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Abstract: With the expansion of the Arctic route, the safety of ship crossing the area in light of the
low temperature and ice has become of focus, especially with regards to the ship’s structure. The
mechanical properties of the material making up the ship’s structure may not be suitable for the
Arctic environment. A series of quasi-static and dynamic tests were performed to investigate the
behaviour of EH36 steel, which is used to build Arctic ships, at temperatures ranging from 20 °C to
—60 °C. The yield and ultimate tensile stress increased more than 10% as the temperature decreased
from 20 °C to —60 °C, whereas the toughness decreased as the temperature decreased. A formula
was derived to illustrate the relationship between the temperature reduction and the yield strength
by fitting the experimental data. Four common constitutive rigid-perfectly plastic, elastic-perfectly
plastic, bilinear elastic-plastic, and multi-linear elastic plastic models were fitted to simulate the
hull structure under static loading and low temperature. Additionally, the strain rate effect of EH36
steel at low temperatures was illustrated by quasi-static and high-speed impact tests. A constitutive
model including the low temperature and strain rate was introduced based on a modified Cowper-
Symonds model, in which the coefficients of the constitutive model are fitted by the test results. It is
improved by an iterative numerical method used to obtain more accurate coefficients using a series
of numerical analyses. Detailed finite element simulations of the experiment conditions revealed that
the constitutive model accurately predicts the dynamic response at low temperatures.

Keywords: constitutive model; low temperature; cowper-symonds; strain rate; dynamic behaviour

1. Introduction

As the air temperature has been increasing over the last several years, the Arctic
shipping routes are becoming suitable for shipping for more than 4 months per year.
This route reduces shipping costs significantly, especially from China to USA and Europe.
However, shipping in the Arctic is a challenge for common ships, due to the threats
related to low temperatures and collision with floating ice. The design and manufacture
of Arctic ships are becoming an increasingly interesting topic. Some rules or guidelines
were introduced for Arctic ships by the Classification Societies or other organizations [1-3].
However, the interaction mechanics of ships and ice is not fully understood, including the
constitutive properties of steel at low temperature, and of the ice. While ships are crossing
the ice area, repeated impacts of ice on the hull will occur, and proper methods to account
for them need to be available [4]. As the basic input of the ship—ice interaction response,
the constitutive relationship is one of the important factors that needs to be studied. The
dynamic load and the low temperature may affect the ship’s structure simultaneously.
Strain rate will have a significant effect on the collision or impact response of steel or
similar material with the characteristics of strain rate sensitivity [5]. It is necessary to
discuss the dynamic mechanics of the ship structure’s steel at low temperatures based on
the quasi-static mechanical properties. A series of quasi-static and dynamic material tests

J. Mar. Sci. Eng. 2023, 11, 678. https:/ /doi.org/10.3390/jmse11030678

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse11030678
https://doi.org/10.3390/jmse11030678
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-8570-4263
https://doi.org/10.3390/jmse11030678
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11030678?type=check_update&version=1

J. Mar. Sci. Eng. 2023, 11, 678

2 of 21

should be performed. However, some special materals, such as mild steel and high-tensile
steel, have been studied at low teperatures, except for EH36, which is used to build the
Arctic ships, and no common constitutive model has been presented.

As the temperature is decreasing, the yield tensile stress will increase for steel, but the
toughness will reduce. If the ship structure is subjected to the impact of ice, it is necessary
to predict the response accurately, including the strain rate’s effect on the ship’s steel. The
increased crashworthiness was studied in arctic conditions at sub-zero temperatures by
Ehlers [6]. The steel material characteristics obtained by the quasi-static tensile material
standard tests were used to perform the comparative collision simulations. A test database
covering low temperatures up to —60 °C was given by Paik [7] from a series of static,
quasi-static, and dynamic tests for mild steel, high-tensile steel (AH32, DH32 and DH36),
aluminium alloy 5083-O, and stainless steel 304 L. Except for these tests, limited research
was performed on the mechanics of the ship’s steel at low temperatures. Low and middle
strain rates were included in the tests by Choung et al. [8] at a low temperature (—40 °C),
room temperature, and a high temperature (200 °C) to investigate the hardening behaviour.
The EH series high-tensile steel is another material for Arctic ships recommended by
DNV [9], ABS [2], and IACS [10], which will be studied in this paper.

