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Abstract: In recent years, HRB400 and HTRB600 steel bars
have become the mainstream standard reinforcing steel
used in concrete structures in China. However, significant
controversy still exists regarding the selection of material
constitutive models and the determination of model para-
meters for buckling, fatigue, hysteresis, and other material
characteristics. In this article, an automated process of
multi-parameter calculation of the constitutive model for
reinforcing steel — simulation accuracy evaluation of the
constitutive model — selection of the constitutive model of
reinforcing steel is established based on the hybrid pro-
gramming method using MATLAB and OpenSees software.
First, tensile and low-cycle fatigue tests were carried out on
HRB400 and HTRB600 steel bars. Second, based on the
constitutive model in OpenSees software and the skeleton
curve and characteristics such as yielding, fatigue, and
hysteresis, the constitutive model parameters of HRB400
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and HTRB60O steel bars are determined using indirect and
direct fitting methods. Finally, the five similarity para-
meters of the simulated normalized cumulative hysteretic
energy dissipation coefficient are compared with the test
results. The results indicate that the simulation accuracy of
the Reinforcing Steel model exceeds 72%, which is higher
than other four models, making it the best choice for rein-
forcing steel in numerical simulation.

Keywords: low-cycle fatigue property, constitutive model
of reinforcing steel, fatigue parameters, indirect method,
direct method

1 Introduction

The process and performance of steel bars with tensile
strengths ranging from 300 to 600 MPa are covered in
Chinese current codes [1,2]. The two parameter values of
the yield strength and ultimate strain are defined in the
codes, while the other parameters are unspecified in the
codes. The mechanical properties of each strength class of
reinforcing steel in terms of the fundamental parameters
(modulus of elasticity, yield strength, ultimate strain, etc.),
[3-5], residual stresses [6,7], fatigue effects [8], and buck-
ling effects [9] were investigated. Then, the mechanical
behavior of reinforcing bars was simulated using simple
models such as bifold, trifold, and Ramberg—0Osgood [10].
Fernandez et al. [11] used X-ray diffraction techniques to
reveal the fatigue damage mechanism from the perspec-
tive of microstructural changes and successfully predicted
the mechanical property parameters of steel bars. Abdalla
and Hawileh [12] and Chou et al. [13] used artificial neural
networks to obtain an effective prediction method for
the mechanical property parameters of steel bars based
on a large number of experimental results. However, the
above methods for calculating steel performance para-
meters require a large amount of test data, which are dif-
ficult to model mathematically.
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In recent years, the open-source software OpenSees
has been promoted and applied in the seismic analysis of
reinforced concrete structures. To better determine the
performance parameters of reinforcing steel and improve
the simulation accuracy of reinforcement steel in the
admissibility process, scholars have used the rich constitu-
tive model relationships in OpenSees software to deter-
mine the model parameters with a small amount of test
data and display functions, then they simulate the mechan-
ical properties of the reinforcement steel. Zhang et al. [14],
Xu et al. [15], and Gao et al. [16] calculated the fatigue para-
meters and predicted the fatigue life by Coffin-Manson
relationship for HRB400 and HTRB60OE grade steel bars,
respectively. Han et al [17] studied the fatigue effect of
ultra-high strength considering the buckling effect. Till date,
the methods of fitting model parameters with display func-
tions combined with experimental results have all focused on
the study of fatigue and buckling effects of steel bars, which
are not summarized and generalized. At the same time, most
of the constitutive models in OpenSees are very complex,
which cannot be expressed directly by the display. Therefore,
it is very difficult to determine the model parameters.

In recent years, HRB400 and HTRB600 steel bars have
become the mainstream standard reinforcing steel used in
concrete structures in China. There is a unified under-
standing of the actual strength and ductility of HRB400
and HTRB60O0 steel bars. However, significant controversy
still exists regarding the selection of material constitutive
models and the determination of model parameters for
buckling, fatigue, hysteresis, and other material character-
istics. The refinement and complexity of existing steel
bar constitutive models are constantly increasing. This
has caused great difficulties for researchers to choose
appropriate models and determine model parameters, and
correctly simulate the hysteresis curve of steel bars in
experiments. For this purpose, static tensile tests and low
cycle fatigue tests were conducted on domestically produced
HRB400 and HTRB600 steel bars in China. To solve the
above problems, HRB400 and HTRB60O steel bars are taken
as research objects and static tensile tests and low cycle
fatigue tests were conducted on them. In OpenSees software,
the constitutive model of reinforcing steel is chosen.
Considering energy dissipation capacity, deformation char-
acteristics, stiffness, and strength degradation, the constitu-
tive model parameters of HRB400 and HTRB600 steel bars
are determined using indirect and direct fitting methods
according to skeleton curves and buckling, fatigue, hyster-
esis, and other characteristics. The effectiveness and accu-
racy of the constitutive model parameter determination
methods for HRB400 and HTRB60O steel bars were verified
through comparison of simulation and experimental results.
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2 Monotonic tensile and low-cycle
fatigue testing

