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DEVELOPMENT OF A CREEP-FREE STRESS-STRAIN LAW FOR
FIRE ANALYSISOF STEEL STRUCTURES

Neno Tori¢ *', Rui Rui Sun % and lan W. Burgess®

Abstract:

This paper presents a practical procedure for obtaining creep-free stress-strafor laws
steel exposed to fire, on the basis of codified stress-strain laws which consider creep
implicitly. The applicability of the proposed procedure has been tested on two commonly
used stress-strain laws for steel at elevated temperature; the Eurocode 3 law and a
Ramberg-Osgood met] both of which have implicit consideration of creep. The
simulation of two published steel coupon experiments on steel of grades S275 and S355
shows that both the Eurocode and Ramberg-Osgood stress-strain laws produce inaccurate
predictions of creep in fire at elevated temperatures. The proposed proceduherebg

used to extract the implicit creep according to the heating rates of the transient coupon
tests, and to derive the creep-free stress-strain laws. It has been shown thabitiypgom

the crepfree stress strain law obtained by the proposed methodology with an explicit
creep model, a more realistic prediction of steel behaviour in the selected coupon test
studies can be achieved.
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1. INTRODUCTION

Fundamental stress-strain laws for steel at elevated temperatures can be determined
using two different testing methods; stationary and transient testing. A law derived from
transient tests normally contains some creep strain within its total strain, which is
dependent on tlreheating rates. This type of material law is generally considered as one
which includes creep strain in an implicit manner. At present, stress-strain relationships
which originate from ad/-state tests are not codified, nor are they generally used in
performance-based fire engineering in Europe. However it is important to note that Poh [1]
has proposed a stress-strain law for use in high-temperature engineering analysis which is
considered to be creep-free since it is based on test results of steady-state-heated coupons
conducted with fast strain ratesA stressstrain model similar to Poh’s, with a sharp
transition between the elastic and plastic phakes been proposed by ASCE [2] for
engineering analysis. This type of stress-strain model might be considered gs-faceree
model due to lack of curved part betweensthevo phases since implicit creep tends to
increase the curvature of the stress-strain characteristic. The objective of thissstudy i
focused on the analysis of contemporary stress-strain curves which are predominantly used

in Europe.

An implicit material law is considered as a conservative representation according to
current structural design codes in Europe [3, 4] in which no explicit creep model is required
for a structural fire analysis. Recent research styéies, 7, 8, 9, 10] have shown that
additional consideration of creep strains, either explicit or implicit, is necessary in structural
fire analysis in cases where steel members are kept at temperatures above about one third of
the melting temperature for a prolonged time period. However, the implicit constitutive
stress-strain law from Eurocode 3 cannot account for the realistic development of creep
strains [5, 7, 10] in cases of prolonged heat exposure above 400°C, which is generally
considered as the temperature at which creep strain starts to evolve (in some structures such
as chimneys and heat ducts creep starts to evolve at about 100°C). This suggests that

implicit stress-strain laws can not necessarily lead to conservative predictions of the creep



strain in steel for all possible heating rates, particularly for members exposed to slow
heating rates below 20°C/min.

In order to predict the creep in steel accurately, a stress-strain law with implicit
consideration of creep cannot be combined with any explicit creep model, because this will
usually overstate the creep strains. Therefore, a suitable creep-free stress-strain material law
is a vital need for an analysis of steel structures in fire which needs to predict creep strains
explicitly. The objective of this research is to provide a practical procaduderive a
creep-free stress-strain law from the existing stress-strain laws that are commonty used
the performance-based structural fire engineering. The procedure presented here is capable
of estimating the implicit creep strain from a transient-test-based stress-strain law, and can

be applied to any kind of stress-strain law of steel with implicit consideration of creep.

The procedure ds been implemented in the Vulcan research code using three
different explicit creep models. The Ramberg-Osgood and Eurocode 3 stress-strain laws
have been selected for verification of the proposed methoddtoggs then been validated
against the results from two previously published experimental coupon studies which are
focused on two common contemporary Eurocode 3 steel grades; S275 and S355.

