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Abstract: In order to study the ductile deformation characteristics and failure process of plain concrete
under uniaxial compression, this paper proposes a new constitutive model. The new model was
used to fit and analyze the constitutive curve of concrete under uniaxial compressive under various
degradation forms and was compared with the traditional constitutive models. Finally, the new
model was used to quantitatively analyze and predict the stress—strain curve of concrete in different
degradation periods of a set of freeze-thaw measured data. The results show that, compared with
the traditional constitutive model, the new model is simple in form and has few parameters, and
the numerical value of the parameter can reflect the ductile deformation capacity of concrete. The
fitting curve of the new model has the highest fitting degree with the measured stress—strain curve
of concrete, and the goodness of fit (R?) is also the largest. The new model is suitable for fitting the
stress—strain curve of concrete under uniaxial compression under various deteriorating forms, and
the degree of fit between the constitutive prediction curve and the measured curve is high. It can
be seen from the fitting results of the new model parameters that the ductile deformation capacity
of concrete decreases first and then increases slightly, which is inconsistent with the law of gradual
deterioration of strength. There is a minimum moment of ductility deformation capacity of concrete
(MDC). The MDC of O-C40 concrete is about 114 freeze-thaw cycles, and the MDC of O-C50 concrete
is about 116 freeze—thaw cycles; the degree of fit between the constitutive prediction curve and the
measured curve is high. We hope that the improvement mentioned offers valid reference to the study
of ductile deformation characteristics and failure process of compressed concrete under different
deterioration forms.

Keywords: concrete; constitutive model; freeze—thaw cycles; ductile deformation

1. Introduction

Concrete material is one of the most important materials in the world. It is known as being
“food for construction industry”. For the past 40 to 50 years, at the early stage of engineering design,
the initial investment cost of the project was often emphatically considered. However, the influence
of engineering environment on concrete durability is ignored [1,2]. As a result, concrete buildings
are damaged by freeze-thaw cycles, wet—dry cycles, salt ion erosion, alkali-aggregate reactions, and
so on [3-5], which seriously affect the normal benefits and safe use of the structure. The process is
gradually deteriorating from the surface to the inside, which is intuitively expressed as the mass loss
and strength of the concrete [6,7]. Therefore, the mass loss rate, relative dynamic elastic modulus, and
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compressive strength have also become common indicators for studying the durability of concrete
under different deterioration forms [8,9]. However, in the actual concrete structure, the stress state of
concrete is complex and changeable, and the above indexes can only reflect the macroscopic mechanical
properties of concrete, but it is difficult to fully reflect the mechanical properties and deformation
characteristics of concrete.

The uniaxial compressive stress—strain curve of concrete is a comprehensive macroscopic reaction
of the basic characteristics of compressed concrete [10], which can fully reflect the ductile deformation
characteristics and failure process of concrete at every compressed stage. The uniaxial compressive
stress—strain curve contains important mechanical performance index [11,12], such as the appearance
and development of plastic strain of concrete, interior defects and damage, residual strength and
deformation, etc. Through fitting analysis of the constitutive curve, the geometric shape of the curve
and the mechanical properties of concrete can be quantitatively studied and predicted. The damage to
the mechanical properties of concrete caused by various destructive effects will change the compactness,
strength, and surface state of concrete and will inevitably cause the change of the shape of the uniaxial
compression constitutive curve, so the fitting result will also change [13,14]. Strength and deformation
properties of concrete under uniaxial compression determines characteristics of the overall mechanical
performance of the concrete structure [15], which is also the main basis for studying the deformation
and bearing capacity of concrete structures [16]. Therefore, it is of great significance to carry out research
on the fitting of the uniaxial compression constitutive curve of concrete for practical engineering.

In the past few decades, some experts and scholars have proposed various constitutive models to
analyze the uniaxial compression stress—strain curve of concrete [17,18]. These models can be divided
into five categories: polynomial, exponential, trigonometric function, rational fraction, and piecewise.
In the exponential constitutive model, y increases rapidly in the initial stage of the ascending curve and
decreases too fast in the descending curve, so it was eliminated. The characteristics of trigonometric
functions are the same as exponential one; after the descending curve intersects the x-axis, y becomes
negative and the equation is invalidated, so it was also eliminated. At present, polynomial, rational
fraction, and piecewise constitutive model are relatively commonly used. Reference [19] proposed the
earliest polynomial constitutive model, which contains only one equation without parameters. This
model can calculate the general outline of the measured stress—strain curve of concrete. Based on the
model of [19], reference [20] proposed a piecewise constitutive model with the ascending segment in
the form of polynomial and the descending segment in the form of a rational fraction. The ascending
segment refers to the curve before the peak stress while the descending one refers to the curve after
the peak stress. The model of [20] can calculate the general outline of the stress—strain curve, but the
model contains no parameters, and it is difficult to ensure the accuracy of the fitting curve. In order
to improve the fitting degree between the constitutive model and the measured stress—strain curve,
reference [21] proposed a fourth-order polynomial equation and a rational fraction equation with a
third-order polynomial denominator, respectively. Both models have a high degree of fit, but both
models mention many parameters which have no clear physical meaning. Therefore, it is difficult
to reflect the mechanical properties of concrete by parameter values. Based on the Weibull material
strength statistical theory, reference [22] proposed a constitutive model applied for freeze-thaw concrete.
The parameters of this model have clear physical meanings, but the deviation of the descending curve
from the measured results is large. Reference [23] proposed a constitutive model for plain concrete in
compression, and the form of the model is simple. The parameters that define the relationship are
physically significant and can be estimated from empirical relationships or determined experimentally.
However, the maximum stress is determined in accordance with ASTM C 39, “Standard Test Method
for Compressive Strength of Cylindrical Specimens”. Therefore, this model is mostly used in cylindrical
specimens, but less in other specimens. In order to improve the fitting degree of the measured curve
and to reflect the mechanical properties of concrete by the parameter values, reference [17] proposed a
piecewise constitutive model with two segments. The ascending one is in the form of a third-order
parabola, while the descending one is in the form of a rational fraction [24]. The model is simple in
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form and has few parameters with clear physical meaning. The model of [17] is commonly used at
present [25,26] on account of the good fitting degree. However, the fitting degree of the model of [17]
is still unsatisfactory when the concrete deterioration is critical [25]. The research results noted above
enrich the study on constitutive model of concrete under uniaxial compression. However, due to
the complexity of service environment of concrete buildings, the process of concrete deterioration
is complex and changeable. In order to describe the plastic deformation process and failure process
of concrete under compression more reasonably, it is necessary to carry out further research on the
constitutive model of concrete under uniaxial compression.