2.1 Static tensile test

Reinforced concrete structures often experience uniaxial
stress conditions during earthquakes. This article focuses
on discussing the stress—strain relationship of steel bars
under uniaxial tension and compression. The engineering
stress—strain curves presented here are intended to be
obtained through unidirectional tensile or cyclic tests con-
ducted on standard-grade steel bars. To obtain the basic
mechanical parameters of HRB400 and HTRB600 steel
bars, static tensile tests were conducted. Three specimens
of each type of steel bars were taken in the test. The dia-
meter of the specimens was 18 mm. The length of the speci-
mens was 400 mm. The tensile test was performed on the
1000HDS electronic universal hydraulic testing machine
acc test method in the code [18]. Figure 1 shows the tensile
test setup. The stress—strain curves of steel bars were
obtained through tensile testing using a universal testing
machine. The strain was accurately measured using an
extensometer. The specific procedure can be found in the
code [18]. The stress—strain curves of HRB400 and HTRB600
steel bars are illustrated in Figure 2. The static tensile prop-
erties of steel bars are listed in Table 1. The yield strengths of
HRB400 and HTRB600 steel bars were greater than the spe-
cification requirement values in ref. [19].

2.2 Fatigue test

The low-cycle fatigue properties of HRB400 and HTRB600
steel bars were investigated by the tension-compression

Figure 1: Test setup.
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Figure 2: Stress-strain curves of HRB400 and HTRB600 grade
reinforcement.

constant strain amplitude tests [20,21]. The strain ampli-
tudes are set as 1.0, 1.2, 1.6, 1.8, and 2.0%. Figure 3 gives
the details of the steel bar specimens. Two specimens of
each type of steel bar were taken in the test. The specimens
were numbered S]Q-i-j, where SJ denotes the specimen, Q
represents the steel strength, i denotes the loading strain
amplitude, and j denotes the number of the same loading
condition. SJ400-1.2%-1 denotes the first HRB400 steel bar
specimen under 1.2% strain amplitude loading. The MTS
322 testing system (Figure 4) was applied in the test. The
extensometer had a gauge length of 50 mm and a range of
20 mm. The loading frequency was 1Hz. The loading dia-
gram is illustrated in Figure 5. The fatigue test stress—strain
curves of HRB400 and HTRB600 steel bars are as described
in Figure 6.

Table 1: Static tensile properties of steel bars

Investigations on constitutive model parameters of HRB400 and HTRB600 steel bars

—_ 3

Figure 4: Loading system.

The stress-strain curves of HRB400 and HTRB600 steel
bars under different strain amplitude loading conditions
are shown in Figure 6. The peak of the skeleton curve of
the specimen decreased after the first cycle, and then the
decrease in peak of the subsequent cycles gradually increased
until the specimen failed. Similarly, with the load application,
the loading curve pinching phenomenon gradually increased,
the energy dissipation capacity decreased, the hysteresis
loop became flattered, and the flattening process gradually
increased until the specimen failed. Comparing the test data
of specimens with different strain amplitudes, it was found

Mechanical properties of reinforcing steel index HRB400 HTRB600

1 2 3 Average 1 2 3 Average
Yield strength g5, (MPa) 45874 44938  451.66  453.26 740.29 736,10  739.24  738.55
Strain at yield onset & (1073 2.42 2.20 2.26 2.29 3.67 3.78 3.70 3.72
Modulus of elasticity £5 (GPa) 189.56 204.26  199.85 197.89 201.71 19474  199.80 198.75
Reinforced starting point strain &, (107%) 20.17 23.48 24.53 22.73 10.38 11.54 12.40 11.44
Initial modulus of elasticity of reinforced section Eg, (MPa)  48.32 26.29 27.76 34.12 36.72 64.16 12.56 37.81
Peak strength oy, (MPa) 622.02 607.52 611.86 613.80 932.09 92494 930.31 929.1
Peak strain &, (1073 136.32  152.67 14777  145.59 86.35 93.82 88.22 89.46
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Figure 3: Dimensional drawing of the specimen.
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Figure 5: The loading diagram.

that the specimens under large displacement amplitudes
had a sparser distribution of the cyclic curve, (i.e., the larger
the strain amplitude), each cycle caused more reduction in
the bearing capacity of the specimen, and the number of
cycles was less when the specimen failed. This is because as
the strain amplitude increases, the stress concentration of
the specimen increases, the crack extension intensifies,
the accumulation of plastic deformation accelerates, and the
microstructural changes become more pronounced, thus
accelerating the strength degradation of the specimen.

3 Rebar model in OpenSees
software

A large number of constitutive models for reinforcing steel
are provided in OpenSees software [22], such as Steel01
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model, Steel02 model, Steel4 model, and Reinforcing Steel
model. Table 2 summarizes a comparison of different con-
stitutive models of reinforcement steel. Steel4 model and
Reinforcing Steel model are more comprehensive and can
be used for the simulation of low-cycle fatigue under reci-
procal loading conditions. Skeleton curves and hysteretic
curves are segmented linear models, which can simulate
the declining section curve of reinforcing steel better,
although the simulation effect of fatigue property is not
good. Among these nine types of constitutive models for rein-
forcing steel, the Dodd-Restrepo model, Menegotto—Pinto
model, and Coffin-Manson model have a simple functional
form, and the skeleton curve, hysteresis effect, and fatigue
effect function parameters can be fitted directly according to
the model functions, respectively. The specific function and
parameter meanings of the three rebar property models are
as follows.

3.1 Dodd-Restrepo model

The C-M model [23-25] is the full functional expression
of the Dodd-Restrepo model. The functional relationship
between the strain & and stress g, of reinforcing steel is
described in Figure 7 and Eq. (1).

