b) show that the test values of stress at 0.2% strain and modulus of
elasticity are comparable with test results from study [9], which indicates that in general
there is no substantial variation in the major mechanical properties of grade S275. The
comparison shown in Figure 3(c) pointsatelightly lower reduction of test yield strengths
compaed to the reduction factors from Eurocode 3 within the range 400°C-600°C. This
observation is also apparent from the other studies which were selected for comparison.
Figure 3(d) shows that the values of the reduction factors for modulus of elasticity obtained
from the current test series are higher than those from Eurocode 3, and this is also seen in
other comparable studies. In general terms it can be concluded that the mechanical
properties obtained from this study are very close to the previous test studies, and that there
are no significant variations of mechanical properties of S275 at high temperatures when

comparing different studies.
3.3 Ciritical temperatures for creep development

Observations from Figure 4(a) indicate that the apparent insignificant creep
temperature beyond which creep development accelesatesry close to 400°CThis
assertion is based on observation of the primary creep phase, which develops without
entering into the other two phases at high stress, and of the value of total s&am aft

period of 240 minutes into fire heating, which is a function of all the important material



variables. As can be observed from Figure 4(a), only the primary creep phase develops for
stresses in the range given by 0.7-0.9 of the stress at 0.2%(&tealn The lower creep

strain values up to 240 minutes interval (if compared to the value of mechanical yield strain
for which the maximum value is of the order of 1i#b}his range also suggest that the creep
activation mechanisms start to occur close to 400°C for the tested steel. This observation is
also in line with the results reported by study [9] regarding the initial creep development
temperature for Grade S275 steel.

Test results at the intermediate temperature of 450°C (Figure 6(b)) reveal the ocalfrrence
tertiary creep after approximately 600 minutes at stress level of :¢5This cannot be
considered as a temperature at which considerable creep development is occurriiity, since
occurs after a time which is much longer than the duration of a general building fire
(generally considered as within four hourgdt 500°C (Figure 4(b)) a noticeable increase

in creep strain development occurs in the stress range 0.5:0.8/hich covers the normal
utilization factor of columns in structural systems.

Figure 4(c) shows the occurrence of the tertiary creep phase in the very low stress-
level range between 0.25-0%§. This result can be interpreted as a good estimate of the
ultimate critical temperature for creep development, sinpeints to a temperature value at
which creep develops at very low stress level. The fast occurrence of tertiaratciasgr
stress levels for the same temperature was also observed in study [9] when comparing

quantitative creep values.
3.4 Times of occurrence of distinct creep phases

It is generally considered in structural fire modelling that only the primary and
secondary creep phases matter in the context of structural failure, since the tertiary creep
phase should affect only steel components with very small cross-sectional area; these are
not commonly used in steel construction, except when utilizing high-strength steel in
prestressed concrete. By analysing the times of occurrence of the secondary and tertiary
creep phases (Figures 4 and 6) and comparing these values within a maximum fire duration
of four hours, it can be seen that both the secondary and tertiary phases occur within this
maximum fire duration at 500°C for all stress levels. This observation supports the claim



that, even at 500°C, low-carbon steel does not possess sufficient creep resistance. This is an
important observation, since the generally-assumed critical temperature for carbgn steel

mechanical properties is approximately 600°C.
3.5 Comparison with selected creep tests and models

The comparisons shown in Figure 5 indicate that Harmsatryep model under-
predicts the amount of creep strain in the primary and secondary phases at 400°C. Since all
the remaining test results shawdistinctive tertiary creep phase, no further comparison
with Harmathys model is made. The discrepancy between the Harmathy model and the test
results can be attributed to the outdated A36 creep parameters which, combingd with
untypical chemical composition, contribute to the observed discrepancy.

These observations suggest that European S275 steel exhibits higher creep strain
levels than the American steel grade A36. A comparison with the published results from
study [9] shows that the order of magnitude of creep strain from therguthaly and
study [9] is comparable when analysing creep staide0°C.

4. CONCLUSION

A test study of mechanical and creep properties of grade S275JR at high
temperatures is presented in this paper. The main contribution of the study is the
determination of critical thermo-mechanical parameters which govern creep development
in terms of initial and ultimate temperatures. The creep model for Grade S275 presented in
this study represents a significant contributismce no other explicit-creep model is
currently available to the scientific community. From the results presented and their
comparison with selected test studies and Eurocode 3, the following conclusions can be

drawn:

e The mechanical properties given by the tastsigh temperature are very similar to
those from both Eurocode 3 and the selected studies, indicating negligible

variability;



e Creep tests have provided a good estimate of the initial creep temperature of 400°C
for the onset of creep development;

e A good estimate of the ultimate creep temperature of 600°C, at which very rapid
creep strain rates occurred at the lower stress levels, was determined from the creep
tests;

e The analytical model developed for Grade S275 adequately replicates the creep tests

across all three distinct creep phases.
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Figure Captions

Figure 1: Coupon geometry and test setup

Figure 2: Stationary stress-strain curvesst results and comparison with other studies

Figure 3: Yield strength and modulus of elastieigomparison with other studies

Figure 4. Test results of stationary creep tests 400-600°C

Figure 5: Comparison between the creep test results and comparable creep models at
400°C