Based on the previous research results, this paper finds that the piecewise constitutive model is
easier to accurately fit constitutive curve of uniaxial compression, the polynomial equation is suitable
for fitting the ascending curve, and the rational fraction equation is suitable for fitting the descending
curve. In view of this, based on the model of [17], this paper proposes an equation in the form of
a fourth-order polynomial in the ascending section. According to the model constraint conditions
proposed by [17], the constraint calculation of this equation is carried out in order to make it contain
single model parameters with clear physical meaning, the descending curve is still using the rational
fraction equation proposed by [17]. First, based on the previous measured results of [27], we used
the new model and traditional constitutive models to analyze the measured stress—strain curve and
compare their respective fitting characteristics and advantages. Then, the new model was used to fit
and analyze the constitutive curve of concrete under uniaxial compressive under various degradation
forms, to verify its applicability [25,28-30]. Finally, the new model was used to quantitatively analyze
and predict the stress—strain curve of concrete in different degradation periods of the measured
freeze-thaw data of [27]. This paper hopes to provide a theoretical basis for the performance analysis
and stability prediction of concrete structures in different deterioration environments.

2. Seven Constitutive Models

2.1. The Hognestad et al. (1955) Model

Reference [19] proposed a unified polynomial constitutive model for the ascending curve and the
descending curve, as shown in Equation (1). This model is dimensionless and has few parameters,
simple form, and convenient calculation. Before this model was proposed, there were few studies on
constitutive model; the proposal of this equation has great guiding significance for the development of
the constitutive model later. The similarity degree of the measured curve and the calculation curve can
be observed intuitively by putting them in a graphical form:

f=2e- &2 1
where f is the stress in the constitutive model of concrete under uniaxial compression, and ¢ is strain.

2.2. The Riisch et al. (1955) Model

In order to meet the actual needs of the project, reference [20] carried out uniaxial compression
tests of concrete under different loading rates and improved Equation (1). The complex continuous
stress—strain curve is simplified into ascending section, which is in the form of the parabolic and
descending section that is in the form of a straight line. This equation is a dimensionless equation
in simple form; it is favored by engineers and has been incorporated into the CEB-FIP MC90
specification [31]. This is the earliest piecewise constitutive equation, after which the piecewise
constitutive model has a great development. For example, the piecewise constitutive equation
proposed by [17] is highly recognized at present. Using the same method demonstrated in Section 2.1,
it is possible to observe the similarity degree between the calculation curve and the fitting curve.
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However, there are some differences between the fitting results of this equation and the measured
curves; for instance, the peak of the curve is discontinuous, and the descending section curves of
different concrete are very different.

2e — &2 0<e<epy @
=11 —015(&L) ez ey

In Equation (2), €y is the peak strain, and ¢, is the strain corresponding to 0.85f, (peak stress) in
the falling section.

2.3. The Saenz et al. (1964) Model

In order to improve the fitting ability of the stress—strain full curve of concrete, reference [21]
used the fourth-order equation to analyze the constitutive curve; as a result, the model parameters
were increased, and the equation form was a dimensionless polynomial, as shown in Equation (3). By
fitting the measured curves, the values of parameters cy, ¢y, c3, and c4 can be obtained. Substituting
parameters mentioned above into Equation (3) can get the fitting curve of Equation (3). The fitting
degree of the measured curve and the fitting curve can be observed intuitively by putting them in a
graph, or by the goodness of fit (R?).

f=ce+ c2e? + c3ed + cpet 3)

2.4. The Saenz et al. (1964) Model

When [21] proposed Equation (3), in order to increase the diversity of fitting results of concrete
constitutive curve; they proposed a rational fraction dimensionless constitutive model with the
denominator of third order, and the model contains 4 parameters, as shown in Equation (4). Using the
same method as in Section 2.3, the fitting degree between the measured curve and the fitting curve can
be observed. .

f= 4)

1 4 coe 4 c3e2 + g8

2.5. The Guan et al. (2014) Model

In order to introduce the damage variable into the constitutive model to characterize the
degradation of concrete materials, reference [22] established a constitutive model of freeze—thaw
damage of concrete based on Weibull material strength statistical theory and meso-statistical damage
mechanics, and according to the uniaxial compression test of freeze-thaw concrete, the parameter m of
the model is fitted. Through the experimentation, reference [22] proved the model can accurately fit
the uniaxial compression constitutive curve of concrete materials under freeze-thaw cycles, and also
can describe the damage evolvement process of concrete. The model of [22] is an emerging constitutive
model mainly used in the field of freeze-thaw concrete, as shown in Equation (5). The similarity degree
of the calculation curve and the fitting curve can be observed intuitively by putting them in a graph.

f= Eeexp[—%(i) ] (5)

In Equation (5), m = 1/In(E&p/fyr)) is a non-negative number; E is the initial elastic modulus of
concrete; and ¢, and f, represent peak strain and peak stress, respectively.

2.6. The Carreira and Chu (1985) Model

Reference [23] proposed a constitutive model for plain concrete in compression, which is suitable
for the constitutive relation of cylindrical specimens. As shown in Equation (6), the model contains an
equation, which can be used to fit the ascending and descending sections of the stress—strain curve,
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respectively. Reference [23] obtained the parameters of the model through empirical relationships
or determined them experimentally. Reference [32] obtained the parameters of the model through
numerical calculation. This paper adopts the method in Reference [32]; due to the complexity of the
calculation process of the model parameters in Reference [32], there is no need to enumerate them here.

B¢/ epr) p=p1 0<e<e), ©

f - f ;;1’ , ﬁ ﬁ — ﬁz e>¢
ﬁ—l—l—(s/sw) pr

In Equation (6), f1 and f, are material parameter that depends on the shape of the stress—strain
curve. Reference [32] points out that parameters f; and f, can be obtained by calculation. When
0 < ¢ < ¢y, by substituting the value of parameter $; into Equation (5), the fitting result of the rising
curve can be obtained, and the value of parameter 8, adopts the same method can get the descent
curve when Epr S €. fp/ is the maximum stress, usually considered as the concrete strength and usually
determined in accordance with ASTM C 39, “Standard Test Method for Compressive Strength of
Cylindrical Specimens”. Moreover, ¢, is the strain corresponding with f,,”. Since the prism specimen
is adopted in this paper, in order to ensure that the peak stress and the peak strain of the fitting curve
are equal to the values of the measured curve, the peak stress f,, is used to replace f,," and the peak
strain &y, to replace ¢,

2.7. The Guo et al. (1997) Model

Reference [17] proposed a piecewise constitutive model, which contains two equations and each
equation contains only one parameter. The first equation is in the form of a third order parabola and
the second equation is in the form of a rational fraction. The first equation can obtain the value of
parameter a after fitting the ascending segment of the stress—strain curve of concrete (the curve before
the peak stress). The second equation can obtain the value of parameter b after fitting the descending
segment of the stress—strain curve of concrete (the curve after the peak stress). By substituting the
value of parameter a into the first equation, the fitting result of the rising curve can be obtained, and
the value of parameter b adopts the same method. This constitutive model is widely used at present,
as shown in Equation (7).

y=ax+ (3—2a)x*>+ (a—-2)x3 0<x<1
x

- 1 @)
/ bx—1) +x i

In Equation (7), y = fffyr, x = ¢/¢p. Parameters a and b have clear physical and geometric
meaning [17]: Under normal circumstances, the parameter a value range from 1.5 to 3 and the
parameter b values range from 0 to positive infinity, while the parameter 2 value may also be less than
1.5 or even negative. If a is smaller or b is larger, such as a is 0 and b is 10, the curve will be steeper, and
the surrounding area under the curve will be smaller, indicating that the plastic deformation capacity
and ductility deformation capacity of the concrete will be smaller, the material will be brittle, the failure
process will be rapid, and the residual strength will be lower. On the contrary, the damage of concrete
is slow and the residual strength is high. Therefore, the parameters a and b can be used to compare or
measure the differences in the mechanical properties of concrete.

