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This paper presents a proposed uniaxial damaged plastic constitutive relation of recycled aggregate concrete (RAC) based on
the experimental studies. A total of five groups of RAC specimens with different recycled coarse aggregate (RCA) re-
placement percentages of 0, 25%, 50%, 75%, and 100%, respectively, are tested under both monotonic loading and cyclic
loading. The effect of the RCA replacement percentage is thoroughly investigated on a variety of mechanical properties,
including the compressive strength, the peak strain, and the elastic modulus. Based on the test results, a uniaxial damage
plastic constitutive relation of the RAC is proposed within the continuous thermodynamics framework. After validated by
the experimental results, the proposed damaged plastic constitutive relation of the RAC is applied to perform nonlinear
analysis of the RAC columns under cyclic loading, which provides close predictions of the hysteresis behavior of the

RAC columns.

1. Introduction

Due to rapid urbanisation in recent years, the engineering
construction grows substantially worldwide, particularly in
China. A large amount of waste concrete has been produced
due to the renovation or demolition of existing buildings,
which occupies a lot of land and may have a detrimental
impact on the surrounding environment. Therefore, how to
dispose the waste concrete has become an important issue.
The recycled aggregate concrete (RAC) technology emerges
as an effective way to reuse the waste concrete and thus
attracts a lot of interests from the scholars and engineers [1].
The RAC is mainly made of the recycled coarse aggregate
(RCA) and/or natural coarse aggregate (NCA), natural fine
aggregate, cement binder, and water. Compared with the
NCA, the RCA generally has smaller apparent density, larger
water absorption, and lower strength due to the inner
damage resulted from the crushing process of the waste
concrete [2, 3].

Extensive experimental studies have been conducted
concerning the compressive performance of the RAC. Some

researchers [4-9] found that the strength and elastic
modulus of the RAC decrease while the deformation ca-
pacity increases with the increase in the RCA replacement
percentage. However, other researchers [10-15] draw con-
trary conclusions. They found that the strength of the RAC
gets improved with the increase in the RCA replacement
percentage, which is because that the high water absorption
rate of the RCA reduces the effective water participation in
the cement hydration reaction, and thereby causes a lower
effective water-cement ratio. In addition, some other re-
searchers [16, 17] declared that the strength of the RAC does
not change monotonically with the increase in the RCA
replacement percentage.

In addition to the above studies, only a few scholars
investigated the compressive stress-strain relation of the
RAC and proposed the corresponding constitutive model.
Bairagi et al. [18] presented the ascending branch of the
uniaxial compressive stress-strain curve of the RAC. They
found that both peak stress and curvature of the ascend-
ing branch of the curve increase with the increase in the
RCA replacement percentage. Similar researches have been
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performed by other researchers [5, 12, 19], where the full
uniaxial stress-strain relation of the RAC under compression
has been obtained. It is also found that increasing the RCA
replacement percentage decreases the ductility as the
descending branch of the stress-strain curve becomes
steeper. By simply fitting the experimental curves, various
constitutive relations of the RAC have been proposed
[5, 12, 19]. However, the relevant studies are mainly focused
on monotonic loading, whereas the mechanical properties of
the RAC under cyclic loading remain unclear.

In recent decades, the continuum damage mechanics has
been widely used to describe the nonlinear mechanical
performance of the natural aggregate concrete (NAC). The
proposed damage constitutive model appears to be capable
of capturing well the key mechanical properties of the NAC,
e.g., the stress softening in compression and the stiff deg-
radation when unloading [20-23]. Motivated by this
method, this study is conducted mainly to propose the
damaged plastic constitutive model of the RAC within
continuous thermodynamics framework. To achieve this
goal, a total of five groups of RAC specimens with different
RCA replacement percentages are tested under both
monotonic loading and cyclic loading. Based on the ex-
perimental results, the formulae are established for calcu-
lating the key mechanical properties, including the
compressive strength, the peak strain, and the elastic
modulus, as well as the plastic strain and the damage var-
iable. After validated by experimental results, the proposed
damaged plastic constitutive model of the RAC is further
applied in the nonlinear analysis of the RAC columns
subjected to cyclic loading.