Numerous researchers have published their experimental results on the effect of strain
rate on the behaviour of structural steel and the mechanical properties of mild steel. The
mechanical testing of metals at a high strain rate (10~10* s~1!) is typically performed with
the Kolsky bar, also widely known as the Split Hopkinson Pressure Bar (SHPB) [11]. Low
(¢ — 1073 s71), intermediate (¢ — 1 s~ 1), and high (¢ — 10® s7!) strain rate experiments are
performed on dog-bone and notched specimens extracted from 1.4 mm thick TRIP780 steel
sheets. Experiments in the intermediate range of strain rates (¢ — 1~10 s~ 1) are typically
carried out in servo-hydraulic testing machines, whereas high strain rate experiments
(100-1000 s~ 1) are usually performed in the Split Hokinson Bar system [12]. Various
authors have studied the effect of strain rate at room temperature; both the behaviour of
aluminium and steel have been studied, as the first is not strain-sensitive and the latter
is [13]. Different constitutive models have been proposed to represent the behaviour of
steel [5,14].

High temperatures induce strain ageing of the metal material. The high strain increases
the strength but decreases the ductility combined with the high temperatures for the low-
alloy structural carbon steel S335 [15]. The mechanical behaviour of a high strain rate
that induced partially damaged mild steel under various temperature test conditions has
been reported by Mirmomeni et al. [16]. High temperatures are the dominant factor, as
the temperature is over 450 °C. Nemat-Nasser and Guo [17] predicted the compressive
mechanical behaviour of this steel within a very large strain rate (from 0.001 to 10,000/s)
and temperature ranges (—196.15 °C-726.85 °C) and only investigated —196.15 °C. The
low temperature of —196 °C induces the transformation of the ductile-to-brittle behaviour
of the stainless steel weldments including 304 L and 316 L, but there is little decrease in
the impact energy [18]. Getter et al. [19] designed a novel high-rate testing apparatus to
conduct uniaxial tensile tests of two marine types of steels under strain rates ranging from
13 to 250 s~ 1. Chen, et al. [20] performed a series of quasi-static and dynamic uniaxial
tensile tests within the range of 0.001-288 s~! strain rates to study the rate-dependent
mechanical properties of Q420 steel using the INSTRON and Zwick/Roell HTM5020
testing machine. Su et al. [21] tested the tensile mechanical behaviour of DH 36 steel.
The strain rate range was from 0.001 to 3000/s, and the initial specimen temperatures
were 19.85-526.85 °C. The flow mechanism combined with the strain rate of an Ni-based
superalloy was investigated by Detrois et al. [22] under high temperatures more than
1000 °C using isothermal compression testing. Flow stress models were studied for different
high temperatures.

Based on the available experimental results, some constitutive models considering the
influence of strain, strain rate, and temperature on the strain-hardening behaviour have
been proposed by several researchers. Forni et al. [23] developed the constitutive model
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of S355 structural steel by using the Johnson—Cook (J-C) model and Cowper-Symonds
(C-S) model [24]. Shi et al. [25] developed a revised multi-linear constitutive model of
high-strength structural steel based on material property data of Q500, Q550, and Q690
steels (over 10,000 samples). The change in yield strength between high-strength structural
steels inevitably led to differences in mechanical properties and dynamic behaviour. The
experimental stress—strain data obtained from high strain rate compression tests using
SHPB by Bobbili et al. [26] over a range of tempering temperatures (500-650 °C), strains
(0.05-0.2), and strain rates (1000-5500 s~ 1) were employed to formulate the J-C model to
predict the high strain rate deformation behaviour of high-strength armour steels.