Es, & < &y

Oy, Ey S E = Eqn

O = @
Ogy + (Gy En < & < &g

= Osu)|(Esu — &)/(Esu — Esn)IP,

where E; is the modulus of elasticity of reinforcing steel
[26]; &y is the yield strain; oy is the yield stress; &, is the
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Figure 6: Stress-strain curve for fatigue test of steel bars. (a) HRB400 steel bars. (b) HTRB600 steel bars.
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Figure 7: Monotonic loading curve for steel bars.

maximum strain of the yield segment, taking values between
1 and 3%; gy, is the ultimate stress; &, is the ultimate strain,
taking values between 10 and 18% [27,28].
The index P is defined as
Eu ~ Eh
= E hil 2
p N e — Oy 2
where Eg, is the initial modulus of elasticity of the har-
dened section [24].

Eg = 0.02E(1 + 20%). &)

Tangential modulus of the hardened branch E; can be
expressed as follows:

1-1/p
Osu ~ 05

E'[ = Esh (4)

su ~ Osy

3.2 Menegotto-Pinto model

The functional expression of the Menegotto-Pinto model
[29,30] is

a5 = beg + (1—1))881 ©)
1+ &Br

where r is the cyclic curve shape parameter; b is the

asymptotic initial elastic modulus and hardened modulus

ratio; fs* and g; are the normalized reinforcement stress

and strain, respectively, which can be calculated using Eqs.

(6)-(8).

- Es

b , (6)
ESO
* &~ Ssrllr
&' = —Y/————, 7
S SS(;,HD _ gs,; ( )
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n
Os — Ogp

(8

g, = 703(;”) ~on
where Eg, and Eg are the initial tangential modulus and
hardening modulus of the half cycle under reciprocal
loading, respectively; £l and a;} are the strains and stresses
corresponding to the nth half cycle and the (n+1)th half
cycle intersection; eV and g{**V are the strains and
stresses corresponding to the (n+1)th half cycle yield point;
for the (n+1)th half-cycle, the unloading point is the inter-
section of two asymptotes of (g}, g;;), and the yield point
€Y, af™*P); and the yield stress gy, and oy, & & and b
are known to obtain g2t*! for the next cycle and es’;” for the
next cycle by g;. and os’;,”, and the initial tangential stiff-
ness Es.

The (n+1)th half-cycle curve shape parameter R,.; can
be expressed as

Ry = Ry

_ Alfn
! AZ + En], (9)

where R is the initial curve shape parameter; A; and A,
are the cycle parameters that affect the cyclic properties of
the material; and ¢, is the speciated plastic deformation
of the nth half-cycle, obtained by normalizing the strain &,
at the initial yield point.

én = (gsr; -

where &5 and &g, are the initial unloading strain and yield
strain for the nth half cycle, respectively.

Mander corrects the curve shape parameter R without
considering the cycle period [31]:

&gy)/€sys (10)

R= SSI)Q}RZ(l - Ry(& - Ssy)): (11

where Ry, R,, and R; are the parameters to be determined
for the shape parameters.

The shape parameter of the curve considering cycle time
Ry is applicable for Steel2, Steel4, and SteelMPF models. The
shape parameter of the curve without considering the cycle
time R, is applicable to Reinforcing Steel model.

3.3 Coffin-Manson model

Without considering the influence of elastic strain on the
fatigue life, the fatigue damage effect Dy for the Coffin—
Manson model considering fatigue effects under any loading
path is:

[

I3

ot

(12)
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where the damage effect Dy takes values between 0 and 1; el @ b=y
~ 00 «—
C; is the fatigue coefficient; a is the fatigue index coeffi-
cient; and &, is the plastic part of the strain; &, = & -
Oyy/Es, €y is the total strain of reinforcement steel, and §
Oy is the yield stress of reinforcement steel. o
Considering the damage effect, the strength degrada- o &
tion effect factor @sg can be expressed as Eq. (13) based on
the Miner’s linear law. -
| &
Ep @ =19 %
bep = Z[C_] ) (13) IS B
d
where C, is the strength degradation factor. a
In the process of constant strain amplitude loading, e X =
Egs. (12) and (13) can be rewritten as B
1
&spa 3
Dy = Nh[?] , (14) g
f ~—
2| 8§
(-] o o
1
E a
Don = (Vi - 2)[ﬁ] : as)
Cd .F“
o
where Ny, is the number of half-cycle periods and C, Cy, E 33
w — O
and a are the parameters to be determined; the suggested
values of fatigue parameters for HRB400 and HTRB600 _
steel bars are given in the previous studies [32,33]. §
Based on the functional expressions of the three above- HNEES
mentioned models, constitutive model parameters can be ele e
directly fitted to describe the skeleton curve, hysteresis effect,
and fatigue effect of a specific steel bar. In addition, the T:
Reinforcing Steel model considers the buckling effect of rein- = CIY
forcing steel using the two fatigue models, Gomes—Appleton el I
[34] and Dhakal-Maekawa. The parameter values of the two
fatigue models are related to the parameters of reinforced | &
concrete columns. 3 §: < <
—_ 7 <
8 ) < o~
g |~
2 |%
oo £ Sl
- TTT ‘| '8 | ~ =
- ' © 5
800 ) -7 § 2”’
: 2 = S
()} 1
sl ¢ |§|_ |1
£ | e | &|88| 2
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Figure 8: Monotonic stress-strain curves and characteristic values for % E =22 g
steel bars. P GIEE| 2
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4 Parameter fitting of constitutive
model for reinforcing steel

The constitutive model of reinforcing steel includes skeleton
curves, hysteresis effects, buckling effects, and fatigue effects.
Depending on the complexity of the model, indirect or direct
methods can be adopted to fit the model parameters based on
the experimental data of steel bars as follows.

