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Abstract: Recycled concrete aggregates (RCAs) generated from construction and demolition activities
have been recognized as a feasible alternative to natural aggregates (NAs). Naturally, the columns
fabricated with reinforced recycled concrete (RRC) have been proposed and investigated to promote
the structural use of recycled aggregate concrete (RAC). There is still, however, very limited modeling
research available to reproduce, accurately and efficiently, the seismic response of RRC columns
under lateral cyclic loading; proper evaluations are also lacking on addressing the columns’ seismic
behaviors. To fill some of those research gaps, a fiber-based numerical model is developed in this
study and then validated with the experimental results published in the literature. Subsequently,
the numerical model justified is applied to carry out a comprehensive parametric study to examine
the effects of a range of variables on the hysteretic characteristics of RRC columns. Furthermore,
a grey relational analysis is conducted to establish quantifiable evidence of key variable sensitivities.
The evaluation results imply that the use of the additional water method (AWM) for manufacturing
RAC is likely to reduce the lateral load-carrying capacity of the RRC columns (up to 10%), whereas
the opposite would occur if a conventional mixing procedure is adopted. Moreover, compared with
other factors such as steel area ratio, the content of RCA replacement has a less remarkable effect
on the seismic performance of the RRC columns. In general, the RRC columns possess acceptable
seismic-resistant properties, and they can be used in earthquake-prone regions with confidence.

Keywords: reinforced concrete; recycled aggregate concrete; columns; seismic performance;
numerical analysis; variable sensitivity

1. Introduction

Recycled concrete aggregates (RCAs) generated from construction and demolition waste (CDW)
have been deemed as a potential alternative to natural aggregates (NAs) with the advantage of
minimizing the environmental impacts of CDW [1–4], where the resulting concrete products, termed
recycled aggregate concrete (RAC), are now received as a type of “green concrete” [5–10]. Along
this line, the reinforced recycled concrete (RRC) members (i.e., reinforced concrete slabs, beams,
columns and shear walls manufactured with RCAs) have been developed and explored to promote the
sustainable use of RAC at the structural level.

Research efforts have been dedicated to characterizing the properties of RRC beams and columns
in static loading conditions. The influence of RCAs on the monotonic shear [11–23] or flexural [24–35]
behaviors of RRC beams has also been extensively experimentally investigated, with the replacement
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ratio (i.e., r) varied from 0% to 100%. The experimental outcomes indicate that: (i) in either shear
or flexural failure, the presence of various RCA replacement ratios only has a limited influence on
the damage process and failure pattern of RRC beams; (ii) an increased replacement ratio appears to
reduce the load-carrying capacity of RRC beams. It should be highlighted that the RCAs used in the
aforementioned studies were generally not treated before concreting. For the purpose of improving the
performance of RCAs, Katkhuda and Shatarat [36] adopted an acid treatment to eliminate the weak
layer resulting from the adhesive mortar on RCAs so as to enhance the behavior of RRC beams.

In the case of RRC columns, similar findings have been reported in a number of compression tests
using untreated RCAs [37–39]: (i) RCA replacement ratio had no remarkable influence on the failure
progression of the columns, and (ii) the compressive strength and the elastic stiffness of RRC columns
were generally lower than those of conventional RC columns made with NAs, where the reductions in
these properties depended on the RCA content.

It is noteworthy that two thorough review studies by Silva et al. [40] and Tošic et al. [41] have
clearly shown that the design code Eurocode 2 can provide a good prediction for the load-carrying
capacity of RRC beams without stirrups. However, for the beams with stirrups, which are more
significant in practice—the predictions by Eurocode 2 showed a remarkable gap compared to the
measurements, suggesting that the underlying mechanisms still needed to be revealed towards more
reliable designs.

Up to now, however, research is still scarce on the feasibility of using RAC in concrete elements
designed with seismic-resistant purposes. Only a few experimental studies have been conducted
aiming to clarify the effect of the incorporation of RCA on the seismic response of RRC columns.
Xiao et al. [42] and Yang [43] investigated the cyclic behaviors of RRC columns subjected to axial
compression and lateral load reversals. They observed that an increased RCA replacement ratio tended
to reduce the lateral load resistance of RRC columns. Moreover, both ductility and energy-dissipating
capacities of RRC columns declined to an extent, owing to the incorporation of RCA.

Seismic modeling is essential to generalize the experimental outcomes of RRC columns so as to
gain the confidence of their structural use in seismic regions. Again, it is not surprising that only very
few studies have been conducted on that important issue. Xiao et al. [44] have numerically modeled
a three-dimensional RAC test frame in the OpenSees platform and validated that fiber-based finite
elements can be used to approximate the seismic response of RRC frame structures. Still, the potential
influences of the unique material properties of RAC on the RRC columns have not yet been numerically
and systematically studied.

Thus, the main purposes of the present study are two-fold: (i) to investigate the modeling method
of RRC columns under combined action of constant axial load and cyclic lateral loading, based upon
a fiber-based numerical approach; (ii) to examine the effects of a range of variables (such as the
replacement ratio of RCAs, the mixing method of RAC, and the yield strength and area ratio of
longitudinal reinforcing bars) on the seismic performance of RRC columns. This allows an insightful
seismic evaluation of those columns that has been less often addressed before.