The theoretical description of the full curve of [17] is shown in Figure 1; dimensionless coordinates
are used in the drawing.
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1.0

y=6/f;

X=g/5p

Figure 1. Professor Guo’s suggested equation curve.

1Hx=0,y=0;

(2) 0 < x <1, the slope of the curve decreases monotonically, and the curve has no inflection point;
(@) x =1,y =1, dy/dx = 0, the curve is a single value peak;

(4) x > 1, the curve has an inflection point D;

(5) x > 1, the descending curve has the maximum curvature point E;

(6) x— 00, y— 0, dy/dx— 0;

(7)x>20,0<y<1

2.8. The New Model

At present, most of the constitutive models are unified full curve equations for the ascending
curve and the descending curve. However, it is difficult to choose a single curve equation with simple
form which can satisfy the geometric conditions of the constitutive curve and adjust the exact shape
of the curve according to different concrete, so the form of the new constitutive model is piecewise.
Reference [17] proposed that the curve of ascending segment in the form of a third-order parabola has
a higher fitting degree to the constitutive curve of concrete with better mechanical properties, but it
has a low fitting degree to the constitutive curve of concrete, with poor mechanical properties [25]; the
descending curve of rational fraction has a good fitting degree to the constitutive curve of concrete with
various mechanical properties; and both the curve equation of the ascending section and the curve
equation of the descending section contain model parameters with clear physical meaning, which can
be used to describe the mechanical properties of concrete. Thus, the descending curve equation follows
the rational fraction equation proposed by [17]. The ascending curve equation adopts Equation (3),
which is one order higher than Equation (7). The parametric equation can be obtained by combining
with the three boundary conditions of Features (1), (2),and 3) (x=0,y=0;x=1,y =1, x =1, dy/dx = 0).

Because Equation (3) contains four parameters, in order to get a single parametric equation, one of
the four parameters needs to be zero; when ¢4 is zero, the equation has the same form as Equation (7)
when ¢y, ¢p, and c3 are zero. The equations are shown in Equations (8) to (10):

y = cox? + c3x° + cgxt 8)
y=cx+ 30 + cyxt 9)
y=cx+ cox? + eyt (10)

In Equations (8)—(10), ¥ = fffpr, x = &¢/¢py. Combing withx =0,y =0;x =1,y =1, x =1, dyldx = (,
Equations (8)-(10) can be transformed into Equations (11)—(13):

y=(3+c)x* - (2+2c)x° +cxt (11)
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y = (154 0.5¢)x — (0.5 + 1.5¢)x> + cx* (12)
y = (24 2c)x — (1 +3¢c)x® + cx* (13)
Taking Equation (12) as an example, when x = 0, dy/dx = 1.5 + 0.5¢, we get the following:

B df /de| _, ko
=0 fpr/gpr Ep

dy
1.5+ 05c = —
dx

_ Af/ fr

x=0 B de/fpr

(14)

In Equation (14), Eg = df /dely=0 is the initial tangent elastic modulus of concrete, N/mm?; and Ep
= fpr/spr is the peak secant modulus of concrete, N/mm?.
Equation (15) can be obtained from Equation (14):

Eo
=2x—-3 15
c=2x g (15)
It can be seen that c has a clear physical (geometric) meaning—the ratio of the initial tangent
modulus to the secant modulus times 2 minus 3.
By condition (2), when0 <x <1, 0l2y/dx2 = —6(0.5 + 1.5¢)x + 12cx? < 0, the available range of c is as
follows:

<c<1 (16)

Wl

By fitting the ascending section of the stress—strain curve based on Equation (12), and then getting
the value of the parameter ¢, the fitting curve of Equation (12) can be obtained by substituting the
fitting result of ¢ into the equation. The corresponding relationship between the different value of
parameter ¢ and the curve shape before the peak stress is shown in Figure 2. If ¢ > 1, y > 1.0, in the
local area of the rising curve, part of the stress is higher than the peak stress before the peak point,
which obviously violates the actual situation. When —1/3 < ¢ < 1, there is an inflection point on the
curve, but the inflection point and the curvature are not obvious. When ¢ < —1/3, with the decrease
of ¢, the curvature of the curve increases gradually, and a large deformation will occur under small
stress. The shape of the uniaxial compression curve of concrete can reflect the mechanical properties
of concrete, so there is a certain relationship between the value of parameter ¢ and the mechanical
properties of concrete.

Lor AR | |
v Aoty
v X ¥ 3
.

0.5 F v/v ¢ X & 4 4 )tf v . c= 1

A4 ——c=-2

Jio® o o S
(o0 * o
2954 e o

0.0 F 19**’**,*f o —— =~

Figure 2. Dimensionless fitting results of the new model of stress—strain curve of concrete under
uniaxial compression.

In Section 2.7, the fitting equation of the curve of the stress—strain ascending section contains only
one parameter 4, and the value of parameter a can reflect the ductile deformation capacity of concrete.
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Equation (12) is derived from Equation (7) and it contains only one parameter ¢, so it can be known
from Section 2.7 and Figure 2 that ¢ has a clear physical meaning: If c is smaller, the curve will be
steeper and the surrounding area under the curve will be smaller, the plastic deformation capacity
and ductility deformation capacity of the concrete will be smaller, the failure process will be rapid,
and the residual strength will be lower. In contrast, the ductility deformation capacity of concrete and
residual strength will be higher. Therefore, the mechanical properties of concrete can be measured by
the numerical value of parameter c.

By using the same method, it can be concluded that the parameter c in Equation (11) is meaningless.
Using Equation (11) to fit the ascending section of the stress—strain curve can get the value of the
parameter c. The mechanical properties of concrete represented by parameter c are the same as Equation

(12); the range of c is as follows:
-3<c<0 (17)

It can be seen that ¢ has a clear physical (geometric) meaning—the ratio of the initial tangent
modulus to the secant modulus is reduced by 2 and then multiplied by —0.5. Using Equation (13) to
fit the ascending section of the stress—strain curve can get the value of parameter c. The mechanical
properties of concrete represented by parameter ¢ are the same as Equation (12); the range of c is
as follows:

<c< (18)

Wl
Q=

3. Method and Materials

3.1. Concrete Mix Proportion

Reference [27] designed four groups of concrete specimens with the strength grade of concrete
and the amount of air entraining agent as variables, respectively numbered as Ordinary C40, Ordinary
C50, Air-entraining C40, and Air-entraining C50; these four groups of concrete are respectively referred
to as O-C40, O-C50, AE-C40, and AE-C50. The concrete mix proportion is shown in Table 1.

Table 1. Concrete mix proportion (material consumption per cubic meter).