2. Experimental Investigation of the RAC

2.1. Specimen Design. For the RAC in this test, ordinary
Portland cement with a 28d compressive strength of
42.5 MPa is used. The fine aggregate is river sand, and the
RCA is obtained by crushing the waste concrete specimens
collected from the local quality inspection station. The
compressive strength of the waste concrete specimens ranges
from 30 MPa to 50 MPa.

The main physical properties of the coarse aggregate are
summarized and listed in Table 1. The ratios between the
physical properties of the RCA and NCA are given as well. It
can be clearly seen that the bulk density and apparent density
of the RCA are smaller than those of the NCA, while the
water absorption and crush index are substantially larger. It
can be attributed to the presence of old mortar surrounded
around the RCA. For both RCA and NCA, the grain sizes fall
between 5mm and 31.5mm. Figure 1 plots the grading
curves of the RCA and NCA, as well as the upper and lower
bound specified in the code DG/TJ08-2018-2007 [25], which
shows that both are continuously graded and satisfy the code
requirement.

In order to investigate the influence of the RCA re-
placement percentage on the mechanical performance of the
RAC, a total of five groups of specimens are prepared using
five different replacement percentages, i.e., 0%, 25%, 50%,
75%, and 100%. Note that the RAC placement percentage is
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TaBLE 1: Main physical properties of the coarse aggregate.

Type Bulk density Apparent Water Crush
P (kg-m_3) density (kg-m_3) absorption (%) index (%)
NCA 1423 2810 0.56 6.7
RCA 1281 2506 4.2 15.5
Ratio 0.90 0.89 7.5 2.3
100

Cumulative passing (%)

37.5

n (Lo}
=) —
[\ o
Sieve size (mm)

NCA
-m- RCA

-v- Upper bound
-A- Lower bound

Figure 1: Grading curves of the coarse aggregates (reproduced
from Hu et al. [24] (under the Creative Commons Attribution
License/public domain)).

defined as the ratio between the RCA weight and the total
coarse aggregate weight. In the case of 0%, the RAC turns to
the NAC. Each group includes three cube specimens with
the size of 150 mm X 150mm x300mm and six prism
specimens with the size of 150 mm x 150 mm x 300 mm. The
cube specimens are used to obtain the cubic compressive
strength. The prism specimens are intended to measure the
stress-strain curves of the RAC, among which three are
tested under monotonic loading and the other three are
tested under cyclic loading.

The mix proportions of the RAC are determined
according to the code DG/TJ08-2018-2007 [26]. Consid-
ering the high water absorption of the RCA, which reduces
the effective water-cement ratio in the RAC and therefore
exerts great impact on the mechanical performance of the
RAC [17, 27, 28], additional water is used in this study.
Table 2 gives the mix proportions of the RAC corre-
sponding to different replacement percentages, where the
number in the first column denotes the RCA replacement
percentage.

2.2. Test Scheme. The specimens were water-cured under
laboratory conditions for 28 days and were tested using the
Instron electrohydraulic servo test machine as shown in
Figure 2. In the monotonic test, the displacement loading
rate was kept as 0.02 mm/s, which corresponds to a strain
rate of 67 x107%/s. Unlike the monotonic test, the hybrid
loading scheme was adopted for the cyclic test. For each
cycle, the specimen was first loaded with the strain rate of
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TaBLE 2: Mix proportions of the RAC (reproduced from Hu et al. [24] (under the Creative Commons Attribution License/public domain)).

Additional water

No. Replacement percentage Cement (kg/m3) Sand (kg/m3) NCA (kg/m3 ) RCA (kg/m3) Water (kg/m3) (kg /m?)
NAC 0 430 618 1200 0 185 0
RAC-25 25 430 607 883 295 185 12.4
RAC-50 50 430 595 578 578 185 24.3
RAC-75 75 430 585 284 851 185 35.7
RAC-100 100 430 574 0 1114 185 46.8

Instron 1346

(1) Specimen

(2) Longitudinal displacement sensor
(3) Transverse displacement sensor

(

Force sensor

3
4
(5) Rigid auxiliary frame
(6) Top backing plate

(7) Bottom backing plate

()

D= —

()

FIGURE 2: Test setup. (a) Schematic diagram. (b) Test photo.