4.1 Using the indirect method for parameter
fitting

According to the brief functional relationship between the
loading process and the material indicators in the model,
the process of fitting model parameters using multi para-
meter nonlinear least squares (nonlinear least squares
method) [35-37] is called the indirect method. Based on
Eqs. (1)-(4) of the functions and tensile test data, the ske-
leton curve parameters of Steel01, Steel02, Steel4, Reinfor-
cing Steel, Ramberg—-OsgoodSteel, and Stee]MPF models for
HRB400 and HTRB600 steel bars are calculated, as listed in
Table 2. The monotonic loading skeleton curve parameters
including yield points (&g, 0gy), initial strengthening points
(&si, g1, limit points (&g, 0sp), and damage points (&g, Tsu)
are shown in Figure 8. In addition to the above eigenvalue
parameters, parameters such as b, E;, Eg,, and strain duc-
tility ratio Iy, are also calculated in Table 3.

The Hysteretic and Pinching4 models are segmented
linear models. Limiting the starting point position, the
method of adaptive polyline fitting based on the least
squares method is used to automatically find the segmen-
tation point, fit the polyline skeleton curve, and find the

Table 4: Hysteretic material model skeleton curve parameters

DE GRUYTER

coordinates of the polyline feature points in the model, as
shown in Tables 4 and 5. Based on the skeleton curves
determined by the above parameters, the indexes such as
energy dissipation, maximum strain, maximum stress, and
unloading stiffness in each loading cycle are calculated
using the functional expressions of the Menegotto—Pinto
dynamic hardening model, Stanton-Niven isotropic hard-
ening model, and three-line damage hysteresis model. The
main functions are expressed as Egs. (5)-(15). Figure 9
shows the flowchart for calculating the model parameters
using the indirect method.

The parameters of the HRB400 and HTRB600 reinforce-
ment models for partial follow-hardening and isotropic hard-
ening models for HRB400 and HTRB600 steel bars are listed in
Table 6. The Pinching4 model does not consider the buckling
and fatigue effects, the hysteresis effect is expressed by the
ductility, stiffness, and strength cumulative damage effect func-
tions [35]. The meaning of the relevant parameters can be found
in Pinching4 model [36]. The initial trilinear hysteresis curves of
HRB400 and HTRB600 steel bars with ductility degradation,
strength degradation, and stiffness degradation parameters
are listed in Tables 7-9. Hysteretic model [37] also does not
consider the buckling effect and fatigue effect, the hysteretic
effect is expressed by the ductility, energy consumption cumu-
lative damage effect function. The cyclic damage parameters of
HRB400 and HTRB60O steel bars are listed in Table 10.

4.2 Using the direct method for parameter
fitting

The direct method is mostly used for the computational
process of fitting the parameters of material constitutive

Steel bars £aq (1073) ow1 (MPa) £42 (1079) 042 (MPa) £43 (1079) 04z (MPa)
HRB400 2.40 472.98 1.505 652.63 1.546 516.25
HTRB600 3.40 751.51 0.802 958.15 1.638 789.14
Table 5: Pinching4 Material model skeleton curve parameters

Steel bar 8p1 (1073) 0,1 (MPa) 8p2 (1072) 0p2 (MPa) 8p3 (107 0,3 (MPa) 8ps (107 0,4 (MPa)
HRB400 2.20 432.46 6.94 590.90 1.545 619.46 1.546 516.25
HTRB600 3.30 722.98 4.40 891.77 0.901 935.64 1.638 789.14

Note: (6p5 ), i = 1, 2, 3, 4 denotes the four strain-stress characteristic points of the Pinching4 model skeleton curve.
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Figure 9: Flowchart for calculating the model parameters using the indirect method.

models with complex functional forms. The parameters of
Coffin-Manson fatigue model and Adam Zsarnéczay iso-
tropic hardening model are calculated using this method,
as shown in Table 11. Figure 10 shows the flowchart for
calculating the model parameters using the direct method.

Through trial calculations, it has been proven that
when fitting a multi-parameter nonlinear univariate func-
tion, the maximum variation in the difference gradient
is 0.1, the minimum variation is 107, the iteration incre-
ment step is 100 steps, the lower bound of the iterative

Table 6: Reinforcement hardening model parameters

convergence tolerance step is 107, and the lower bound
of the objective function variation is 10, the convergence
stability is the highest, and the operation speed is the
fastest. The Adam Zsarndczay model simulates the iso-
tropic strengthening effect by dividing three linear asymp-
totes and defining the cumulative function of plastic
deformation. In Table 11, for the Adam Zsarndczay model,
the parameter fitting results for the initial strengthening
ratio b; and the saturation strengthening ratio b, have the
worst convergence. The main reason is that the monotonic