Grouping Desigcr:loitcieexzfth of W/C Ratio V(Vlf;r Cx:lr(ngeint S(leig;i S(tl?gn)e W-I({klz)gent A-]i lf;g)ent
1 O-C40 0.49 195 398 615 1192 - -
2 O-C50 0.40 195 488 533 1184
3 AE-C40 0.42 160 380 622 1225 41 0.567
4 AE-C50 0.34 155 455 570 1265 6.5 2.000

3.2. Measured Results

The concrete specimens are cast in a size of 100 mm X 100 mm X 300 mm, and the freeze-thaw test is
performed according to the “Test method for long term performance and durability of ordinary concrete”
(GB50082-2009). Each freezing-and-thawing cycle is completed within 2 to 4 h; the melting time is more
than 1/4 of the time of a freezing-and-thawing cycle. The central temperature of concrete specimens at
the end of freezing and thawing is =18 + 2 °C and 5 + 2 °C, respectively. Dynamic modulus of elasticity
and mass of concrete specimens are measured every 50 freezing-and-thawing cycles, as shown in
Figure 3. Concrete uniaxial compression test is carried out on a WAW-1000 microcomputer-controlled
electro-hydraulic servo universal testing machine, using a displacement-controlled constant loading
rate method with a loading rate of 0.1 mm/min. For ordinary concrete, the stress—strain curve is tested
when the number of freezing and thawing cycle is 0, 50, 100, and 150; and the stress—strain curve of
air-entrained concrete is tested when the number of freezing-and-thawing cycle is 0, 100, 200, 300, and
400, as shown in Figure 4.
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-0 e 0-C40 10

a0t e 0-C50

| . AE-C40 309
e AE-C50

2.0 F 0.90

quality loss rate/%
relative dynamic modulus of elasticity/%
° s
o

. /' 0. 80

— —=— (0-C40

0.75 —e— (0-CH0
—a— AE-C40
0.70 —v— AE-C50

— 1 . 0 1 1 1 1 1 1 1 1 0 65 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 40C 0 50 100 150 200 250 300 350 40(
time/freezing thawing cycle time/freezing thawing cycle
(a) (b)

Figure 3. Mass loss rate and relative dynamic elastic modulus of concrete after freeze-thaw cycles:
(a) quality loss rate of concrete; (b) relative dynamic modulus of elasticity of concrete.

—— 0O cycles [ 7% —— 0 cycles

—+— S0cycles 0F 7 3 —— 50 cycles
—+—100 cycles A —+—100 cycles
—=— 150 cycles | 77 \'\v —=— 150 cycles

1
0.010 0.015 0. 020
£
(a (b)
50 -
—=— 0 cycles lgocyclels

f’ —=— 100 cycles 200 cycles
40 - ¥ / —— 200 cycles cycles
F —~— 300 cycles

—v— 300 cycles

S —+— 400 cycles 400 cycles

o(N/mm?)

: — A QN
. a=ad
| ok 1 1 1 1
0.00¢  0.000 0. 002 0. 004 0. 006 0.008
£ £
(© (d)

Figure 4. Stress—strain curve of concrete specimens under uniaxial compression after freeze—thaw
cycles: (a) O-C40 concrete; (b) O-C50 concrete; (c¢) AE-C40 concrete; and (d) AE-C50 concrete.
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4. Result and Discussion

4.1. Comparison of Fitting Results of Constitutive Models

Put the measured curve and the calculated curve or fitting curve in the same graph, so that their
fitting degree can be observed. In order to prevent the accidental results of the fitting results, 50,
100, and 150 cycles of freeze-thaw cycles were conducted on ordinary C50 concrete. The results of
stress—strain curves are shown in Figure 5. The black triangle dot is the measured result, and the red
line is the fitting result; dimensionless coordinates (x = &/epr, y = f/fpr, Xy = €u/€pr) are used in the figure.
Figure 5a—g shows the fitting results of Equations (1) to (7), respectively, and Figure 5h—j shows the
fitting results of Equations (11) to (13), respectively. Among them, the graphs of Figure 5a—f are the
fitting results of the complete stress—strain curve for concrete; Figure 5g contains the fitting results of
the ascending section and the descending section of the stress—strain curve; and Figure 5h—j shows the
fitting results of the ascending section of the stress—strain curve for concrete.

Figure 5 shows the fitting results of seven traditional constitutive models and three new constitutive
models. It can be seen that the model of [19], although simple in form and easy to calculate, has a large
difference between the measured curve and the fitting result, and the fitting result is difficult to reflect
the process of failure deformation and damage accumulation after the concrete is compressed. The
fitting result of the ascending curve of the model of [20] is the same as that of the model of [19], which
is different from the measured curve. This model can hardly reflect the change of residual stress and
the plastic deformation process of concrete. Reference [21] (Equation (3)) has too many parameters,
and the parameter changes have no regularity to follow, so it is difficult to describe the change of the
mechanical properties of concrete through the parameter values. The goodness of fit (R?) is less than
0.94; the fitting results are quite different from the measured curve, which is also difficult to reflect the
deformation and failure process of concrete under compression. The fitting results of [21] (Equation (4))
have a high integration degree with the measured curve, and the goodness-of-fit results are all above
0.99, which can well describe the geometrical shapes of the stress—strain curve of concrete. However,
there are too many parameters in the model, and the change of parameters are irregular; it is also
difficult to describe the mechanical properties of concrete through the value of the parameters. The
model parameters in [22] are few and have clear physical significance, which can reflect the mechanical
properties of concrete, but there are some differences between the fitting result and the calculated curve,
so the mechanical properties of the concrete obtained through the parameter values are not accurate.
The calculated curve of the model of [23] is quite different from the measured curve. Therefore, it is
difficult for this model to fit the shape of the stress—strain curve of concrete. Since the prism specimen
is used in this paper, and the model of [23] is applicable to the cylinder specimen. Therefore, there is
some difference between the calculated curve and the measured curve.
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Figure 5. Fitting results of constitutive model of freeze-thaw concrete: (a) reference [19]; (b) reference [20];
(c) reference [21]; (d) reference [21]; (e) reference [22]; (f) reference [23]; (g) reference [17]; (h) the new model
one; (i) the new model two; (j) the new model three; 50, 100, and 150 are numbers of freeze—thaw cycles.
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Both the ascending curve equation and descending curve equation of the model of [17] have only
one parameter, which is easy to calculate; the parameters are independent of each other and have clear
physical meaning, so they can fit the ascending curve and the descending curve. When the freeze-thaw
cycle is 50 times, the measured results of the ascending section of the concrete constitutive curve has a
high integrating degree with the fitting results, and goodness of fit is above 0.99. However, with the
deepening of the deterioration of concrete, the difference between measured curve of the ascending
section and the fitting result increases gradually; when the freeze-thaw cycle is 150 times, the goodness
of fit is below 0.90, but it can still roughly describe the outline of the ascending section curve. The
measured results of the descending section of the constitutive curve has a high integrating degree
with the fitting results; the goodness of fit are all above 0.99, which can accurately reflect the plastic
deformation process of concrete and the change of residual stress. The fitting results of the three new
models have a high integration degree with the measured results; by comparing the goodness of fit,
it can be found that the R? of the new model two is the highest and it also has the best fitting result.
When the freeze-thaw cycle is 50 and 100 times, R? is as high as 0.9965 and 0.99645. Respectively,
the fitting results are better than any one of the constitutive models. when the freeze—thaw cycle is
150 times, the deterioration of concrete is more serious, but the goodness of fit of the new model two is
more than 0.96, indicating that the new model two can be used to “precisely” fit the rising section of
the uniaxial compression constitutive curve of freeze—thaw concrete.