67 x 10~%/s and then unloaded at the rate of 10 kN/s until the
load is zero. The maximum strain at each cycle was increased
by about 1 x 107> up to the failure of the specimen. The other
relevant details can be seen in reference [24].

As shown in Figure 2, the axial force acted on the
specimen was obtained by the force transducer, and the
longitudinal and transverse displacements were measured
using the displacement sensor. The corresponding axial
stress and strain are determined as follows:

. N
0 =—
A

(1)
sr—él
=7

where ¢" and ¢" are the stress and strain of the RAC, re-
spectively; N and Al represent the measured axial force and
displacement, respectively; and A and [ are the cross-
sectional area and length of the specimen, respectively.

2.3. Test Result

2.3.1. Compressive Strength. For all specimens, the measured
compressive strengths are listed in Table 3, where f, rep-
resents the cube compressive strength, f.; is the prism
compressive strength under cyclic loading, and f, is the
prism compressive strength under monotonic loading. Note
that the value is averaged over the three specimens with the
same parameters.

Figure 3 shows the average cube compressive strength of
the RAC for different RCA replacement percentages and the
average prism compressive strength under cyclic loading
and monotonic loading, respectively, where r denotes the
RCA replacement percentage. It can be seen that, on the
whole, the compressive strength of RAC first decreases and
then increases as the RCA replacement percentage increases.
This nonmonotonic variation trend was also observed
by other researchers [15-17]. It can be resulted from the
experimental randomness or the intricate interaction
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TaBLE 3: Main mechanical properties of the RAC.
. . 3 Elastic modulus Secant modulus
No. Compressive strength (MPa) Peak strain (107°) (GPa) (GPa)
feu Jea feo &1 €2 E.. E., E, . E,»
NAC 31.14 27.40 24.59 1.95 1.96 31.58 28.85 14.05 12.55
RAC-25 32.48 27.50 26.81 2.03 2.11 30.49 28.76 13.54 12.71
RAC-50 29.22 22.92 24.19 2.09 2.09 25.01 2712 10.97 11.57
RAC-75 37.28 26.94 27.53 2.32 2.23 26.63 28.00 11.61 12.35
RAC-100 38.05 28.78 27.84 2.54 2.41 25.20 26.12 11.33 11.55
40
. * 1.0
ol ’/0\’ / .
= . ;l\ /-Al ’ -
[=¥}
s | ¢ i :
g 20r S 0.8 |-
5
&
10 |- o7 L g =084-011r
(R? = 0.682)
0 L L L L L 0.6 | | | | 1
0 25 50 75 100 ' 0 25 50 75 100
r (%)

—@- f., (cube strength)
-m- f_, (cyclic loading)
-®-  f., (monotonic loading)

FIGURE 3: Compressive strength of the RAC.

mechanism between the RCA and NCA, which needs to be
further investigated in the future study. In addition, it is
found that, for the same RCA replacement percentage, the
prism samples provide close compressive strength under
both monotonic loading and cyclic loading, but the cube
samples provide higher compressive strength than the prism
samples as a result of the size effect.

Figure 4 plots the ratios of compressive strength between
the prism samples and the cubic samples corresponding to
different RCA replacement percentages. It can be seen that
the ratio generally decreases with the increase in the RCA
replacement percentages, indicating that the size effect on
the RAC strength appears more pronounced as the content
of the RCA increases. It can be explained that the RCA has
lower strength and lower interlock capacity between ag-
gregates compared to the NAC because the RCA has more
inner damages caused during the crushing process. There-
fore, as the RCA replacement percentage increases, the RCA
has more disadvantageous influence on the strength of the
prism specimen compared to the cube specimen since the
former has a larger amount of RCA due to its larger size.