Many studies on the mechanical properties of steel consider the effects of strain rate
and temperature. However, few studies focused on the behaviour of stress—strain curves at
low temperatures and strain rates. The Cowper-Symonds representation of material strain
rate sensitivity is commonly employed in finite element impact simulations of steel marine
structures; Cowper-Symonds coefficients of C = 40.4 and P = 5.00 were employed for
mild steel [27]. However, the Cowper-Symonds parameters vary widely among different
studies of mild steel [28,29]. In this paper, the experiment aimed to investigate the complex
behaviour of different strain rates induced by ship—ice collision at low temperatures. The
material mechanical properties from low to high strain ranging from 2 x 10~# to 2000 s~
were obtained from quasi-static tests by material testing machine (MTS) and dynamic
material tests using the split Hopkinson pressure bar (SHPB) for EH36. A constitutive
model was presented with low temperature and strain rate by the test and numerical data.
The stress—strain curves provide a reliable material behaviour, covering strain rates ranging
from 2 x 10~* to 2000 s~! and temperatures from 20 °C to —60 °C.

2. Experimental Program
2.1. Test Specimen

No rules or guidelines for the test specimen at low temperatures have yet been pub-
lished now. Paik [7] performed the tension test at low temperatures, according to the
standard of the tension testing of metallic materials by ASTM [30]. However, the test
methods in the standard only cover the testing of metallic materials at room temperature
(10-38 °C). Low temperatures increase the yield strength of the steel during the quasi-static
tension process. The same specimen may be used at low temperatures.

A specimen was designed for the quasi-static test at low temperatures, as shown in
Figure 1a. The sheet-type standard specimen was of 6 mm thickness, 12.5 mm width in the
middle, and 20 mm width in the grip section. The length of the grip section was 50 mm.
The test was performed in a low-temperature box, with one end fixed by wedge grips
and the other by a pin. It was a bone type with a wider end compared with the standard
specimen at normal temperature. There was a hole with a diameter of 10 mm on the centre
line in the wider end to connect the specimen end test set-up, as shown in Figure 2c. A bar
with a bolt through the hole in the specimen was used to connect the specimen to the upper
loading equipment. The wider end was three times wider than the other end to eliminate
the cross-section reduction effect. It was also confirmed that the failure happens in the
middle of the specimen, as shown in Figure 3.

The length of the dynamic specimen was 3 mm and the diameter was 6 mm. The
surfaces of the specimen were polished to ensure their smoothness. There were no residual
stress and machining defects in the specimen.
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(b) Experimental setup for low strain rate tensile tests.
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Figure 2. Quasi-static test setup at low temperatures.

Figure 3. Failure of the quasi-static test specimen.

2.2. Test Setup
2.2.1. Quasi-Static and Low Velocity Tests

The quasi-static tension tests were performed by Material Testing Systems (MTS
810) with a maximum loading capacity of 500 KN, as the specimen was in a cryogenic
chamber designed for keeping a low-temperature environment using liquid nitrogen. The
arrangement of the test setup is shown in Figure 2a,b. Two holes were opened on the top
and bottom surface of the chamber to install the specimen; the bottom end gripped and the
top end pinned, as shown in Figure 2c. An extensometer for the temperate range of —80 to
80 °C was set on the surface of the specimen to measure the strain. The test section had to
be completely immersed in the constant low-temperature chamber.

The design strain rate of quasi-static tension tests is 2 x 107* s~1. Some low velocity
tension experiments at the strain rates of 0.01, 0.1 and 1 s~! were also performed by the
MTS in Figure 2. The axial tension tests of two specimens were carried out at ambient
temperature (room temperature, 20 °C, or low temperature). The specimen was fixed in the
temperature chamber for more than 1 h until the temperature of the specimen achieved the
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target value. During the process, the shrinking had to be monitored by the extensometer
during the cooling process. If the deformation happened as the strain, the loading bar
needed to be adjusted for the MTS.

2.2.2. Dynamic Test

The experimental data of high strain rates were obtained from high-velocity impact
tests using Split Hopkinson Pressure Bar (SHPB) in the Explosions and Shock Lab of Nanjing
University of Science and Technology, covering a wide range of strain rates 100-2000 s~
Several high strain rate tests were performed by SHPB at room temperature and low
temperatures.

The entire SHPB setup consisted of several pieces of equipment, as shown in Figure 4.
Compared to the traditional equipment, a low temperature box was added only with a
hole in the side of the input bar. The size of the hole was a little bigger than the input bar to
ensure the impact process. The low temperature was provided by the input of ammonia.

low  temperature

box with two holes

(a) Experimental setup for high strain rate compressive tests

low temperature box

Parallel Iight source

Striker Input bar Specimen Outputbar Transmission bar Damper
i} /_ ya
‘4’ +__.__J,_ T =3 —
1
r r
Speed ) Ultra dynamic
measunng strain gauge
circuit |~
- T T
1 | |
Time interval | Waveform memory H Data system
generator

(b) Schematic of SHPB setup for steel testing.
Figure 4. Setup of Split Hopkinson Pressure Bar (SHPB) test system.