By comparison, it is found that the fitting results of the model of [17] and the new model two
have a high integration degree with the measured curve, at present, the fitting of constitutive curve of
concrete under uniaxial compression is more accurate and popular by [17]. Figure 5g shows that the
fitting results of the descending curve fitted by the model of [17] are relatively accurate, but under
the same freeze-thaw times, the goodness of fit of the ascending curve section of the model of [17] is
less than that of the new model two. In order to compare the accuracy of the fitting results of the two
models more reasonably, the stress—strain curve of 50, 100, and 150 times of freezing and thawing of
ordinary C40 concrete (Figure 6a) and ordinary C50 concrete (Figure 6b) were selected, and the fitting
results of the two models were compared in one picture, as shown in Figure 6.
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Figure 6. Comparison results between the model of [17] and the new model two: (a) O-C40 concrete;
(b) O-C50 concrete; 50, 100, and 150 are numbers of freeze—thaw cycles.

It can be seen from Figure 6 that the ordinary C50 concrete with 50 times of freeze—thaw cycle has
higher strength, the fitted results of the two models are almost seamlessly connected with the measured
curve, and R? results are all above 0.99. As the deterioration of the concrete deepens, the degree of
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deviation between the fitting result fitted by the model of [17] and the measured curve is gradually
increase. When the freeze-thaw cycle was 150 times, R?; (the goodness of fit of the model of [17]) was
less than 0.9. The fitting curve of the model of [17] decreases first and then increases, meaning that
the stress before the curve rises is less than zero. Therefore, it is obviously not in line with the actual
law. The fitting result of the new model two gradually deviates from the measured curve with the
deepening of concrete deterioration, but R’y (the goodness of fit of the new model) is always higher
than 0.96, and the fitting results always have a high integration degree with the measured curve. The
fitting curve of the new model two is always surrounded by the fitting curve of [17]. In the ordinary
C40 concrete with low strength, the fitting curve of [17] has negative stress areas. The maximum value
of R% is only 0.94, and the minimum value is as low as 0.85, so the fitted result has severely deviated
from the measured curve; the minimum value of R2 ~ of the new model two is 0.95, which is higher
than the maximum value of R’ and always keeps a high integration degree with the measured curve.
There is almost no negative stress area in the fitting results, which is more in line with the reality. In
summary, the new model two proposed in this paper has a high integration degree to the measured
curve of concrete, and almost no negative stress areas appear and is more in line with actual.

4.2. Applicability of the New Model

In order to explore the applicability of the new model to the stress—strain curve of concrete under
uniaxial compression under other state of deterioration, four groups of measured data of concrete
under different deterioration situations were selected, which are high temperature failure, dry-wet
cycle failure, freeze—thaw cycle failure, and high temperature failure after freeze-thaw cycle [25,28-30].
The fitting results of the model of [17] and the new model were compared in Figure 7.
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Figure 7. Comparison results between the model of [17] and the new model two: (a) high temperature
failure of concrete, 300, 600, and 800 are exposure temperatures; (b) dry—wet cycle failure of concrete,
120, 240, and 360 are erosion days; (c) freeze-thaw cycle failure of concrete, 100, 175, and 200 are
freezing-and-thawing times; (d) high temperature failure after 25 freeze-thaw cycles of concrete, 300,
400, and 500 are exposure temperatures.

The fitting curve of the new model has a high degree of integration with the measured curve. The
goodness of fit of the new model is greater than that of the model of [17] and the fitting curve of the
new model are surrounded by the fitting curve of the model of [17]. Therefore, the fitting results of the
new model is the best.

Therefore, this paper uses Equation (19) to fit and analyze the measured stress—strain curve in
Figure 4:

y = (1.5+0.5¢)x — (0.5 4 1.5¢)x% 4 cx# 0<x<1
yo— % (19)
b(x—1)* +x

Here, c is the parameter in the fitting equation of the ascending curve (the curve before the peak
stress), which can be obtained by fitting the curve before the peak stress; and b is the parameter in the
fitting equation of the descending curve (the curve after the peak stress), which can be obtained by
fitting the curve after the peak stress.

4.3. Fitting and Prediction of Stress—Strain Curve of Concrete

The stress—strain curve of concrete under uniaxial compression is the most basic constitutive
relation, which can fully reflect the strength, toughness, and ductile deformation of concrete materials,
etc. Equation (19) is used to fit the constitutive curve of concrete under uniaxial compression; the value
of the parameter can be used to reflect the mechanical properties of concrete by fitting the value of
parameters, and can also study the evolution law of mechanical properties of concrete through the
change of parameters. The fitting parameters c and b of the measured curve in Figure 4 are shown in
Table 2.

Table 2. The parameter fitting results of the new model.

Number of 0-C40 0-C50 Number of AE-C40 AE-C50
Freeze-Thaw Cycles c b c b Freeze-Thaw Cycles c b c b
0 —-0.69 0.78 —-0.02 1.13 0 -0.19 2.24 0.04 291
50 —2.67 2.83 -1.23 2.76 100 -0.45 2.61 -0.44 2.98
100 -3.82 10.74 -2.26 5.37 200 -0.55 3.05 —-0.56 3.05
150 -3.22 7.78 -3.27 4.06 300 -1.43 3.45 —-0.60 3.11
— — — — — 400 -1.66 3.61 -1.01 3.16

As can be seen from Table 2, with the increase of the number of freeze—thaw cycles, parameter
c of AE-concrete is gradually decreased, parameter b is gradually increased, the curve becomes
increasingly steep (Figure 8), and the lower surrounding area becomes increasingly small. From the
geometric definitions of Sections 2.7 and 2.8, we can know that the materials of AE-concrete become
brittle gradually, ductility and residual strength become increasingly low, and the failure process is
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increasingly rapid; this is consistent with the law of the gradual decrease of the mechanical properties of
concrete obtained from the actual measurement results. Parameter c of the O-C40 concrete with lower
strength decreases first and then increases; parameter b increases first and then decreases; and the curve
steepens first and then slows down slightly, indicating that the ductility and residual strength of O-C40
concrete decreases first and then increases slightly. This is different from the law of gradual decrease
of peak strength of O-C40 concrete. Parameter b of the O-C50 concrete also decreases first and then
increases, indicating that the law of ductility change is similar to that of the O-C40 concrete. In Figure 6,
the numerical change of parameter a of the model of [17] verified this phenomenon. In Figure 7c, the
change of R’ also verified this phenomenon, which phenomenon can be seen in concrete with serious
deterioration. Figure 7c shows the freeze-thaw data of another article: Through the quantitative
analysis of the new model and the model of [17], it is found that the ductile deformation capacity of
concrete decreases first and then increases slightly, which verifies the finding in this paper. Therefore,
if the deterioration of concrete is serious, the deformation and flexibility of it does not decrease with
the deepening on the deterioration of concrete, but decreases first and then slightly increases.