Steel bar Menegotto-Pinto model Stanton-Niven Model

Ro Aq A, Ry R, R; a a, a; a,
HRB400 35.2 0.966 0.213 0.323 18.1 10.39 0.0089 1.012 0.0089 1.012
HTRB600 43.1 0.954 0.0343 0.355 18.0 4.16 0.0185 0.993 0.0185 0.993

Note: The expressions of the parameters of the Menegotto-Pinto model in the Reinforcing Steel model are different from the other models; a1, a5, a3,

and a, are all isotropic hardening parameters.
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Table 7: Parameters of the trilinear hysteresis curve ductile degradation
damage model

Steel bar aq (10°") ba (102 ¢4 (107") dyq (1073)  Dyiim (1072)
HRB400  -2352  9.91 2.003 -6.264  3.139
HTRB600  —1.591 14.65 1.310 18.70 5.757

Note: ag, by, Cq, dg, and Dg;im are all floating-point values controlling
cyclic degradation model for reloading stiffness degradation.

Table 8: Parameters of the trilinear hysteresis curve strength degra-
dation damage model

Steelbar a; (107") b (107") ¢ (103 d; (107")  Dgim (107")
HRB400  9.553 -3419 5124 -12.25 1.038
HTRB600  3.430 -2.665  6.652 -8.010  1.023

Note: a, by, ¢, df, and Dg;,, are all floating-point values controlling cyclic
degradation model for strength degradation.

Table 9: Parameters of the trilinear hysteresis curve stiffness degrada-
tion damage model

steelbar a, (107") b (107") ¢ (103) d (107")  Dyyim (107")
HRB400  -29.82  32.95 22.55 3.392 2.167
HTRB600  0.660 3.626 9.574 18.24 3.935

Note: ay, by, i, di, and Dyim are all floating-point values controlling cyclic
degradation model for unloading stiffness degradation.

Table 10: Hysteretic model rebar cyclic damage parameters

Steel bar P, (107") P, (107") D;(107°) D, (10") B (107"

HRB400
HTRB600

-29.82
0.660

32.95
3.626

22.55
9.574

3.392
18.24

2.167
3.935

Note: P, = pinching factor for strain during reloading, P, = pinching
factor for stress during reloading, D, is the damage caused by ductility,
D, is the damage caused by energy, 8 is the power used to determine
the degraded unloading stiffness based on ductility.

DE GRUYTER

loading ultimate strains &g, of HRB400 and HTRB600 steel
bars are 67¢,, and 25y, respectively, much larger than the
amplitude of reciprocal loading conditions in the fatigue tests
(1-2 times &) [38], which cannot reflect the isotropic
strengthening effect of large deformation reciprocal loading.
Therefore, the parameters can meet the accuracy require-
ments of the small-amplitude reciprocal loading simulation
when they are taken within the given interval.

Constitutive model parameters for other types of steel
bars can also be determined based on the corresponding
tensile and fatigue tests of the bars. If the test data are
insufficient, the linear difference between the parameters
of HRB400 and HTRB600 steel bars can be approximated
based on the yield strength of reinforcing steel. Based on
tensile and fatigue test data of HRB400 and HTRB600 steel
bars, the parameters in nine common reinforcement prin-
cipal structure models are fitted in OpenSees software,
laying the foundation for the selection of constitutive
models for reinforcing steel.

5 Analysis and discussion of
simulation results

5.1 Simulation of monotonic tensile test

In Table 2, among the nine constitutive models for reinfor-
cing steel, the Dodd-Restrepo Steel model and Ramberg—
Osgood Steel model cannot represent the material damage
accumulation phenomenon under constant amplitude
loading, while the SteelMPF model is an asymmetric
model based on the Steel02 model, thus the Dodd-Res-
trepo Steel, Ramberg—0Osgood Steel, and SteelMPF models
are excluded. Based on the tensile and fatigue test data of
HRB400 and HTRB600 steel bars, the fitting effects of
Steel01 model, Steel02 model, Steel4 model, Reinforcing
Steel model, Pinching4 model, and Hysteretic model are

Table 11: Skeleton, hysteresis, and fatigue model parameters for reinforcing steel

Steel bars Adam Zsarndéczay model
Coffin-Manson fatigue model Chang-Mander model Chang-Mander model
C; Cq A b; pi b, R; Iy, [ I;
HRB400 0.224 0.322 0.377 107°~107" 101 10°~10" 10 851 636 0.01
HTRB600 0.231 0.290 0.394 10°~10"° 105 10°~10T° 15  1.94  11.80 0.01

Note: b; is the initial hardening ratio; b, is the saturated hardening ratio; p; specifies the position of the intersection point between initial and
saturated hardening asymptotes; R; controls the exponential transition from initial to saturated asymptote; A, is the length of the yield plateau in &y;

a1 is the hardening constant; /; is the isotropic hardening limit.
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Figure 10: Parameter fitting process based on direct method.

compared, from which the constitutive model with the
highest simulation accuracy is found. The tensile prop-
erty of HRB400 and HTRB600 steel bars are simulated,
which are compared with the tensile test results in
Figure 11.