An SHPB system has two pressure bars, an input or incident bar, and another called
output or transmitted bar, as shown in Figure 4b [31]. The yield strength of the pressure
bar determines the maximum stress attainable within the deforming specimen because the
cross-section of the specimen approaches that of the pressure bar during deformation. A
rectangular compression wave of well-defined amplitude and length is generated in the
input bar when the striker bar impacts it. As this wave reaches the specimen, part of the
pressure wave is transmitted into the specimen and output bar, and part is reflected to the
incident bar.

The Input wave, reflection wave, and transmission wave are measured by the ultra-
dynamic strain gauge. Based on the one-dimensional and uniform assumption, the average
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dynamic stress, strain, and strain rate of the tested specimen are determined under a
one-dimensional stress state:

A A
0’({') = TASE(SZ‘-FE;,—F&) = Exsgt )
_ Ce t _ 2C, !
e(t) = E/O (&j —&r —gp)dt = Io /0 erdt 2)
o c 2C
(r) = THler—er—en) = = ®)

where ¢;, ¢;, and ¢; are the strains of the input wave, reflection wave, and transmission wave,
respectively. ¢ is the stress; ¢ is the strain; ¢ is the strain rate; E is the elastic modulus of the
pressure bar; C, is the elastic wave velocity; A is the cross-section area of the pressure bar;
and [y and A; are the initial length and initial cross-section of the specimen, respectively.

3. Quasi-Static Response
3.1. Test Results

A series of quasi-static tests on EH36 steel was performed by the MTS system combined
with the low-temperature chamber at a strain rate of 2 x 10~# s~1. The test temperatures
ranged from room temperature (20 °C) to low temperatures (0 °C, —20 °C, —40 °C, and
—60 °C). The engineering and true stress—strain curves of the EH36 steel at low temperatures
are shown in Figure 5. Low temperature will increase the yield strength of EH36. The
average tested yield strength and ultimate tensile strength at different temperatures are
shown in Figure 6, where o5 is the yield stress and oy, is the ultimate tensile stress. As the
temperature decreased from 20 °C to —60 °C, the yield strength was increased by 11.6%,
and the ultimate tensile strength was 11.3%. The nonlinearly increase trend lines were
fitted by quadratic polynomial.

T T T T 800 T T T T
600 700
500 600
400 _. 500
) g :
S 300 S 400 20C
N S 300 0C
200 , e 20C
200 ‘ ©
100 ) 100 [— o
| < —60°C ‘ < —60°C
0 ol
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
€ &,
(a) Engineering stress—strain curves (b) True stress—strain curves

Figure 5. Stress—strain curves of EH36 at different temperatures.

The yield stress of steel can be approximated from the experimental data shown in
Figure 6a as follows:

O'/S = f(T/_T)US (4)

where T is room temperature (20 °C), T’ is the target temperature, ¢’ is the quasi-static
yield stress of EH36 steel at temperature T', and f(r—7) is a formula that indicates the
relationship obtained from EH36 steel quasi-static tensile test at different low temperatures.
Based on the fitted curve in Figure 6a, the relationship formula can be a quadratic function
related to the temperature difference (T’ — T), fip_1) = a(T' — T +b(T' —T)+c.a,b,c
are the empirical coefficients and oy is the yield stress of quasi-static at room temperature.
a=1303 x 107°,b=—3.071 x 10~*, ¢ = 1.004.



J. Mar. Sci. Eng. 2023, 11, 678

8 of 21

570

560

o, (MPa)

540

530

520

S

60

(b) Ultimate tension stress

—40

20 0

Temperature (°C)

20

Figure 6. Yield stress and ultimate tension stress at different temperatures (average).