Suppose that «, is the ratio between the prism com-
pressive strength and cubic compressive strength, i.e.,

fc = (Xclfcu' (2)

r (%)

m  Cyclic loading
® Monotonic loading
—— Linear fitted

FIGURE 4: Relation between the prism compressive strength and
cube compressive strength.

Based on the experimental results, the following equa-
tion could be obtained using regression analysis:

a, = 0.84—0.11r. (3)

2.3.2. Peak Strain. Table 3 also gives the average peak strain
corresponding to the peak stress, where ¢.; and ., denote
the peak stain under cyclic loading and monotonic loading,
respectively. Figure 5 shows the peak strain corresponding to
different RCA replacement percentages. It can be seen that
the peak strain generally increases as the RCA replacement
percentages increases. For example, as » changes from 0% to
100%, €., and e, increase by about 29% and 23%, re-
spectively. This finding is consistent with that from some
other researchers [5, 19, 29, 30]. The increase in the peak
strain with the increase in the RCA replacement percentage
is mainly due to the reduced elastic modulus of the RCA
[5, 19, 30].

To approximately estimate the peak strain of the NAC
from the compressive strength, the European standard BS
EN 1992-1-1 [31] and the Chinese standard GB50010-2010
[32] give the following relations, respectively:
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F1Gure 5: Effect of the RCA replacement percentage on the peak
strain.

& = (0.7f0‘31) X107, (4a)

cm

e, =<0.7+0.172\/Z) X107, (4b)

where f_, is the cylinder compressive strength and can be
set as 0.80f, in the absence of test data. Referring to the
above equations, the following similar relations are assumed
for the RAC.

& = ocs(0.7f0'31) x 107, (5a)

cm

e. =a,(0.7+(0.172 x 107, (5b)
= (07 +(017247.))

where «, is the coeflicient to consider the influence of the
RCA replacement percentages.

Using the above two equations, the values of «, corre-
sponding to different RCA replacement percentages can be
obtained based on the experimental results. It can be seen in
Figure 6 that a, generally ascends linearly with the increase
in the RCA replacement percentage. Through regression
analysis, the following relations regarding equations (5a)
and (5b) can thus be established, respectively:

a, = 0.23r + 1.01, (6a)

a, = 0.287 + 1.23. (6b)

The fitting curves are also shown in Figure 6. It can be
seen that equations (5a) and (5b) both yield a satisfactory
estimate of the peak strain of the RAC based on its com-
pressive strength.

2.3.3. Elastic Modulus. Table 3 also lists the average elastic
modulus and secant modulus, where E.; and E, represent
the elastic modulus under cyclic loading and monotonic
loading, respectively, while Eg; and Ey, are the secant

modulus corresponding to the peak point on the stress-
strain curve under cyclic loading and monotonic loading,
respectively. In this study, the elastic modulus is taken as the
secant slope at the point on the stress-strain curve where the
stress equals 0.4f..

Figure 7 shows the elastic modulus of the RAC corre-
sponding to different RCA replacement percentages. It can
be seen that the elastic modulus generally decreases with the
increase in the RCA replacement percentage. It is similar to
the observations made by other researchers [6, 7], which is
mainly attributed to that more inner defects exist in the RCA
compared to that in the NCA. In addition, Figure 8 shows
the relation between the elastic modulus and secant modulus
of the RAC. It can be found that the ratio between the two
modulus ranges between 2.2 and 2.4, irrespective of the RCA
replacement percentage.