2. DEVELOPMENT OF A CREEP-FREE STRESS-STRAIN
LAW

2.1 Explicit creep analysis

Within the scope of the presented research, three widely-used creep models, based
on eithertime-hardening or strain-hardening rules, were utilimegredict the creep strains
of steel at elevated temperaturetitdie-hardening creep model, in which creep strain rate is
regarded as a function of stress and timepplicable when the stress level during fire
exposure remains approximately constant. A strain-hardening creep majmlicable

when the stress changes during fire exposure, which makes the creep strain rate a function



of previously accumulated creep strain and stress. The details of the three creep models are
given in this section.
The first creep model (Cr_1) is based on a strain-hardening rule, and was developed

by Harmathy [11]. The creep strain rate can be expressed as:
Aca =Z-exp _ AR coth] B (1)
At RT; €cro

Is the creep strain rategTs the temperature’), R is the universal

Ag
where —=

gas constant (J/m&{), AH is the creep activation energy (J/mol), Z is the Zener-Hollomon
parameter (), ero is a dimensionless creep parametgr, is previously accumulated
creep strain, andtt (h) is the time increment. The creep strain increase in the time
incrementAt is obtained by integration of the expression (1) with respeshi®

The secondreep model (Cr_2) was also developed by Harmathy [12], but is based

onatime-hardening rule. The creep strain can be expressed as:

— gcr,O <1 ( % )
= ——.cosh (2™ 0<0 2
® = 0.693 (0=60) @)
Eq =€ o+ 20 (6=6,) (3)
Oy =240/ Z (4)

in which 6 represents temperature-compensated time. This takes into account the

variation with time of temperature, and can be expressed in integral form as:

~AH

t —an
6= I exp™= dt (5)
0

Integration of Equation (5) is conducted using the following expression:

—AH

0, =6, +6,=6, + exp™™® At (6)

Temperature-compensated tirieis used in Equation (2) in order to obtain the total

creep strain itimet, = t_, + At.



The third creep model (Cr_3) was developed by Plem [13], and is based on a strain-

hardening rule:

8cr = 8cr,0(2’\/ Ze /8 cr,O) (0S 9 < 90) (7)
€y =EqotZ0 (026 (8)

Temperature-compensated tithen Plem’s model is calculated using:

A
0 =6° +expt At 9)
in which 6° represents a shifted temperature-compensated time, which is a function
of the previously accumulated creep strain. This is determined using the following
expressions:

2
80

90 = 48(52 (’S((:J < 28cr,o) (10)
0 82 €0 0
0 = Z : (Sc Z 28Cr,0) (11)

wheree!? represents the creep strain from the previous time increment.

In order to utilize the chosen creep models, a range of material parameters for the
appropriate steel grade has to be provided. Material parametexsl/R, and ;o are
borrowed from a research study conducted by Harmathy and Stanzak [14]. For American
A36 steel, which corresponds the Eurocode steel grade S275, material parameters are

given as follows:

€¢0=1.03 10°c"" (12)

Z=3.7510c*" (o< 103 MP} (13)

Z=1.23< 10°%exp***® (10X o< 310 MPE (14)
AH

. =38900K (15)



2.2 Implicit stress-strain material law

In order to give a clear view of the different concepts involved in this study, several
definitions of the material stress-strain curves are given as follows

1. Implicit (“skeletori’) stress-strain laws: material laws which implicitly include

consideration of creep. Examples are the Eurocode 3 and Ramberg-Osgood stress-
strain curves;

2. Creep-free stress-strain laws: material laws derived from the codified material stress-

strain curves by subtracting the creep strain components.

In this study, two implicit stress-strain laws (Eurocode 3 [3] and smoothed
Ramberg-Osgood [15]) were used as experimental bases for testing the creep-free
methodology. A smoothed Ramberg-Osgood stress-strain idalwased on a fit of
experimental data to a Ramberg-Osgood expression using temperature-dependent
parametric functions [15, 16]. This can be considered as a material law which includes
creep implicitly, since it has been used in a previous study by Makelainen[&f]ato
produce stress-strain curves based on transient tests conducted at a heating rate of
10°C/min.

A set of Eurocode 3 temperature-dependent stress-strain curves was constructed on
the basis of a series of transient tests conducted by Kirby and FE8}tan a heating rate
of 10°C/min. Since both of the chosen stress-strain laws were based on transient test

results, they fit well with the objective of testing the methodology deedlopthis study.
2.3 Creep-freestress-strain material law

The procedure¢o derive the creep-free material stress-strain law faonexisting

codified stress-strain relationship consists of the following tasks:

1. Simulation of a series of transient coupon tests conducted with a certain heating
rate (10°C/min in this particular study) at different stress levels in order to
obtain a set of temperature-creep strain curves;

2. Creation of a set of stress-creep strain curves at different temperature levels by

reinterpreting predetermined temperature-creep strain curves at constant stress;



3. Subtraction of creep strain values from the skeleton stress-strain ,curves

depending on the level of temperature and stress at any given time.