Except for the yielding and ultimate tensile stress, low temperatures affects the engi-
neering fracture strain significantly, as shown in Figure 7. The low temperatures induce
a decrease in the engineering fracture strain, as well as the strain rate. Under the same
temperature, the engineering fracture strain decreases with the increase in the strain rate.
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Figure 7. Stress—strain curves of EH36 at low strain rates from —60 °C to 0 °C.

3.2. Simplified Quasi-Static Constitutive Relationship

The interaction mechanics of ice and ships or offshore structures will show strong
nonlinearity, as the plastic and larger deformation will happen in the loading process for
the ship’s steel material. It is suitable to strengthen the structure by adding more stiffeners
or increasing the plate thickness to avoid plastic deformation, according to the traditional
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design method. However, a flexible way involves limited plastic deformation, which
can lighten the ship’s structure within the design of Arctic ships, in accordance with the
Rules [2]. The elastic constitutive model using linear Hooke’s relationship is not suitable
for the study of structural mechanics in the Arctic environment. It is necessary to study the
plastic constitutive models as the input for the structural analysis.

The quasi-static constitutive relationship is discussed firstly based on the engineering
stress—strain curves, according to the quasi-static test results of the EH36 steel. As shown in
Figure 8, the real stress—strain curve consists of three stages: linear elastic part determined
by elastic modulus E, yielding, and the hardening part. It is nonlinear and too complicated
to carry out the plastic analysis. Considering the assumptions and simplifications given by
the analysis objective, four constitutive models were derived as follows:

A
o
Oy f=====mmmmee- - - - e
<
0y
N ~ Strain-hardening Est
- Plastic  —— Ejastic-perfectly plastic
\ — Bilinear elastic-plastic
. . _ — Multilinear elastic-plastic
- ElasticE ___ Rigig-perfectly plastic
& y £ st &

Figure 8. Quasi-static stress—strain relationship models.

(1) Elastic-perfectly plastic: as the stress reaches yield one, the material will be at the
plastic stage. The yielding flow is considered, neglecting the hardening effect, when the
strain is smaller than the yield strain, Hooke’s Law is used to describe the linear relationship
with the elastic modulus. As the strain reaches the yield strain, the stress becomes constant
and equal to the yield stress, as illustrated by the black line shown in Figure 8.

(2) Bilinear elastic-plastic: the hardening effect is included but neglects the flow stress.
The first relationship is linear elastic. As the stress reaches yield stress, a second linear
relationship is used to describe the stress—strain curve determined by the tangent modulus
Es. It is shown in Figure 8 by the red line.

(3) Multi-linear elastic-plastic: an extended model of bilinear elastic hardening con-
stitutive model. The hardening curve is defined by a multi-linear function, as shown in
Figure 8 by the blue line.

(4) Rigid perfectly plastic: a simplified model of the elastic-perfectly plastic constitutive
model. Elastic strain is neglected, without the plastic hardening. As the stress reaches the
yielding value, the plastic flow happens.

Due to the simplification, models (1) and (4) were used to study the ultimate strength
or plastic deformation analysis of structures. Models (2) and (3) were used to study the
elastic and plastic response of the structure.

As the tensile stress was close to the ultimate strength, a fracture occurred in the
middle part of the test section. The necking phenomenon was observed. The stress—strain
curve of EH36 steel at room temperature is shown in Figure 9 as per the test. The result is a
yield stress of 392.6 MPa and an ultimate tensile stress of 516.8 MPa.
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Figure 9. Fitted constitutive models of EH36 steel at room temperature.

The four constitutive models shown in Figure 8 are fitted according to the experiment
data, and the multi-linear elastic-plastic relationship is fitted as follows:

c=207x10"e  (e<0.002)
o =1154-¢+392.6 (0.002 <& <0.1) (5)
o =500 (e>0.1)

Figure 9 shows the fitting of the constitutive model curves and stress—strain experi-
mental data at room temperature. The constitutive relationship can be derived based on
the yield stress determined by Equation (4).

4. Dynamic Constitutive Model by Numerical Results
4.1. Test Results

A series of dynamic tests were performed at low temperatures including low strain
rates 0.01, 0.1, and 1 s~! and high strain rates ranging from 700 to 1800 s~!. Dynamic
stress—strain curves of EH36 steel at low strain rates were obtained using MTS at room
temperature, as illustrated in Figure 10a. High strain rate tests were performed by SHPB.
The stress, strain, and strain rate were calculated using Equations (1)-(3) described in
Section 2.2. Figure 10b shows the stress—strain curves with varied high strain rates of 769,
932, 1030, 1312, and 1685 s~ ! at room temperature.