For the NAC, the European standard BS EN 1992-1-1
[31] gives the following relation between the elastic modulus
and compressive strength:

f 0.3
E .= 220cE( fg‘) (GPa), (7)

where oy is the coefficient to account for the influence of the
coarse aggregate type. The above equation is extended in this
study to establish the relation between the elastic modulus
and compressive strength for the RAC, where a; is redefined
as the coeflicient to reflect the influence of the RAC re-
placement percentage. Similarly, the Chinese standard
GB50010-2010 [32] also provides the formula of calculating
the elastic modulus from the compressive strength for the
NAC as follows:

10°

By introducing the coefficient ay, the following equation
can be also formulated to describe the relation between the
elastic modulus and the compressive strength for the RAC:

10°

.
<=2 +347/fL)

(MPa). 9)

Utilizing equations (7) and (9), the values of ay corre-
sponding to different RCA replacement percentages can be
obtained using the experimental data. It can be seen in
Figure 9 that ay; generally drops with the increase in the RCA
replacement percentage. By regression analysis, the fol-

lowing relations corresponding to equations (7) and (9) can
be established:

ap = —0.17r + 1.03, (10a)

ag = —0.20r + 1.00. (10b)

2.3.4. Stress-Strain Curve. 'The stress-strain curves averaging
over the three specimens corresponding to different RCA
replacement percentages under cyclic and monotonic
loading are shown in Figures 10(a)-10(e). The skeleton
curves pertaining to the stress-strain curves under cyclic
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FiGgure 6: Effect of the RCA replacement percentage on the values of «, corresponding to (a) equation (5a) and (b) equation (5b).
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FiGure 7: Effect of the RCA replacement percentage on the elastic
modulus.

loading are also plotted in these figures, which are obtained
by connecting the peak point of each hysteresis loop. It can
be seen that the skeleton curve under cyclic loading is close
to the stress-strain curve under monotonic loading. Fur-
thermore, as the RCA replacement percentage increases, the
discrepancy tends to be even smaller.

To further investigate the effect of the RCA replacement
percentage on the stress-strain curve, these skeleton curves are
plotted all together in Figure 10(f). It is observed that these
curves nearly coincide when the stress is relatively small
(<16 MPa), showing that the RCA replacement percentage
has little effect on the ascending branch of the curves, es-
pecially in the elastic range. However, beyond the elastic
range, obvious difference can be found on the curves in terms
of the peak stress and descending branch. In general, similar
to the NAC, the higher the peak stress of the RAC, the steeper
the descending branch of the skeleton curves.

2.5
24+
°
e
2o3L e
s n :
- H
n
22+ .
2.1 1 1 1 1 1
0 25 50 75 100
7 (%)

m Cyclic loading
® Monotonic loading

FiGURE 8: Relations between elastic modulus and secant modulus.

In addition, it can be seen from the hysteresis curves
under cyclic loading that the average slope of unloading
branch or the reloading branch decreases as the strain at the
unloading point or reloading point increases. It can be at-
tributed to the development of damage resulted from the
propagation of inner microcracks in the specimens.
Moreover, it is worth noting that the average slope of an
unloading branch is close to that of the subsequent reloading
branch.

3. Uniaxial Damaged Plastic Constitutive
Relation of the RAC

3.1. Formulation of the General Uniaxial Damaged Plastic
Constitutive Relation. For the isotropic material under
uniaxial stress, the total strain can be written as the sum of
the elastic strain and plastic strain as follows:

e=¢"+ ¢,

(11)
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FiGure 9: Effect of the RCA replacement percentage on the values of ag corresponding to (a) equation (7) and (b) equation (9).
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Figure 10: Continued.
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FiGure 10: Stress-strain curves of the RAC. (a) NAC. (b) RAC-25. (¢) RAC-50. (d) RAC-75. (e) RAC-100. (f) Skeleton curves.

where ¢° and ¢ are the elastic strain and plastic strain,
respectively. Let the Helmholtz free energy be defined as
(33]

v =vy( % d), (12)
where « is the plastic internal variable and d is the damage
variable. According to the second law of thermodynamics,
the Clausius-Duhem inequality must be satisfied for the
isothermal process:

(0-8)—v=>0. (13)
Combing equations (12) and (13), we can have
o\ .. p OV .\ Oy.
(o a£e>e +(ae 8dd 8;{K20' (14)
Considering the arbitrariness of &%, it yields
oy
=1 15
0= (15)

It is assumed that the elastic and plastic Helmholtz free
energy are uncoupled [21]; that is, the Helmholtz free energy
can be decomposed into the elastic part and the plastic part
as follows:

Y wd) = v (€ d) + ¥ (e, (16)
where y¢ and yP are the elastic part and the plastic part.
Thus,

_oy _oy*

O‘ase T 0e

(17)

Assume the degradation of the Helmholtz free energy of
the damaged material can be described by the damage
variable d, which is expressed as

Y (et d) = (1-d)yy (&),

where v, (% «) is the initial Helmholtz free energy of the
material without damage, which can be also decomposed
into two parts as

(18)

o (£5,%) = g () + v (), (19)
where v (¢°) and ¥} (k) are the initial elastic Helmholtz free
energy and the initial plastic Helmholtz free energy. The
initial elastic Helmholtz free energy equals the elastic strain
energy [21]:

&

vi(e) = | et -
0

where Ej is the initial elastic modulus. Substituting equations
(19) and (20) into equations (18) and comparing with
equations (16), it yields

V(e d) = (1= )y () = 5 (1 D, (&)

%%&T, (20)

(21)

Substituting equations (21) into equations (17), the
general uniaxial damaged plastic constitutive relation is
formulated as follows:

0= (1-d)Eye = (1-d)E, (e~ ). (22)

3.2. Uniaxial Damaged Plastic Constitutive Equation of
the RAC

3.2.1. Description of the Constitutive Equation of the RAC.
From the experimental results, the typical stress-strain curve
of the RAC under cyclic loading is schematically plotted in
Figure 11. At the initial stage of loading, the curve is perfectly
linear. As loading continues, the curve bends gradually until
the peak point. Beyond the peak point, the stress decreases as
the strain increases due to the effect of stress softening.
When unloading occurs, the curve proceeds from the
unloading point to the residual point located at the strain
axis, as shown in Figure 11, and the plastic or residual strain
is found upon the completion of unloading.

Since the unloading curve is close to the subsequent
reloading curve, as seen in Figure 11, they are both ap-
proximated by a line connecting from the unloading
point to the residual point. Thereby, the general uniaxial
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F1GUre 11: Typical stress-strain curve of the RAC under cyclic
loading.

damaged plastic constitutive relation, as expressed in
equation (22), can be employed directly to approximately
describe the stress-strain relation of the RAC. According to
equation (22) as well as Figure 11, the damage variable can
be expressed as

E
d=1-—, 23
i (23)
where E is the modulus of the unloading branch.
For convenience, the stress and strain are expressed in
the dimensionless form as follows:

€
x=—
eC
(24)
V= 7
fe
Thereby, equation (22) can be rewritten as
E
y:E—O(l—d)(x—xp), (25)

N

where E; is the secant slope pertaining to the peak point and
xP is the normalized plastic strain, which are expressed,
respectively, as

A
SC

(26)
p
P
SC

From equation (25), it can be seen that the uniaxial
damaged plastic constitutive equation of the RAC can be
fully determined provided that xP and d are given, which are
the main tasks in the following two sections.

3.2.2. Plastic Strain Equation of the RAC. According to the
experimental results under cyclic loading, the relation be-
tween the plastic residual strain and the total strain of the
RAC is plotted in Figure 12. It can be found that the plastic
strain increases monotonically as the total strain increases.
In addition, the RCA replacement percentage has a little

9
5
4 +
3t
xP
2+
1 xP = 0.50x1%
(R? = 0.997)
0 1 1 1 1
0 1 2 3 4 5
X
s NAC RAC-75
« RAC-25 v RAC-100
+ RAC-50 —— Fitted

FIGURE 12: Relation between the plastic strain and the total strain of
the RAC.

4
3L
™y
o 2f >
Ir " * = 0.50x13°
O 1 1 1 1
0 1 2 3 4
x
m NAC RAC-100
e RAC-50 —— Equation (27)

FiGure 13: Comparison between the plastic strain and the total
strain of the RAC obtained using equation (27) and from reference
[34].

effect on the relation. Assume the relation between the
plastic residual strain and the total strain is exponential:

xP = mx", (27)

where m and n are constants to be determined. By fitting the
experimental data, it can be obtained that m = 0.50 and
n = 1.35. The fitting curve is also shown in Figure 12. It can
be seen that the proposed equation (27) provides very close
prediction of the plastic strain.