A schematic view of the creep-free methodology is given in Figure 1.

This proposed methodology can potentially be applied to material laws for any
heating rate. However, this study is only focused on a representative heating rate of
10°C/min, since both the Eurocode 3 and Ramberg-Osgood matesalrwased on tests
conducted at B heating rate. Figure 2 presents examples of temperature-creep strain
curves obtained by the proposed procedure on the basis of the Ramberg-Osgood skeleton
curves for S275 steeRAs shown in Figure 2, these temperature-creep strain curves are
obtained using the three creep models implemented here with a heating rate of 10°C/min. It
should be noted that different sets of temperature-creep strain curves can be created,
depending on the nawiof the skeleton law, the steel grade and the particular creep model
used in the analysis.

Figure 3 presents a stress-creep strain curves at various temperature levels derived
from the temperature-creep strain curves in Figure 2. It can be seen from Figure 3 that
different combinations of skeleton laws and creep models lead to different sets of stress-
creep strain curves, which will then generate different creep-free stress strain curves, even

if based on the same skeleton curves.
2.4 Codeimplementation

Implementation of the creep models in the Vulcan research code has been conducted
in an explicit manner, by includirgn additional term in the total strain formulation, which

can be written in the following forfi9]:

€t =En(T) +2,(0,T)+e.,(0,T 1) (16)

in which: ¢, is the total straing,, (T)is the temperature-dependent thermal strain,

tot

e, (o,T) is the stress related strain (dependent upon applied stegss the temperature T

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

stress-related (mechanical) strains are determined by the material laws in fire. As stated

previously, commonly-used skeleton stress-strain laws already contain implicit creep. In



order to achieve an accurate prediction of the total strain from Equation (16), the implicit
consideration of creep in the skeleton stress-strain laws should be removed.
The creep-free methodology has been implemented in the Vulcan research code so

that the total straiis expressed as:

et = 8n(T) +85(0,T) +2(0,T 1)=& (0,T) (17)

impl,cr

where: .

mpler (0, T) represents the projected implicit creep strain value which is calculated
from the selectedtress-creep strain cunasillustrated in Figure 3. The process reduces

the stress-related strain value from that in the skeleton material law by the value of the
predicted implicit creep at any stress and temperature level.ifkaépendency of the
fourth term in Equation (17) is not strictly necessary, since the objective of the creep-free
methodology is to subtract the implicit creep which occurs at the prescribed heating rate of
10°C/min. Therefore, the time variable in the implicit creep function has already been taken
into account in the first step of the creep-free procedure.

Subtracting the creep strain valdfesm the skeleton curves avoids double-counting of the
creep contribution to the total strain. As a resautgduced stress-related strain is calculated

at any time step in accordance with Equation (17).
2.5 Experimental studies

In order to verify the proposed creep-free methodology, two previously published
experimental studies have been selected to model and compare. The former was conducted
by Kirby and Preston [18], within which a comprehensive set of transient tests w
conducted on steel coupons, at various heating rates between 2.5°C/min and 20°C/min. The
stees tested were the UK grades 43A and 50B, which correspond to the Eurocode 3 grades
S275 and S355 respectively. The latter was a less complete set of transient coupon tests
conducted by Boko et al. [ROThese tests were conducted on S355 carbon steel at stress
levels varying from 50-400 MPa and a single heating rate of 10°C/min.

One of the main reasons for selecting these two particular test programmes is that
they both include the heating rate (10°C/miged inthe tests on which the Eurocode 3 and



Ramberg-Osgood stress-strain laws were based. This similarity reduces the discrepancies

which might come from different heating rates.

2.6 Finite element modelling

The experimental tests mentioned above were modelled using Vulcan. Three-noded
line elements from the Wulcan library [21, 22] were employed. Figure 4 shows the
dimensions of the coupons usedBoko’s study, and the finite element segmentation used
for modelling their cross-sections.

Coupons with gauge lengths Mt from the Kirby and Preston study andn@@
from Boko’s study were modelled with two line elements and a cross-section divided into

8x8 segments. An iterative incremental calculation was carried out to obtain the coupon

deformatioml,. Engineering strain was determined from

Al (18)

Sgauge,t: |

where | is the original gauge length. In order to simplify the analysis, the circular cross
section of the coupon was modelled as rectangular with the same area. Table 1 summarizes

the input parameters of the numerical analysis.