1.0 —— Ocycle 0T —— 0 cycle
—— 50 cycle —=— 50 cycle
——100 cycle ——100 cycle
—— 150 cycle —— 150 cycle
w
™~
0.5 \-k;_‘l 0.5
.
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Figure 8. Dimensional fitting curve of stress—strain for freeze-thaw concrete under uniaxial compression:
(a) O-C40 concrete; (b) O-C40 concrete; (¢) AE-C40 concrete; and (d) AE-C40 concrete.

The ductile deformation capacity, plastic deformation capacity, and residual strength of ordinary
concrete decrease first and then increase, so there must be a moment that the ductility and plastic
deformation capacity of concrete are minimum. Take O-C40 concrete as an example to study the
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relationship between its ductile deformation capacity and the number of freeze—thaw cycles; its uniaxial
compression failure process is shown in Figure 8.

The change rule of the fitting results (Table 2) indicates that the ductility and plastic deformation
capacity of the O-C40 concrete is not completely reduced as the strength of the concrete decreases. As
shown in Figure 9a,b, this is due to the high compactness of concrete in the early stage of freezing and
thawing. At this time, the strength and toughness of concrete are the best. In the process of uniaxial
compression of concrete, the higher compactness and integrity support the higher ductility and plastic
deformation ability of concrete [33,34]. In the late stage of freezing and thawing, the O-C40 concrete
has been damaged many times by freezing-thawing, the internal structure of concrete is deteriorated
seriously, and the compactness and strength of concrete are low. As shown in Figure 9, the porosity and
the degree of osteoporosis of concrete increase, and many micro-cracks appear. As the loading process
progresses, the micro-cracks and loose parts of the concrete are closed by compression, showing a
phenomenon of being compacted [27]; under small stress, there will be large deformation. Therefore,
the plastic deformation starts to accelerate, and the concrete breaks and produces many small cracks
when the loading force exceeds its bearing capacity; although the concrete has been damaged at this
time, due to its low brittleness, it will not break into several large blocks in an instant. However, the
internal small crack gradually expands and penetrates, eventually forming a large through crack; the
failure process of concrete is not rapid. As shown in Figure 4, we can see the residual strength of the
concrete after freeze—thaw cycle 150 times is higher than that of freeze—thaw 100 times. Therefore, the
concrete still has certain ductility and plastic deformation ability in the later stage of freeze—thaw; in
the middle of freeze-thaw, the porosity of concrete has increased, so its compactness and strength are
lower than that of concrete in the initial stage of the freezing-and-thawing cycle, but higher than that
of concrete in the later stage of freezing-and-thawing cycle. Due to the reduction of concrete strength,
the toughness at this time is not enough to support sufficient ductility and plastic deformation of the
concrete; also, because the concrete interior is not “loose” enough, the ductility and plastic deformation
capacity of concrete are lower than that of late freeze-thaw. The brittle fracture of the concrete suddenly
occurred during compression, forming multiple large cracks and breaking into several larger blocks, as
shown in Figure 9¢; its ductility and plastic deformation capacity decreased rapidly with the fracture
of the concrete specimens. At this time, the ductility and plastic deformation ability of concrete are the
weakest, the residual strength is the lowest, and the failure process is the fastest. Therefore, there is a
moment when the ductility and plastic deformation capacity of the concrete are the smallest during the
degradation process. This paper names this moment as the minimum moment of ductile deformation
capacity of concrete (MDC).

(a) (b) (© (d)

Figure 9. Failure mode of O-C40 concrete under uniaxial compression: (a) 0; (b) 50; (c) 100; (d) 150; 0,

50, 100, and 150 are numbers of freeze-thaw cycles.
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In order to obtain the stress—strain curve of concrete in any deterioration period, and then to predict
and study the mechanical properties of concrete, and also to explore the corresponding freeze-and-thaw
times of the MDC, the relationship among the peak stress, the peak strain, parameters c in the ascending
curve section, and parameter b in the descending curve section were established. Moreover, the number
of freeze-thaw cycles of O-C40 concrete, O-C50 concrete, AE-C40 concrete, and AE-C50 concrete
specimens under the action of freeze-thaw cycle were established by using the least square method, as
shown in Equations (20)—(23):

for = 40.21 — 0.55043N + 0.00573N? - 2.11067 x 107°N3
epr = 0.00195 + 6.39733 x 10°N + 4.296 X 10~/N? - 2.72533 x 10N>

2

c = —0.68985 — 0.04235N — 7.176 x 10~°N2+1.18004 x 10~°N? (20)
b = 0.78083 — 0.12899N + 0.00451N? — 2.22899 x 10~°N3
for = 52.87 — 0.4682N + 0.00369N? — 1.148 x 10°N°
epr = 0.00212 + 4.63667 X 10N —2.82 X 1077 N? + 1.41333 x 10N? 1)
c = —0.68985 — 0.04235N — 7.176 x 10"°N2+1.18004 x 10~°N3
b = 1.13144 — 0.01004N + 0.00118N? — 6.54031 x 107°N3

for = 45.36 — 0.00685N—1.88917 x 10~*N2+1.145 x 107 °N3-1.90833 x 10~N*

gpr = 0.00201 + 9.375 X 10"°N—-1.06375 x 107 N?+4.525 X 107 1N3-5.625 x 10" 1°N* )

c = —0.18862 + 0.00108N — 2.71543 x 10~°N? + 3.75995 x 108 N3

b = 2.22193 + 0.00266N + 1.18126 x 10"°N?—-2.49818 x 10-8N3

for = 59.5 - 0.08837N+1.88 X 107°N?-5.2225 x 10 "°N>+6.62083 x 10~/ N*

gpr = 0.0017 + 7.4521 X 107N —-7.74979 x 10~8N?+3.1404 x 10~ 1ON3-3.857 x 10~ 13N* 23)

¢ = 0.03453 — 0.00792N + 3.67886 x 10"°N? — 5.86856 x 1078 N3
b = 2.9101 + 4.50523 x 1074N + 1.78976 x 10"°N?—-3.43367 x 10~°N3

In Equations (20)—(23), f,r is the peak stress of concrete; ¢, is the peak strain of concrete; b and ¢
are model parameters; and N is the number of freezing and thawing.

According to Equations (20)-(23), the constitutive curve of freeze-thaw concrete in any
deterioration period can be predicted. Figure 10 shows the comparison between the predicted
result and the measured result.

It can be seen from Figure 10 that the predicted curve has a high integration degree with the
measured result, indicating that this method can be used to predict the geometric shape of the concrete
constitutive curve for any number of freeze-thaw cycles, and further study the changes of mechanical
properties of concrete such as peak stress, peak strain, ductile deformation ability, and residual strength.