1600

600
1400
500
1200
41
—~ 400 —=—2x10"s | |
£ ——001s" ElOOO
2 300 ——0.1s' || =
© ——ls! © 500
200 — f
100 600 y 13125 '
4 400 —— 1685s-!
0 !
L L L L L 200 1 1 1 1 1 1 1
000 005 010 0I5 020 025 000 005 010 015 020 025 030 035
& £
(a) MTS test (b) SHPB test

Figure 10. Stress—strain curves of EH36 at different strain rates, room temperature.

Table 1 lists the yield stress of EH36 steel from low to high strain rates. Figure 11
shows the variation of yield stress with strain rate; the experimental data were fitted by
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quadratic polynomial. It can be observed that the yield stress of steel increases as the strain
rate increases, from 417.6 MPa at 0.01 s~! to 736.26 MPa at 1685 s~ 1. Compared with the
quasi-static results, the yield stress increased by 6.4% with a strain rate of 0.01 s~! and
87.5% with 1685 s~ 1. The strain rate dependency characteristics of the test material at room
temperature are indicated.

Table 1. Dynamic mechanical properties of EH36 steel at room temperature.

Strain rate/s ! 0.01 0.1 1 769 932 1030 1312 1685
Yield stress/MPa 417.6 43452 44324 641.65 659.46 67653 698.23 736.26
750 1 ]
700 -
E 650 4
=
= 600 -
2 = Experimental data
s 550 - Fitting curve
=
(]
5500
450 1 R
400 l : :

0001 001 01 1 10 100 1000
Strain rate ( log10 s

Figure 11. Variation of yield stress with strain rate.

The stress—strain curves of steel over a range of strain rates on the order of 0.01 to
157! from —60 °C to 0 °C are shown in Figure 7. High stain rate stress-strain curves over
a range of strain rates on the order of 700 to 1900 s~ ! from —40 °C to 0 °C are shown in
Figure 12.

1600 1600 1600
1200 1200 1200
—~ o =
< ¥ =¥
A
S s00 —— 7335 & 800 = 800
Y ——911s ! S ©
—a— 11945}
400 f,/,/ e 128241 400 400
]
7 —*— IS —e— 15355 '
0 T T T T L1 0 T T T T 0 17385
00 0.1 02 03 04 0.0 0.1 02 03 04 0.0 0.1 02 03 04
& &
&
(a) 0°C (b) 20 °C (c) ~40 °C

Figure 12. Stress—strain curves of EH36 at high strain rate from —40 °C to 0 °C.

The temperature effect on the stress—strain curves is illustrated in Figure 13. The yield
stresses increase as the temperature decreases. However, the increasing trend of the yield
stress becomes slow at low temperatures compared with yield stress at room temperature,
especially at the high strain rate of more than 1200 s~!, as shown by the dash lines in
Figure 13b.
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Figure 13. Yield stress at different temperatures.

4.2. Dynamic Constitutive Relationship with Strain Rate Effect and Low Temperature

The low temperature and the strain rate increases the yield stress. However, now there
is no comprehensive constitutive model to describe the stress—strain relationship with the
strain rate and low-temperature effect. To predict the response to the ship-ice interaction
accurately, a dynamic constitutive model depending on the strain rate and low temperature
may be presented as:

o=f(e¢T) (6)

It is difficult to establish a constitutive model combining the strain rate and low
temperature directly. A function that decouples the combined effect may be written as:

o= fiee) x fa(eT)

There are several constitutive models to describe the strain rate sensitivity material.
Almost all the models presented are based on experimental data. The Cowper-Symonds
(CS) model is generally adopted to simulate the relationship with strain rate effect. It is

written in the following form:
Oyd é 1/P
Y
s i ( c )

@)

= ®)
where 0y, is the dynamic yield stress, and C and P are material constants.