3. NUMERICAL STUDY COMPARISONS

The proposed methodology to obtain the creep-free material laws was applied with
the explicit creep models to simulate the selected experimental tests. This section presents
the numerical results of these simulations. The comparison between the numerical and
experimental results illustrates the benefits of having explicit creep strain consideration.
Three characteristic stress levels: low-stress (50-100 MPa), mid-stress (150-200 MPa) and
high-stress (250-270 MPa) are chosen as the basis of the comparison.

3.1 Comparison of ssimulation with Kirby & Preston [18]

Figure 5 presents the results of the transient test simulations that were conducted
using the stress-creep strain curves shown in Figures 3b and 3c with the Ramberg-Osgood

skeleton curves for S275 steel taken from the study conducted by Kirby and Pt8kton

Figure 6 shows the results of transient coupon simulations conducted with the stress-
creep strain curves shown in Figure 3f, together with the Eurocode 3 skeleton law for steel
S275 from the Kirby & Preston study [[18

Figure 7 presents the results of transient coupon test simulations carried out with
stress-creep strain curves determined with creep models Cr_1 and Cr_2 and the Ramberg-

Osgood skeleton law for steel S355 from study.[18

Figure 8 presents the results of transient coupon test simulations conducted with
stress-creep strain curves determined with the creep model Cr_1 and the Eurocode 3

(bilinear-elliptic) skeleton lavior steel S355 from study [1.8

Table 2 compares the results from simulations from Figures 7b and 8c for different

modelling schemes.



3.2 Comparison of resultswith Boko et al. [20]

Figure 9 presents the results of transient coupon simulations that were conducted with
stress-creep strain curves determined with creep model Cr_2, using the chosen skeleton

laws for steel S355 from Boko et al. |20

Further verification of the proposed methodology is presented in Figures 10 and 11, which
compares the numerical results with the series of transient tests conaluutading rates
of 5°C/min and 20°C/min from Kirby & Prestd@8] for steel grades S275 and S355.

Table 3 presents the comparison of results between simulations from Figures 10c-10d for

the different modelling schemes.

4. DISCUSSION OF THE RESULTS

4.1 Validity of the proposed methodology

It can be seen from Figures 5-9 that the analysis using the creep-free methodology
provides strain-temperature curves with less total coupon strain compared to the
corresponding experimental ones. The provision of an explicit creep model embitgying
creep-free methodologinto structural fire analysis results in stress-strain-temperature
curves similarto those obtained from the corresponding implicit (skeleton) stress-strain
laws. This similarity between implicit and creep-free analysis resutiurs only if the
appropriate type of stress-creep strain curve (determined by the creep model which is used
for explicit creep modelling) is utilized in the creep-free analysis. The inclusion of the
fourth term in the Equation (17) clearly gives the same results as subtraction of the skeleton
stress-strain curve (the fourth step from Figure 1). It can be observed that some of the
creep-free curves are lightly distorted in the temperature region 500-600°C (Figures 7b and
7c) if Cr_1 is used as a background model for steel S355. This local distortion is caused by
the stress-creep strain curves having been determined using creep models which calculate

creep strains above 400°C. These local distortions are not physically-based, and illustrate



that a discrepancy exists when using the selected creep models in removing implicit creep
from the Eurocode 3 stress-strain lawhis limited temperature range.

42 Stresslevel

At low stress levels, implicit stress-strain laws seem adequate for describing the
evolution of creep for steel grades of S275 and S355, as can be seen in Figures 5-9. A
combination of an implicit stress-strain law and an explicit creep model can also provide
reasonable predictions at low stress levels. This can be attributed to the relatively low
amount of creep strain at gestress levels, because of the short time-scale of the coupon
tests. Creep strain at low stress level may become significant if the heating rate is lowered
below 5°C/min, so that the period within which the transient test is conducted is increased.

At mid-range stress levels, the implicit stress-strain law seems to over-predict the
creep strain level and further combination with an explicit creep model makes the
predictions even worse. A creep-free material law derived by the proposed methodology,
combined witha proper creep model, is capable of providing closer predictions to

experimental results than the implicit (skeleton) stress-strain law for S275 and S355 steels.