Figure 6: Comparison between the proposed analytical model and experimental creep
results at 450-55C

Figure 7: Steél microstructure at 200x magnification

Table Captions

Table 1:  Summary of test results for stationary stress-rate tests
Table 2:  Summary of test results for stationary creep tests

Table 3: Comparison between the test results of mechanical properties with Eurocode 3
and other studies

Table 4: Comparison of chemical composition between the studied alloy and other
sources

Table 5: Parameters for the developed analytical creep model



Nomenclature

fy20 - yield strength at normal temperature

fl0 - yield strength at temperature 0

fo2 - stress at 0.2% strain at normal temperature
fooe - stress at 0.2% strain @tnperature 6

fu - ultimate strength at normal temperature

fu o - ultimate strength at temperature 6

Ey20 - modulus of elasticity at normal temperature

E,s» - modulus of elasticitys temperature 6
ke o - reduction factor for modulus of elasticity at temperature 6
k.o  -reduction factor for yield strength at temperature 0

& - ultimate strain
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Table 1

Modulus of Yield strength | Ultimate strength
Temperature (°C elasticity E ¢ fo.20 fue & (%)
(GPa) (MPa) (MPa)
20 204.7 287.5 488.0 26.2
100 204.6 266.4 480.7 35.0
200 192.2 288.5 641.0 16.8
300 172.8 2147 509.9 22.3
400 164.9 239.3 370.4 16.5
450 162.0 203.3 300.1 17.3
500 142.7 174.7 222.6 27.1
550 135.0 134.0 158.9 18.2
600 130.0 97.6 106.6 41.4




Table 2

Stationary creep test parameters

Time of the .
Temperature (°C occurence of Time of the
Stresss (MPa) offo.2p occurence of tertiary
secondary phase i
) phase (min)
(min)
167.5 0.7 - -
400 191.0 0.8 - -
215.0 0.9 - -
450 151.75 0.75 200 630
78.6 0.45 100 315
87.4 0.5 70 240
500
104.8 0.6 30 95
139.8 0.8 9 30
550 87.2 0.65 10 30
24.4 0.25 195 450
29.3 0.30 100 280
600
63.4 0.65 3 9
73.2 0.75 2 4




Table 3

Reduction factors
Temperature Exp EC3[1] Brni etal. Brni etal.
o Exp Exp EC3 [1]
(°C) f, 0/fy.20 - fy0/fy 20- C [9] e, JE e, JE [9]
206 20 0.2p/10.2 f0.2,6/f0.2 , 0/ Ey 20 , 0/ By 20 Ey,e/Ey,zo
100 0.98 1.0 0.93 0.96 1.0 1.0 0.97
200 1.17 1.0 1.00 0.83 0.94 0.9 0.92
300 0.99 1.0 0.75 0.66 0.84 0.8 0.87
400 0.93 1.0 0.83 0.59 0.81 0.7 0.83
500 0.62 0.78 0.66 0.44 0.70 0.6 0.73
600 0.31 0.47 0.34 0.22 0.64 0.31 0.48




Table 4

Study C Si Mn P S Ni Cr Mo Cu Al Rest
S275 Exp | 0.186|0.245| 0.653 | 0.010| 0.005 | 0.167 | 0.078 | 0.028 | 0.319 | 0.011 | 98.30
S275 [9] 0.08 | 0.22 | 0.57 | 0.025| 0.017| 0.14 | 0.10 | 0.02 | 0.50 | 0.002| 98.33
43A[2] 0.24 | 0.032| 0.96 | 0.038| 0.022 | 0.017| 0.013 | 0.005| 0.019| 0.002| 98.65
A36[16,19] | 0.19 | 0.09 | 0.71 | 0.007| 0.03 - - - - - -
S355 [22] 0.163| 0.22 | 1.44 | 0.007| 0.001| 0.14 | 0.19 | 0.002| 0.19 | 0.031| 97.62




Table 5

Temperature | Coefficient Stress level (MPa)
(°C)
167.5 191.0 215.0
(0.7f5.20) (0.8f.20) (0.9%.20)
400 a 0.06431 0.09918 0.25200
b 0.12840 0.12700 0.15150
c 0.10165 0.11591 0.13047
e - - -
f - - -
78.6 87.4 104.8 139.8
(0.45%,5) (0.5f2) (0.6fy) (0.8fy2)
500 a 3.788E04 0.01956 0.00548 0.25720
b 0.83560 0.42470 1.10100 0.76090
c 0.05509 0.06126 0.07345 0.09796
e 6.920E07 2.464E06 4.567E08 2.324E05
f 1.90100 1.94600 2.90200 2.89700
24.4 29.3 63.4 73.2
(0.25f,0) (0.30f,0) (0.65f,0) (0.75f,20)
600 a 2.595E05 3.967E04 0.05409 0.37110
b 1.13400 0.87670 1.13800 1.28200
c 0.01877 0.02254 0.04881 0.05631
e 5.984E14 7.687E09 8.853E05 1.325E06
f 0.57650 2.42500 2.71600 5.51700