Figure 13 shows the relation between the plastic strain
and the total strain of the RAC obtained from another
experiment [34] and the predictions using equation (27). It
can be seen that the proposed relation still has a good
accuracy.

3.2.3. Damage Evolution Equation of the RAC. For the NAC,
Qian and Zhou [35] proposed an empirical damage evo-
lution equation based on the experimental results, in which
the damage evolution is described by a continuous smooth
piecewise curve. This equation is modified in this study to
describe the damage evolution process of the RAC as
follows:
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A xB, 0<x<1,

= 2
d A, + B,x (28)
x> 1.

G (x-1)P i

where A, B,,A,, and B, are the constants which can be
determined by the boundary conditions and C, and D, are
the parameters which controls the shape of the stress-strain
curve and are determined simply by fitting the experimental
data.

Substituting equations (26) and (27) into equations (25)
and considering the following boundary conditions at the
peak point of the stress-strain curve:

y|x=1 = 1’
o, (29)
dx x=1 e

the values of A,, B, A,, and B, can be determined as

1 E

A=1-—— =,

1-m E,

B - 1-mn
Y (1-m)[((1-m)Ey/Ey) - 1]
(30)

B 1-mn 5

P(1-m)y Ey

_m(n-1) E

P (1-m)* By

In addition, according to equation (23) and the exper-
imental data, the values of C, and D, are obtained through
regression analysis as follows:

C, = 1.46r* = 1.16r +0.71,
D, = 1.72.

(31)

Figures 14 and 15 show the relation between the damage
variable and the total strain obtained in this study and from
Liu et al. [34] together with the damage evolution curve, as
described in equation (28), of the RAC corresponding to
different RCA replacement percentages. It can be seen that,
for the RAC, the damage develops slowly until the stress
reaches the peak stress. After that, the damage grows rapidly
and then tends to slow down as the plastic deformation
increases. Overall, the proposed damage evolution equation
can well predict the damage evolution process of the RAC
under cyclic loading.

4. Verification of the Proposed Constitutive
Relation of the RAC

Equation (25) along with equations (27) and (28) forms the
fundamental equations for the uniaxial damaged plastic
constitutive relation of the RAC. The key material

Advances in Materials Science and Engineering

parameters include f,, e E, and r. Since the two middle
parameters can be estimated by the other two ones, as seen in
equations (5a), (5b), (7), and (9), the proposed uniaxial
damaged plastic constitutive relation can be fully described
only by the compressive strength of the RAC and the RCA
replacement percentage.

In order to validate the proposed constitutive relation in
the monotonic loading scenario, the calculated stress-strain
curves of the RAC using the proposed model are compared
with the experimental ones obtained in this study and from
other scholars [16, 29], as shown in Figure 16. It can be seen
that the predictions using the proposed model has a fairly
close agreement with the experimental results under
monotonic loading.

In addition, verification is also made in cases of cyclic
loading. Figures 17 and 18 show the computed stress-strain
curves of the RAC using the proposed model and the ex-
periment ones obtained in this study and from Liu et al. [34],
respectively. Again, a close agreement has been achieved,
indicating that the proposed model can be used to well
capture the hysteresis behavior of the RAC under cyclic
loading.

5. Application of the Proposed Constitutive
Relation of the RAC

In the former sections, the uniaxial damaged plastic
constitutive relation of the RAC was proposed and val-
idated using the experimental results. In this section, the
proposed constitutive relation of the RAC is programmed
into ABAQUS by the UMAT subroutine [36], which is
then applied in the nonlinear analysis of the RAC column
under cyclic loading. Since the tensile strength of the
RAC is a lot smaller than the compressive strength, the
tensile behavior of the RAC is neglected for simplification
purpose.