At high levels of stress, the over-prediction of theepi&rain using implicit (skeleton)
stress-strain curves in analysis is even more pronounced. However, the application of the
creep-free methodology at very high stress levels cannot accommodate the inherent implicit
creep, since the creep derived from transient tests at a high stress is small because
“runaway strain rates arrive quickly. The fast arrival of runaway strain at high stress level

may also be attributed to the existence of Liders strain as well.

Another reason for over-prediction of total straiaynbe that the classical implicit
stress-strain laws were framed so that the runaway failure occurs prematurely at high stress
levels. This is particularly observed for simulations conducted using the Eurocode 3 stress-

strain curves.



4.3 Typeof stress-strain law

It can be seen from Figures 5-9 that both the Eurocode 3 and Ramberg-Osgood stress-
strain models provide satisfactory predictions of the total strain. However, it can be
observed that at high stress levels the Eurocode 3 stress-strain law under-predicts the total
strain for steel grades S275 and S355. This can be interpreted as due to thelyinherent
conservative nature of the Eurocode 3 stress-strain curves as part of a desidhtbede.
Eurocode 3 stress-strain curves are used in conjunction with force-control solvers, the total
strain prediction over the strain level of 2% is not possible. However, the Ramberg-Osgood
stress-strain law can provide the creep strain predidtiothe 2-5% strain interval and

beyond, becaugehas a monotonic increase in the higher-strain region.
4.4 Heatingrate

Figures 10 and 11 show that the creep-free methodology provides good results
compared to the results of transient tests conducted at heating rates between of 5°C/min and
20°C/min. This illustrates that the proposed methodology is applicable to heating rates
other than 10°C/min. As can be seen in Figures 10 and 11, with a range of heating rates, the
proposed-‘creep-freé methodology shows better correlation with the experimental results

than using the skeleton stress-strain law in combination with an explicit creep model.
4.5 Acceptability of the selected creep models

This study has shown that creep model Cr_3 can correlate well with the experimental
results for steel grade S275 from referefit®], Cr_2 is applicabld¢o steel grade S355

from the same study, and that Cris2able to recreate reasonably well the experimental
results from reference [20] for steel grade S355. The amount of creep strain indicated by
the chosen creep models can be regarded as a good representation for the level of creep

strain that was present in the selected coupon test studies.



4.6 Application of the creep-free methodology in structural fire analysis

The application of the creep-free methodology and its benefits in structural fire analysis can
be illustrated by using the proposed methodology in numerical modelling of the fire test of
specimen E2 from the studby Tori¢ et al. [7]. The simply supported steel beam of Grade
S355was partially heated over its lengtt an average heating rate of approximately
3.5°C/min. Heating curves for the upper and lower flanges of the beam at mid-span are
presented in Figure 12. The beam was loaded with a vertical force of 400 kN at mid-span
and a horizontal compressive force of 200 kKN. Reduction factors for yield strength and
modulus of elasticity of the steel used in the beam have been determined experimentally
[20], and subsequently used in the numerical model. Hence, genuine material properties are
accounted for in the analysis.

In order to illustrate the benefit of using the creep-free methodology, member E2 was
analysed using all three explicit creep models, together with the implicit Eurocode 3 stress-
strain law and with a creep-free Eurocode 3 model. The results using both implicit and
creep-free methodologies are presented in Figure 13. Comparison of the results from the
creep-free analysis with the implicit-creep anayaind explicit consideration of creep
indicates that there are significant discrepancies in the deflection response and the fire
resistance prediction of the selected steel beam using these analysis strategies. Creep-free
analysis, in combination with explicit creep model Cr_2, has shown very good correlation
with the test results, emphasizing the applicability of this madetsteel S355. An
additional factor, which might potentially influence the modelling results, is the variation of
yield strength due to localised variations in chemistry and production processes of steel.

5. CONCLUSIONS

A proposed methodology to create creep-free stress-strain material laws (referred to
asa‘“creep-freé methodology) Bsbeen presented in this paper. On the basis of a series of



numerical models of various experimental tests, it has been demonstrated that the proposed
“creep-fre& methodology can provide a better correlation with the experimental results for
contemporary structural steel grades than the commonly-used implicit stress-strain laws
which generally over predict creep strain evolution. Creep can beidypiodelled in fire
engineering analysisy combining the creep-free stress-strain material laws obtained by the
proposed methodology with a proper explicit creep model. This combination excludes the
implicit consideration of the creep strain in the commonly-used stress-strain laws.