The stresses in elastic and platform sections of
Pinching4 and Hysteretic models are much higher than
the experimental values. The simulation accuracy of the
multi-section model is ranked as follows: Pinching4 model
> Hysteretic model > Steel01 model, with the priority of
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ensuring the overall alignment uniformity. Although the
finite multi-section line simulates the stress—strain curve
of steel bars with poor overall performance, increasing
the number of segments can improve the simulation accu-
racy. The Steel02 model has nonlinear excess at the
segments, which is accurately simulated in elastic and plat-
form segments. However, the strengthening and damage
segments are characterized by linear segments, and the fit-
ting accuracy is obviously insufficient. In contrast, the
Steel4 model and Reinforcing Steel model have higher
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Figure 11: Comparison of simulation results and tensile test results. (a) HRB400 steel bars. (b) HTRB60O steel bars.
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fitting accuracy throughout the monotonic loading pro-
cess. Among them, the Reinforcing Steel model is
described by continuous curves in the strengthening
and descent sections, and the fitting results are closer
to the actual results.

5.2 Simulation of fatigue test

The fatigue properties of HRB400 and HTRB600 steel bars
are simulated. The simulation results of HRB400 steel bars
with 1% strain amplitude and HTRB600 with 2% strain
amplitude were selected for comparison with the low-cycle
fatigue test results. To better compare the strain-stress
relationship throughout the entire loading process, the
cumulative strain e,c is the independent variable and
the cumulative strain-stress relationship is established.
The half-cycle process of loading and unloading at different
segmentation points is intercepted for comparison.

The simulated and experimental stress—strain curves
for HRB400 steel bars with 1% strain amplitude are com-
pared in Figure 12. In Figure 12, ¢ is the strain of the steel
bar. The strain in steel bar is usually measured using an
extensometer. An extensometer is a mechanical device that
accurately measures the strain in a material. It usually
consists of two movable arms that can be placed at either
end of the steel bar at the location where it is being measured.
As the steel bar is strained, the arms of the extensometer

— Test — Hysteretic

— Test —Pinching4

DE GRUYTER

move with it, and by measuring the relative distances of
the extensometer arms, the displacement deformation of
the steel bar over a standard test length is calculated, and
ultimately converted to strain.

The Steel01 model and Pinching4 model cannot reflect
the pinching effect of the steel bar, and the Pinching4
model has relatively higher calculation accuracy. When
the Hysteretic model is applied to simulate the hysteresis
curve after yielding, the simulated maximum stress is 20%
higher than that obtained from the test, and the simulated
pinching effect is too large. The linear segmentation model
is faster in calculation and can roughly reflect the damage
accumulation process of reinforcement steel, but it cannot con-
sider the characteristics of strength, stiffness, and pinching
effect due to the limited characteristic points of skeleton curve
and hysteretic curve addition and removal. The above conclu-
sions are determined by the characteristics of the linear seg-
mentation model and are almost unrelated to the parameter
values. The cumulative strain of HRB400 steel bars under 1%
strain amplitude loading condition ranges from 0 to 13.42.

The simulated and experimental stress accumulated
change with the strain of HRB400 steel bars at 1% strain
amplitude loading.

There is a law that under fatigue loading conditions,
the bearing capacity keeps decreasing, but the rate of
decline slows down. The Hysteretic, Pinching4, Steel01,
and Steel02 models cannot simulate the stress degradation
process under fatigue loading, while the Steel4 model can
simulate the stress process of the bearing capacity, but the
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Figure 12: The experimental and simulated stress-strain curves for HRB400 steel bars under 1% strain amplitude. (a) Hysteretic model. (b) Pinching4
model. (c) Reinforcing Steel model. (d) Steel01 model. (e) Steel02 model. (f) Steel4 model.
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Figure 13: The simulated and experimental stress accumulated change with the strain of HRB400 steel bars under 1% strain amplitude loading.
(a) Hysteretic model. (b) Pinching4 model. (c) Reinforcing Steel model. (d) Steel01 model. (e) Steel02 model. (f) Steel4 model.

stress shows an increasing trend, which is inconsistent
with the actual situation. Only Reinforcing Steel model
can better reflect the continuous degradation trend of
the reinforcing steel stress (Figure 13).
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On this basis, the experimental results of the half-cycle
loading and unloading processes at different segmentation
points with the simulation results using different models

are further compared, as shown in Figure 14. At different
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Figure 14: Comparison of the experimental results of the half-cycle loading and unloading processes at different segmentation points with the
simulation results using different models. (a) 1.2975-1.3173. (b) 3.9903-4.0101. (c) 6.6831-6.7029. (d) 9.3561-9.3759. (e) 12.0489-12.0687. (f)
13.3951-13.4148.
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Figure 15: Comparison of fatigue test values of HRB400 steel bars with simulated values using Reinforcing Steel model. (a) 1% strain amplitude.
(b) 1.2% strain amplitude. (c) 1.4% strain amplitude. (d) 1.6% strain amplitude. (e) 1.8% strain amplitude. (f) 2.0% strain amplitude.

stages of loading the Hysteretic, Pinching4, and Steel01
models using polyline fitting cannot match the experi-
mental curves, in which the pinching of the simulated
materials using Steel01 and Pinching4 models is too small,
while the pinching of the simulated materials of Hysteretic
model is too large. The simulated curve using the Steel4 and
Reinforcing Steel models are very close at the beginning of
loading, and the stress in the test gradually decreased with
loading, and the pinching phenomenon gradually becomes

significant. The simulation accuracy of the Steel02 and Steel4
models gradually becomes worse, and only Reinforcing Steel
model maintained the simulation accuracy. The simulation
results for HRB400 and HTRB600 steel bars under different
constant strain amplitudes show similar patterns.