According to Equation (20), the minimum value of the parameter ¢ of O-C40 concrete is —3.865
and the corresponding number of freeze—thaw cycles is 111.42, the maximum value of the parameter b
is 11.735 and the corresponding number of freeze—thaw cycles is 118.63, indicating that the MDC of the
ordinary C40 concrete is about 111-118 times of freezing and thawing. According to Equation (21), the
maximum value of the parameter b is 5.636, and the corresponding number of freeze—thaw cycles is
115.86, indicating that the MDC of the O-C50 concrete is about 116 times of freezing and thawing.

In the study of this paper, the MDC only appears in ordinary concrete, but this phenomenon
does not occur in air entraining concrete. The reason is that the ordinary concrete deteriorates faster;
the compressive strength of O-C40 concrete and O-C50 concrete suffering 100 cycles of freezing
and thawing decreased by 0.48 and 0.40, respectively, compared with that of unfreezing—thawing
concrete, while that of AE-C40 concrete and AE-C50 concrete suffering 400 cycles of freezing and
thawing decreased by 0.19 and 0.17, respectively, compared with that of unfreezing—thawing concrete.
Therefore, the MDC usually occurs when the sample is damaged seriously, at this moment, the ductile
deformation capacity of concrete is the weakest, the damage process is the fastest, and the concrete
instantly break into several larger test blocks. Therefore, in practical engineering, we should not
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only pay attention to the change of concrete strength, but also the MDC, because once the concrete is
destroyed when its ductility is the weakest, the damage speed of concrete is difficult to control and the
loss is immeasurable. At present, the MDC can only be obtained by using the computing method in
this paper. In the future, the research of the construction curve should pay attention to this aspect of

the MDC, and it is also important to develop a more accurate forecasting methods for the MDC.
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Figure 10. Comparison between the predicted stress—strain curve of freeze-thaw concrete and the
measured one: (a) O-C40 concrete; (b) O-C40 concrete; (¢) AE-C40 concrete; and (d) AE-C40 concrete.

It can also be found in Figure 3 that the mass loss of concrete has not decreased to 5% and the
relative dynamic elastic modulus has not decreased to 60% during the number of freeze-thaw cycles
100-150, but the MDC arrived, and the compressive strength of O-C40 concrete and O-C50 concrete
also decreased by more than 0.48 and more than 0.40, respectively. It is obvious that during this period
the compression concrete is prone to brittle fracture. Therefore, the evaluation of the frost resistance
of concrete under low temperature or freeze-thaw environment cannot only refer to the changes of
physical macroscopic index, and also should include the research of ductility deformation ability and
mechanical index of concrete, in order to meet the requirements of safety assessment.

5. Conclusions

In this paper, a new constitutive model of concrete under uniaxial compression was proposed,
and its fitting characteristics and advantages were compared with traditional constitutive models.
The applicability of the new model to the uniaxial compressive stress—strain curve of concrete under
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various degradation forms was verified, and the new model was used to quantitatively analyze and
predict the stress—strain curve of concrete in different degradation periods. From the research in this
paper, the following conclusions can be obtained:

(1) Compared with traditional constitutive models, the new model is simple in form and has few
parameters; the parameter value can reflect the ductility and deformation of concrete. The fitting curve
of the new model has the highest fitting degree with the measured stress—strain curve of concrete, and
the goodness of fit (R?) is also the largest. The predicted curve of concrete obtained by the new model
coincide with the measured constitutive curve.

(2) The new model is suitable for fitting the stress—strain curve of concrete under uniaxial
compression under various deteriorating forms. For concrete with good mechanical properties, the
fitting results of the new model are almost seamless with the measured results. For concrete with
poor mechanical properties, the fitting results of the new model can still maintain a high degree of the
goodness of fit with the measured results, and the fitting results are basically free of stress less than
zero. Therefore, the fitting results of the new model are more accurate.

(3) The quantitative analysis results of the measured curve show that the ductile deformation
capacity of concrete does not decrease with the deepening on the deterioration of concrete, but
decreases first and then increase slightly. This phenomenon is often seen in concrete with serious
deterioration, and the conclusion is also obtained by using the model of [17] to quantitatively analyze
the measured curve.

(4) By collating the quantitative analysis results of the measured constitutive curve, it can be
concluded that there is the MDC in the process of concrete deterioration. The MDC of O-C40 concrete
is about 114 freeze-thaw cycles, and the MDC of O-C50 concrete is about 116 freeze-thaw cycles.

Author Contributions: Y.G. completed the statistical analysis and wrote the paper; X.R., ].Z. and L.Z. provided
the writing ideas and supervised the study; S.Y., X.Y. and W.Z. did the numerical analysis. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by The National Natural Science Fund (Grant No. U1765204).

Conflicts of Interest: The authors declare that there are no conflicts of interests regarding the publication of
this paper.

References

1.  Long, G.-C; Xie, Y.-].; Deng, D.-H.; Li, X.-K. Deterioration of concrete in railway tunnel suffering from sulfate
attack. J. Cent. South Univ. Technol. 2011, 18, 881-888. [CrossRef]

2. Mehta, PK. Concrete durability: Fifty year’s progress. In Proceedings of the 2nd International Conference
on Concrete Durability, Montreal, QC, Canada, 4-9 August 1991; pp. 1-33.

3.  Tian,L.;Chen,].; Zhao, T. Durability of lining concrete of subsea tunnel under combined action of freeze-thaw
cycle and carbonation. J. Wuhan Univ. Technol. (Mater. Sci.) 2012, 27, 779-782. [CrossRef]

4. Shen, J.; Gao, X,; Li, B.; Du, K;; Jin, R.; Chen, W.; Xu, Y. Damage Evolution of RC Beams Under Simultaneous
Reinforcement Corrosion and Sustained Load. Materials 2019, 12, 627. [CrossRef] [PubMed]

5. Lu,J;Zhu, K, Shao, Y,; Liu, Y. Experimental study on compressive behaviors of concrete subjected to loading
history and sulfate attack in wet-dry cycle environment. Concrete 2017, 10, 4649, 56.

6. Shang, H.S.; Song, Y.P; Qin, L.K. Experimental study on strength and deformation of plain concrete under
triaxial compression after freeze-thaw cycles. Build. Environ. 2008, 43, 1197-1204.

7. Li, WH.; Wang, Y.H.; Bao, Y.W.; Yang, Z.M. A New Method for Studying the Damage in Concrete Subjected
Single Face Salt Freezing Cycle. Key Eng. Mater. 2016, 680, 56-59. [CrossRef]

8.  Dong, W,; Shen, X.-D.; Xue, H.-].; He, J.; Liu, Y. Research on the freeze-thaw cyclic test and damage model of
Aeolian sand lightweight aggregate concrete. Constr. Build. Mater. 2016, 123, 792-799. [CrossRef]

9.  Saboori, A. Application of Damage Mechanics to Describe the Behavior of Concrete under Fatigue and
Freeze-Thaw Processes. Ph.D. Thesis, North Dakota State University, Fargo, ND, USA, 2015; pp. 3-22.