The proposed methodology can be used to extract implicit creep from any type of
steel stress-strain law determined by a transient test at certain heating rate, provided that a
material creep model is determined in advance. A selection of creep models used in this
study has proved sufficiently accurate for extracting implicit creep from the fire amalyse
conducted, although there is some discrepancy in the temperature region 500-600°C for
certain creep-free simulations. Further research is planned to explore the level of
conservativeness which is inherent in the Eurocode 3 implicit stress-strain law, and to find
a suitable modified Eurocode 3 creep-free law which correlates with the results from this

study.
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Figure Captions

Figure 1. Flow-chart for creation of a creep-free stress-strain law

Figure 2: Simulated temperature-creep strain curves for S275 (&iopg;Ramberg-
Osgood and (d-f) Eurocode 3 skeleton laws with different creep models at
10°C/min.

Figure 3: Simulated stress-creep strain curves for S275 yahay); Ramberg-Osgood
and(d-f) Eurocode 3 skeleton laws with different creep models at 10°C/min.

Figure 4: Key dimensions of coupon [20] and the beam element segmentation.

Figure 5: Comparison of results of modelling coupon tests &Cain between creep-
free and implicit creep analyses using Ramberg-Osgood law for steel S275
from Kirby & Preston [18.

Figure 6: Comparison of results of modelling coupon tests &Caiin between creep-
free and implicit creep analyses using Eurocode 3 law for steel S275 from
Kirby & Preston [18.

Figure 7: Comparison of results of modelling coupon tests &Cain between creep-
free and implicit creep analyses using Ramberg-Osgood law for steel S355
from Kirby & Preston [18.

Figure 8: Comparison of results of modelling coupon tests &Cain between creep-
free and implicit creep analyses using Eurocode 3 law for steel S355 from
Kirby & Preston [18.

Figure 9: Comparison of results of modelling coupon tests &Cain between creep-
free and implicit creep analyses usi@:c) Ramberg-Osgood arfd-f)
Eurocode 3 laws and creep model Cr_2 for steel S355 from Boko et]al. [20

Figure 10: Comparison of results of modelling coupon testsG@trdn between creep-free
and implicit creep analyses using Ramberg-Osgood and Eurocode 3 laws from
Kirby & Preston [18.

Figure 11: Comparison of results of modelling coupon tests &/&fn between creep-
free and implicit creep analyses using Ramberg-Osgood and Eurocode 3 laws
from Kirby & Preston 1§].

Figure 12: Heating curves for upper and lower flange at mid-span of the analysed beam.

Figure 13: Application of the creep-free analysis and comparison with test results using
selected creep models



Table Captions

Table 1: Input parameters for the numerical analysis.

Table 2:  Accuracy of creep-free methodology in predicting total strain from Figures 7b
and 8c for steel S355 at 150 MPa using selected stress-strain laws.

Table 3:  Accuracy of creep-free methodology in predicting total strain from Figures
10c-10d for steel S355 at 150 MPa.
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Table 1

vield Modulus of Incremental Rectangular
Study strength - elasticity - time stepAt Gauge length section lengtta
20°¢ 20°C (MPa) (min) i) (mm)
(MPa)
Kirby & | S275 267.0 185000.0
Preston 0.3 40 7.07
[18] S355 357.0 185000.0
Boko et
al. [20] S355 362.4 209000.0 0.3 98 8.86
Table 2
Temperature (°C) / Exp |Ramberg_Skeleto] EC3_skeletol Ramberg_creep_frg EC3 creep_fre
Strain (%) [18] +Cr_1 +Cr_2 +Cr_1 +Cr_2
607 1.00 1.58 151 0.93 1.17
613 1.20 1.80 1.73 1.09 1.40
616 1.40 1.93 1.86 1.19 1.54
620 1.60 212 2.09 1.32 1.78
623 1.80 2.28 2.33 1.47 2.10
627 2.00 251 3.71 1.61 3.84
Table 3
Temperature (°C) / Exp |Ramberg_Skeleto] EC3_skeletor Ramberg_creep_fre EC3_creep_fre
Strain (%) [18] +Cr 2 +Cr 2 +Cr 2 +Cr 2
601 1.00 1.28 1.47 0.94 1.13
607 1.20 1.48 1.68 1.09 1.34
611 1.40 1.63 1.83 1.21 151
613 1.60 1.71 1.92 1.27 1.60
615 1.80 1.80 2.01 1.34 1.70
618 2.00 1.94 2.18 1.46 1.86