Figure 15 shows the comparison of fatigue test values
of HRB400 steel bars with simulated values using Reinfor-
cing Steel model. Figure 16 shows the comparison of fatigue
test values of HRB400 steel bars with simulated values
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Figure 16: Comparison of fatigue test values of HTRB60O steel bars with simulated values using Reinforcing Steel model. (a) 1% strain amplitude.
(b) 1.2% strain amplitude. (c) 1.4% strain amplitude. (d) 1.6% strain amplitude. (e) 1.8% strain amplitude. (f) 2.0% strain amplitude.
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using Reinforcing Steel model. Reinforcing Steel, Steel02,
and Steel4 models are nonlinear segmented models. They
have higher simulation accuracy than linear segmented
models and can better simulate the pinching effect of the
envelope, strength, and degradation characteristics of the stiff-
ness during reciprocal loading. The Steel02 model cannot simu-
late the degradation characteristics of the stiffness, strength,
and energy dissipation capacity under fatigue loading, while
Steel4 and Reinforcing Steel models consider the fatigue effect
of the material using the strength discount function and Cof-
fin—-Manson fatigue model, respectively.

In summary, among the three linear segmentation
models, the Pinching4 model has the largest number of
linear segments, which ensures the simulation accuracy
of the skeleton curve while considering the effects of max-
imum deformation amplitude and cumulative energy dis-
sipation on material ductility, strength, and stiffness of
loading and unloading. Among the nonlinear segmentation
models, Reinforcing Steel and Steel4 models have the
highest simulation accuracy, but the former can consider
the buckling effect of longitudinal reinforcement due to
insufficient stirrups, so the Reinforcing Steel model is
chosen to simulate the constitutive relationship of reinfor-
cement steel. The constitutive model parameters are deter-
mined using the indirect and direct methods for finite
element simulation of reinforced concrete columns.

5.3 Seismic performance indexes

The hysteresis curve reflects the energy dissipation capa-
city, deformation characteristics, and stiffness and strength
degradation of the member under fatigue loading, which
can be quantitatively analyzed by the cumulative hyster-
esis dissipation coefficient, equivalent viscous damping coeffi-
cient, residual deformation, strength and stiffness degradation
ratio, and other indicators. The specified cumulative hyster-
esis dissipation coefficient Ey,, and the equivalent viscous
damping coefficient .4 are two important energy dissipation
indexes, as shown in Egs. (16) and (17).

m
Y S
Osy€sy j=1

S

271(Sponn + Saocp)’

1
EN,m =

(16)

Eeq,i = «¥))
where Ey , is the camulative hysteresis dissipation coefficient
of the member after m loading cycles, S; is the area enclosed
by the ith hysteresis loop, and Syoap and Sxocp are the areas of
the two triangles OAB and OCD (Figure 17). &qq; is the equiva-
lent viscous damping coefficient for the ith loading cycle.
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Strength and stiffness degradation refers to the process
that the bearing capacity under the same amplitude and stiff-
ness under different amplitudes continue to decrease with
the increase in the loading cycle after cyclic loading of the
member, which can be calculated by strength degradation
coefficient A and loop stiffness K, respectively, see Eqs. (18)
and (19).

i _ 9
A= a_}’ (18)
DA

Ei= Zli:l" L (19)

i=1€j

where @}, &), Al and E} are the load maximum, displace-
ment amplitude, strength degradation factor, and loop
stiffness at the ith cycle of the jth level of displacement
amplitude, respectively.

Taking the steel bar 1.0 and 1.8% specimens with 1.0
and 1.8% strain amplitudes as examples, the three indi-
cator indexes, &g, A, and K, and the experimental and
simulation results of HRB400 and HTRB600 steel bars
under different strain amplitudes are compared and ana-
lyzed. Figure 18 shows the change curves of seismic indexes
of HRB400 steel bars with the increase in loading cycles.
Figure 19 shows the change curves of seismic indexes of
HTRB600 steel bars with the increase in loading cycles. The
equivalent viscous damping coefficient &4 drops abruptly
with the increase in the loading cycle, then decreases
smoothly and slowly, and the member fails when it decreases
to 0.7-0.9. Reinforcing Steel and Steel02 models simulate
&eq better, among which Reinforcing Steel model simu-
lates the process of first a sharp drop and then a smooth
drop, but neither can simulate the sudden drop damage
process after the smooth section. Starting from the second
cycle, A rises from 0.85 to 0.9 with the decrease in the

Figure 17: Hysteresis loop schematic.
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Figure 18: The change curves of seismic indexes of HRB400 steel bars with the increase in the laoding cycle. (a) £eq - 1.0%. (b) A - 1.0%. (c) K - 1.0%.
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Table 12: Similarity of seismic performance indexes for HRB400 steel
bars under 1.4% strain amplitude