A total of four RAC columns involved in the experi-
mental study [37, 38] are selected in the case studies. Fig-
ure 19 shows the dimensions and reinforcement details of
the RAC columns. The key relevant material properties are
listed in Table 4, where f, and E are the yield strength and
elastic modulus of longitudinal rebars, respectively, and N is
the axial force. It can be seen that the two columns are almost
identical except for the axial force and the RCA replacement
percentage.

The column is modeled by the B31 element, and the
developed RAC material is adopted. The longitudinal rebar
is defined by adding *rebar keywords in the input files, and
the elastic-perfectly plastic material is adopted. Note that the
effect of stirrups is ignored in the analysis. The computed
lateral force vs. displacement curve at the top of the RAC
columns is plotted in Figure 20. It can be seen that, com-
pared to specimens RCZ-0 and RCZ-100, specimens NCCC-
1 and NCCC-2 have more significant pinching effect due to
their smaller slenderness ratios. The computed results can
properly reflect this tendency. Overall, the computed results
agree well with the test ones, indicating that the proposed
damaged plastic constitutive relation of the RAC is capable
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FIGURE 14: Damage evolution of the RAC in this study. (a) NAC (r = 0). (b) RAC-25 (r = 25%). (c) RAC-50 (r = 50%). (d) RAC-75

(r =75%). (e) RAC-100 (r = 100%).

of capturing the hysteresis behavior of RAC columns under
cyclic loading.

6. Conclusion

In this paper, a total of five groups of RAC specimens with
different RCA replacement percentages are tested under
both monotonic loading and cyclic loading. Based on
the test results, the damaged plastic constitutive relation of

the RAC is proposed within the continuous thermody-
namics framework. Finally, the proposed RAC constitu-
tive model is programmed into the software ABAQUS
to analyze the RAC columns under cyclic loading. Based
on this study, the following main conclusions can be
drawn:

(1) The peak strain and elastic modulus of the RAC has a
good correlation with the compressive strength. The
formulae proposed in this study can be used to
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FiGure 15: Damage evolution of the RAC obtained from reference [34]. (a) RAC-50 (r = 50%). (b) RAC-100 (r = 100%).
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Figure 17: Continued.
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FIGURE 17: Verification of the proposed model in the case of cyclic loading using the test results in this study. (a) NAC (r = 0). (b) RAC-25

(r =25%). (c) RAC-50 (r = 50%). (d) RAC-75 (r = 75%). (e) RAC-100 (r = 100%).
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FIGURE 18: Verification of the proposed model in the case of cyclic loading using the other test results [34]. (a) RAC-50 (r = 50%). (b) RAC-

100 (r = 100%).

estimate the peak strain and elastic modulus of the
RAC based on the compressive strength and the
RCA replacement percentage.

(2) The plastic strain of the RAC is solely dependent
on the total strain and irrespective of the RCA
replacement percentage. The damage evolution

equation proposed in this study, which considers the
effect of the RCA replacement percentage, can well
describe the damage evolution process of the RAC.

(3) The proposed damaged plastic constitutive relation
of the RAC established within the continuous
thermodynamics framework has a very simple form,
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Ficure 19: Dimensions and reinforcement details of the RAC columns.

TaBLE 4: Key relevant dimensions and material properties of the columns.

Ref. Specimen no. r (%) f. (MPa) N (kN) f, (MPa)

E (GPa) H (mm) b (mm) h (mm) Longitudinal rebars Stirrups

NCCC-1 0 30.5

809

[36] RCCC-2 100 28.4 754 353 196 1000 350 350 6216 $8@200
RCZ-0 0 37.2 502
[37] RCZ-100 100 33.9 458 366 200 1100 300 300 4420 $8@50
200 200
100 - 100 -
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F1GURE 20: Nonlinear analysis of the RAC columns under cyclic loading. Specimens (a) NCCC-1 (r = 0), (b) RCCC-2 (r = 100%), (c) RCZ-0

(r =0), and (d) RCZ-100 (r = 100%).
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while attaining a good accuracy in capturing the
hysteresis behavior of the RAC columns under cyclic
loading.
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