10. Ding, L. Constitutive Relationship of Plain Concrete under Uniaxial Load. Ph.D. Thesis, National University
of Singapore, Singapore, 2005.


http://dx.doi.org/10.1007/s11771-011-0777-4
http://dx.doi.org/10.1007/s11595-012-0547-7
http://dx.doi.org/10.3390/ma12040627
http://www.ncbi.nlm.nih.gov/pubmed/30791520
http://dx.doi.org/10.4028/www.scientific.net/KEM.680.56
http://dx.doi.org/10.1016/j.conbuildmat.2016.07.052

Materials 2020, 13, 2048 22 of 22

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Du, T.; Wang, W.; Liu, Z.; Lin, H.; Guo, T. The complete stress strain curve of recycled aggregate concrete
under uniaxial compression loading. J. Wuhan Univ. Technol. (Mater. Sci.) 2010, 25, 862-865. [CrossRef]
Peng, Y.; Wang, Q.; Ying, L.; Kamel, M.\M.A.; Peng, H. Numerical Simulation of Dynamic Mechanical
Properties of Concrete under Uniaxial Compression. Materials 2019, 12, 643. [CrossRef]

Tasnimi, A.A.; Lavasani, H. Uniaxial Constitutive Law for structural concrete members under monotonic
and cyclic loads. Sci. Iran. 2011, 18, 150-162. [CrossRef]

Liu, M.H.; Wang, Y.F. Damage Constitutive Model of Fly Ash Concrete under Freeze-Thaw Cycles. . Mater.
Civ. Eng. 2012, 24, 1165-1174. [CrossRef]

Van Mier, ].G.M.; Shah, S.P.; Arnaud, M.; Balayssac, ].P.; Bascoul, A.; Choi, S.; Dasenbrock, D.; Ferrara, G.;
French, C.; Gobbi, M.E ; et al. Strain-softening of concrete in uniaxial compression. Mater. Struct. 1997, 30,
195-209. [CrossRef]

Sargin, M. Stress Strain Relationships for Concrete and the Analysis of Structural Concrete Sections; University of
Waterloo: Waterloo, ON, Canada, 1971.

Guo, Z. Strength and Deformation of Concrete: Test Basis and Constitutive Relation; Tsinghua University Press:
Beijing, China, 1997.

Chen, W.; Suzuki, H. Constitutive models for concrete. Comput. Struct. 1980, 12, 23-32. [CrossRef]
Hognestad, E. Concrete stress distribution in ultimate strength design. J. ACI 1995, 52, 455—-479.

Riisch, H. Research toward a General Flexural Theory. J. ACI 1960, 32, 1-28.

Popvics, S. A review of stress strain relationships of concrete. . ACI 1970, 67, 243-248.

Guan, X.; Niu, D.T.; Wang, J.; Wang, Y. Study of the Freeze-Thaw Damage Constitutive Model of Concrete
Based on WEIBULL's Strength Theory. Appl. Mech. Mater 2014, 584-586, 1322-1327. [CrossRef]

Carreira, D.J.; Chu, K.H. Stress strain relationship for plain concrete in compression. J. ACI 1985, 82, 797-804.
Guo, Z,; Zhang, X.; Zhang, D.; Wang, R. Experimental study on the complete stress strain curve of concrete.
J. Build. Struct. 1982, 3, 1-12.

Duan, A,; Jin, W.; Qian, J. Effect of freeze-thaw cycles on the stress strain curve of unconfined and confined
concrete. Mater. Struct. 2011, 44, 1309-1324.

Huang, B.; Qian, C. Experiment study of chemo-mechanical coupling behavior of leached concrete.
Constr. Build. Mater. 2011, 25, 2649-2654. [CrossRef]

Wang, Y. Research on Mechanical Behavior and Seismic Performance of Concrete Structure under the
Freeze-Thaw Cycles. Ph.D. Thesis, Xi’an University of Architecture and Technology, Xi’an, China, 2017.
Zhai, Y.; Deng, Z.; Li, N.; Xu, R. Study on compressive mechanical capabilities of concrete after high
temperature exposure and thermo-damage constitutive model. Constr. Build. Mater. 2014, 68, 777-782.
[CrossRef]

Jiang, L.; Niu, D. Study of constitutive relation of concrete under sulfate attack and drying-wetting cycles.
Zhongguo Kuangye Daxue Xuebao/]. China Univ. Min. Technol. 2017, 46, 66-73.

Xie, Q.; Yang, L.; Hu, F.; Hao, W.; Yin, S.; Zhang, L. Degradation Behavior of Concrete after Freeze-Thaw
Cycles and Then Exposure to High Temperatures. Adv. Mater. Sci. Eng. 2019, 2019, 1-12. [CrossRef]
Comite Euro-International Du Beton. CEB-FIP MODEL CODE 1990(DESIGE CODE); Bulletin D information
No.213/214; Thomas Telford Services Ltd.: Thomas Telford House, Switzerland, May 1993; Available online:
https://www.icevirtuallibrary.com/doi/book/10.1680/ceb-fipmc1990.35430 (accessed on 25 April 2020).
Aslani, F; Jowkarmeimandi, R. Stress—strain model for concrete under cyclic loading. Mag. Concr. Res. 2012,
64, 673-685. [CrossRef]

Liang, Y.; Yuan, Y. Constitutive relation of sulfate attacked concrete under uniaxial compression. J. Harbin
Inst. Technol. 2008, 40, 532-535.

Niu, D.; Jiang, L.; Fei, Q. Deterioration Mechanism of Sulfate Attack on Concrete under Freeze-thaw Cycles.
J. Wuhan Univ. Technol. Sci. 2013, 28, 1172-1176. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11595-010-0109-9
http://dx.doi.org/10.3390/ma12040643
http://dx.doi.org/10.1016/j.scient.2011.03.025
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000491
http://dx.doi.org/10.1007/BF02486177
http://dx.doi.org/10.1016/0045-7949(80)90091-7
http://dx.doi.org/10.4028/www.scientific.net/AMM.584-586.1322
http://dx.doi.org/10.1016/j.conbuildmat.2010.12.014
http://dx.doi.org/10.1016/j.conbuildmat.2014.06.052
http://dx.doi.org/10.1155/2019/9378935
https://www.icevirtuallibrary.com/doi/book/10.1680/ceb-fipmc1990.35430
http://dx.doi.org/10.1680/macr.11.00120
http://dx.doi.org/10.1007/s11595-013-0839-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Seven Constitutive Models 
	The Hognestad et al. (1955) Model 
	The Rüsch et al. (1955) Model 
	The Saenz et al. (1964) Model 
	The Saenz et al. (1964) Model 
	The Guan et al. (2014) Model 
	The Carreira and Chu (1985) Model 
	The Guo et al. (1997) Model 
	The New Model 

	Method and Materials 
	Concrete Mix Proportion 
	Measured Results 

	Result and Discussion 
	Comparison of Fitting Results of Constitutive Models 
	Applicability of the New Model 
	Fitting and Prediction of Stress–Strain Curve of Concrete 

	Conclusions 
	References