Combining the quasi-static constitutive model with the low-temperature effect, the
dynamic stress depicting the effect of the strain rate and the low temperature has been
expressed based on the Cowper-Symonds model. It is written as follows:

o= |1+ (g) |- ©

where f(7_ 1) is the empirical formula of the low-temperature effect, described in Equation (4),
where 05 is the yield stress of steel at room temperature.

According to the experimental results of yield stress—strain rate at room temperature
in Figure 11, Equation (9) is fitted by the test data. The constitutive parameters C and P are
2370.6 and 4.00, respectively.

The constants of C and P at different low temperatures are fitted by the test data
including low strain rate and high strain rate in the case of 20 °C, 0 °C, —20 °C, and —40 °C
and low strain rate in the case of —60 °C, as listed in Table 2. Due to the limited sample, the
values C and P fluctuate in a small range, except for —60 °C including only a low strain rate.
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Table 2. C and p values at different temperatures.
Temperature 20°C 0°C —20°C —40°C —60°C
C 2370.6 2639.4 2453.6 2619.5 22542
P 4.00 5.40 4.60 4.20 3.95

The constitutive model described in Equation (9) is the basic input of the ship-ice
interaction analysis in icy waters. A series of numerical analyses was performed to validate
the accuracy of the constitutive relationship under the test load conditions.

4.3. Improved Model

The constant values of the C and P in Equation (9) are fitted by the test results at a
certain temperature, as shown in Table 2. However, only some samples are given for each
temperature. The parameters may be not accurate enough as a result of the limited samples,
especially when the combined effect of strain rate and low temperature is included.

An iterative approximate method was introduced to achieve the target value based on
the test and numerical results, as shown in Figure 14. The steps are as follows:

O in
| Test data > at a certal

temperature
I |
v Eq.(9)
C, P value
Numerical
L] Analysis

Stress-strain curves
in test conditions

Dynamic yield
stresses

Compare

End

Numerical
results as the
sample

Figure 14. Flowchart of the iterative approximated method.

(1) Using the test data and the quasi-static yield stress at a certain temperature, the
values of C and P in Equation (9) are fitted by the least square method.

(2) The C, P and the constitutive relationship in Equation (9) are the input to a series of
numerical analyses of test conditions.

(3) The dynamic yield stress obtained by numerical analysis is compared with the one
from tests. If the average error is smaller than 5%, the fitted values are accepted.

(4) If the error between the yield stress by numerical analysis and tests is large, with
an average error larger than 5%, the numerical results are treated as the sample to refit the
C, p values.

(5) Using the new C, p values, perform steps (2)—(4).

4.4. Numerical Models

The FE model of the MTS specimen is shown in Figure 15. The SHPB tests are
simulated numerically by ABAQUS. The S54R element is employed in the numerical model
with a mesh size of 2 mm and refined mesh in the middle area. The load is applied on one
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end of the specimen at a certain velocity, and the other end is fully clamped. The model
defined by Equation (9) in ABAQUS was adopted as the constitutive model of EH36 steel.

I NN

f
H

f=u TOTT

F.
g—

AR

T
T
T
T

Figure 15. FE model of MTS specimen.

Figure 16 gives the FE model, simulated using solid elements C3D with a mesh size
of 2 mm. The mesh size convergence was studied using a series of numerical analyses of
the mild steel in [27]. The elastic modulus of the specimen was 2.07E5 MPa and Poisson
ratio was 0.3. The impact bar, input bar, and output bar were also simulated by the solid
element. The elastic modulus was 210 GPa and Poisson ratio was 0.3. The constitutive
model defined in Equation (9) was also used.

Input bar

Specimen

Output bar

(a)
Figure 16. FE model of SHPB test.

4.5. Comparison of the Numerical and Test Results
4.5.1. Low Temperature (0 °C)

It was complicated to include the low temperature and the strain rate effect. The
constitutive model at 0 °C is discussed first. As listed in Table 2, the C and p values are
taken as 2639.4, 5.40, separately. A series of numerical analyses was performed in test
conditions at 0 °C. Figure 17a—d gives the comparison of the test and numerical results
with a low strain rate. The yield stresses obtained by the numerical method are lower than
the tests in the case of 0.01, 0.1, and 1 s~ !, whereas the ultimate tension stresses coincide
well with the tests.