Model Rep  Renm Creq Gr Cy Mean value
Reinforcing Steel  0.94 1.00 0.67 045 086 0.76
Steel01 098 069 034 031 0.62 0.59
Steel02 095 083 039 034 0.63 063
Steeld 094 070 0.89 0.52 0.68 0.69
Hysteretic 087 072 034 031 062 0.57
Pinching4 0.96 0.4 0.58 048 062 0.61

loading cycle, it enters the plateau stage when it rises to
0.9-0.98, and then it continues to fall slowly or abruptly
causing damage to the member. The value of A at 1.0%
strain amplitude loading is higher than the value of A
under 1.8% strain amplitude loading. Throughout the
loading process, the Steel02 model simulates A with high
accuracy, and only the Reinforcing Steel model can simu-
late the falling section of the member after the platform
section. However, none of the models could make an
accurate simulation of A. K experienced a short rise
with the increase in the loading cycle, followed by a decel-
eration and decline to smooth out, and finally a sudden
drop to damage. Compared with the other models, the
Reinforcing Steel and Steel02 models simulate K more
accurately, but the simulation accuracy for the falling
section is lower, where Steel02 model underestimates
the falling trend of K, while Reinforcing Steel overesti-
mates the falling trend of K. It can be concluded that
the Reinforcing Steel model simulates the cyclic charac-
teristic indexes best.

In order to analyze the simulation accuracy of bearing
capacity, Ry is used to represent the ratio of the minimum
and maximum values of peak bearing capacity F, during
cyclic loading. Rt is used to represent the simulated value
of Rt, Ry is used to represent the test value of Ry, let Ry =
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R:¢ /R In order to analyze the simulation accuracy of
energy dissipation, Rg is used to represent the ratio of
the minimum and maximum values of cumulative hyster-
esis energy dissipation coefficient Ey,,. Rps is used to
represent the simulated value of Rg, Ry, is used to represent
the test value of Ry, let Rgnm = R s/Re:. According to the
hysteresis curves, the change curves of &g, 4, and K with the
increase in loading cycles are obtained. To compare the cor-
relation between the simulated and experimental curves, the
Pearson correlation coefficient [39], the distance correlation
coefficient [40], and the maximum information coefficient
algorithm [41] are applied to calculate the correlation coeffi-
cients of &g, A, and K curves, which are denoted as Cgeq, Cy,
and Cy, respectively. Table 12 gives the similarity of seismic
performance indexes of the experimental and simulated
results for HRB400 steel bars under 1.4% strain amplitude.
The mean values of the five similarity parameters are used to
describe the simulation accuracy of HRB400 steel bars under
1.4% strain amplitude, with Reinforcing Steel model fitting the
highest accuracy.

Similarly, the simulation accuracy can be obtained for
HRB400 and HTRB600 steel bars under different strain
amplitudes, as shown in Figure 20(a) and (b). Comparing
the similarity between the simulation and test results under
the two sets of constant strain amplitude loading conditions,
it can be seen that the simulation accuracy of Reinforcing
Steel and Pinching4 models is higher for HRB400 steel bars.
The simulation accuracy of Reinforcing Steel and Steel4
models is higher for HTRB600 steel bars. The Reinforcing
Steel model has the highest simulation accuracy, but it
decreases slightly with the change in strain amplitudes.

The similarity indexes of the experimental results and
the simulation results of the Reinforcing Steel model for
HRB400 and HTRB600 steel bars are obtained in Figure 21.
The similarity of the Reinforcing Steel model for HRB400
steel bars is more than 65%, and the mean value of its
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Figure 20: Similarity indexes of experimental and simulation results. (a) HRB400 steel bars. (b) HTRB600 steel bars.
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Figure 21: Similarity indexes of the experimental and the simulation results of the Reinforcing Steel model. (a) HRB400 steel bars. (b) HTRB600

steel bars.

similarity is 73%, while the mean value of the similarity of
the other models does not exceed 65%. The similarity of the
Reinforcing Steel model for HTRB600 steel bars is slightly
lower than that for HRB400 steel bars, with the mean value
of the similarity being 72%, and the mean value of the
similarity for the other models also does not exceed 65%.

From the above analysis, it can be seen that the accu-
racy of fitting the parameters of the Reinforcing Steel
model using direct and indirect methods is more than
72%. These two methods are the core of the automated
determination of the material constitutive relationships
and are in principle applicable to the determination of
the constitutive model and multi-parameter calculations
for any type of steel bars. For other types and strength
grades of steel bars, the accuracy of modeling the material
constitutive relationship needs to be further verified in
subsequent studies.

6 Conclusion

In this article, the tensile and low-cycle fatigue properties
of HRB400 and HTRB60O steel bars were first investigated
experimentally. Then, the indirect and direct methods are
proposed to fit the constitutive model parameters of rein-
forcing steel using OpenSees software. Finally, the simula-
tion and experimental results, as well as the determination
of the constitutive relationship of reinforcing steel are ana-
lyzed and discussed. The main conclusions are as follows:
1) Based on the tensile and fatigue properties of HRB400

and HTRB600 steel bars, the hysteresis and fatigue para-

meters of Steel01, Steel02, Steel4, Hysteretic, and Reinforcing

Steel models are calculated using direct and indirect multi-

parameter nonlinear least squares methods, respectively.
The direct and indirect methods proposed in this article
can be used to establish the constitutive models of other
types and strength grades of steel bars.

2) Based on the experimental results, an automated pro-
cess of multi-parameter calculation of the constitutive
model for reinforcing steel — simulation accuracy
evaluation of the constitutive model — selection of the
constitutive model is established based on the hybrid pro-
gramming method of MATLAB and OpenSees software.

3) The simulation accuracy of the Reinforcing Steel model
exceeds 72%, which is higher than that of the Steel01,
Steel02, Steel4, Hysteretic and Pinching4 models.
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