The results of the high strain rate are illustrated in Figure 17e,f. The errors between
the stress—strain curves of the tests and the numerical analysis are large.

Comparing the numerical results with the tests, the average error is 6.8%. The numeri-
cal results of C = 2639.4, and P = 5.40 are set as the sample data to fit the new values of C
and P. The iterative approximate process is illustrated in Figure 18, with the average errors.
After three iterative steps, the average error was 4.8% as the C =1974.7, P = 2.4.
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Figure 18. Average error with iterative times at 0 °C.

4.5.2. Other Temperatures
(1) Behaviour at Room Temperature (20 °C)

After four iterative calculations, the average error was 3.6%, thus less than 5%, with
the constitutive coefficients C = 3599, P = 2.578. Figure 19 shows a comparison of the
finite element results and experimental data at room temperature. It can be seen that the
numerical results coincide with the experimental results, and the yield points are almost
identical at low and high strain rates. It is shown that the constitutive model defined in
Equation (9) can describe the strain rate effect of EH36 steel at room temperatures with
strain rate effect accurately.
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Figure 19. Comparison of numerical and test results at room temperature.
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Behaviour at —20 °C

Using three iterative numerical analyses, the C = 1982.6 and P = 3.2 were obtained at
—20 °C, as the average error was 4.8%. The numerical results of the constitutive model
with C =1982.6 and P = 3.2 are compared with the experimental data with low and high
strain rates in Figure 20.
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Figure 20. Comparison of numerical and test results at —20 °C with high strain rate.
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The constitutive coefficients C = 2091.6 and P = 3.3 were obtained by three iterations
at the low temperature of —40 °C, and the average error was 4.6%. The comparison of
the numerical analysis and experiment data is shown in Figure 21 with low and high

strain rates.
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(4) Behaviour at —60 °C

Only low strain rate test results were used to fit the constitutive coefficients,
C = 22542 and P = 3.95, with an average error of 4.9%, thus less than 5%. Figure 22
shows the comparison of numerical and experiment data including low strain rate only.
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Figure 22. Comparison of numerical and test results at —60 °C.

From Figures 20-22, the stress—strain curves of the numerical results are compared
with the experimental results at low temperatures —20 °C, —40 °C, and —60 °C. It can be
seen that the numerical results show good agreement with the experiment considering the
effect of low temperature and strain rate. Therefore, it can be concluded that the model of
Equation (9) can be adopted as the stress—strain relationship of EH36 steel in the analysis of
ship—ice interaction in the Arctic. However, it was found that the finite element results are
conservative relative to the corresponding experimental results at a low strain rate.

5. Conclusions

In the present study, the mechanical behaviour of strain rate-sensitive steel EH36
under low-temperature test conditions were reported. The tests performed consisted of
quasi-state and dynamic ones. First, the quasi-static tests ranging from room temperature to
—60 °C were conducted. Then, the dynamic tests were performed on specimens at different
strain rates under low temperatures. The tests of low strain rates of 0.01 s~! to 1 s~ were
performed on an MTS testing machine and those of high strain rates of 700 s~! to 2000 s !
by SHPB. A constitutive model of EH36 was studied based on the Cowper-Symonds model,
including the low temperature and strain rate effect. The results and conclusions can be
summarized as follows:

(1) The experimental results indicate obvious strain rate effects on the nonlinear
stress—strain behaviour at different strain rates of EH36 steel.
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(2) EH36 steel has obvious temperature sensitivity. The yield stress of EH36 steel
dramatically increased more than 10% nonlinearly with the decrease in temperature ranging
from 20 °C to 60 °C, which indicated that low temperature can improve the yield stress, as
well as the ultimate tensile stress. However, the toughness decreases with the temperature,
shown as the decreasement of the fracture strain.

(3) An iterative approximated method was provided to fit the constants in the pre-
sented constitutive model. By performing a series of numerical analyses, a constitutive
model for a certain low temperature was given by comparing the experimental and numeri-
cal results. It may describe the dynamic behaviour of EH36 at low temperatures accurately.

(4) An improved Cowper-Symonds model was established considering the effects
of low temperature and strain rate by fitting the C, P constants in different temperatures
ranging from 0 °C to 60 °C, which may describe the coupled effect of low temperature and
strain rate.
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