The remainder of this paper is organized as follows: a fiber-based modeling method is firstly
developed to reproduce the cyclic response of RRC columns. Upon a careful benchmarking, the
model is employed to perform a comprehensive parametric investigation to examine the effects of
a set of potential influencing variables on the seismic performances of RRC columns. Furthermore,
a grey relational model, capable of detecting the underlying, not easily discernible tendencies, is used
to study the sensitivity of key variables. The research outcomes presented in this study provides
valuable insights on the seismic design of RRC columns. The outcomes can be easily extended to
performance-based evaluations, hence they are beneficial to the safe and rational use of those columns
as lateral-load-resisting elements.
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2. Numerical Modelling

2.1. Description of the Modeling Method

A fiber beam model based primarily on the section discretization into fibers was used in this study
to predict the hysteretic response of RRC columns subject to lateral cyclic loadings. The SeismoStruct
software [45] was employed as the platform to implement the model. A cantilever-type column (i.e.,
the column’s lower end is fixed while the top end is free) was modeled in order to simulate the
boundary conditions commonly adopted in column cyclic tests (see Figure 1).
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Figure 1. Loading scheme, boundary conditions, and fiber discretization for reinforced recycled
concrete (RRC) columns.

The element type “inelastic displacement-based frame element” provided in SeismoStruct was
chosen, which was capable of accounting for both material and geometric nonlinearities accurately.
It assumed that the concrete and steel bars were rigidly connected, since Zhang et al. [46] have clearly
concluded that the bond-slip effect on the flexure-controlled RC columns was generally insignificant.
Only flexural bending failure was considered in the proposed model, because such a failure is typical
for slender or well-reinforced RC columns [47–51]. Coping with column shear failure was, thus, out of
the scope of this study.

2.1.1. Constitutive Model for Recycled Aggregate Concrete (RAC)

The “con_ma” model [52–54] available in SeismoStruct was used to represent the uniaxial
constitutive behavior of RAC. This model can be completely determined by the following three
key properties: the elastic modulus (Ec), the cylindrical compressive strength (f c), and the peak strain
(εr

co). Based on a thorough review and extensive experimental database of RAC, Gholampour et al. [55]
have proposed an accurate stress–strain relationship for obtaining f c and Ec of RAC:

fc(MPa) =
23.5× 0.998r × (weff/c + 0.09)

weff/c1.7 , (1)

Ec(GPa) = 0.016× (6.1− 0.015r)× (5.3− 1.7weff/c)3.9, (2)

where r = the replacement ratio of RCAs (0% ≤ r ≤ 100%), and weff/c = the effective water-to-cement
ratio (0.3 ≤ weff/c ≤ 0.8).

Xiao et al. [56] suggested an equation to determine the peak strain of RAC (εr
co) as a function of r:

εr
co = εn

co

(
1 +

r
65.715r2 − 109.43r + 48.989

)
. (3)
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The value of εn
co in the above equation was determined based on the work by Lim and

Ozbakkaloglu [57]:

εn
co =

f 0.225wd
c

1000
wswa; wd =

(
2400
ρc,f

)0.45
; ws =

(
152
Dc

)0.1
; wa =

(
2Dc

Hc

)0.13
, (4)

where ρc,f = the bulk density of concrete (2250 kg/m3 ≤ ρc,f ≤ 2550 kg/m3); Dc and Hc = the diameter
and height of cylinder concrete samples, respectively (50 mm ≤ Dc ≤ 400 mm, 100 mm ≤ Hc ≤
850 mm). wd, ws, and wa are, respectively, the coefficients accounting for the concrete density and the
samples’ aspect ratio. It should be highlighted that wd = ws = wa = 1.0 for the common NAC samples.
Consequently ρc,f = 2400 kg/m3, Dc = 152 mm, and Hc/Dc = 2.0.

2.1.2. Constitutive Model for Steel Reinforcement

The “stl_mp” model in SeismoStruct was used to describe the uniaxial tensile and compressive
constitutive relationships of steel reinforcing bars. This model was initially proposed by Yassin [58],
and then modified and extensively utilized by Menegotto-Pinto [59], Filippou et al. [60], and Monti [61].
For more details the reader can refer to the above articles.

2.2. Validation and Discussion

As discussed in Section 1, Xiao et al. [42] and Yang [43] have conducted cyclic tests on the seismic
performance of RRC columns under constant axial load and cyclic lateral reversals. The loading process
in the above experiments consisted of a load-controlled phase followed by a displacement-controlled
phase. During the first phase, the lateral load was progressively exerted on the specimen with an
of increment of, respectively, 0.20Py [42] and 5 kN [43]. After steel yielded, the loading method was
switched to the displacement-controlled mode. In both experiments the displacement increment was
adopted as 1.0∆y (∆y = the displacement at steel yielding). The loop at each drift level was repeated
three times until the lateral load resistance dropped below 80% [42] or 70% [43] of the peak load.
Figure 2 and Table 1 show the material properties and the geometries of the RRC cantilever-type test
columns. Note that to compensate the larger water absorption of RAC, a so-called additional water
method (AWM) (see Section 3.1 for detail) for RAC mix proportion was used in the aforementioned
cyclic tests. The experimental outcomes from these tests were employed to validate the numerical
model developed herein. The failure mode of all the test specimens was solely flexural-dominated
failure (see Figure 3).
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Figure 3. Flexural failure modes of test specimens. (a) NCCC-1 [42]; (b) NAC-0.30-40 [43];
(c) NAC-0.30-60 [43]; (d) NAC-0.30-100 [43]; (e) RAC50-0.30-40 [43]; (f) RAC50-0.30-60 [43];
(g) RAC50-0.30-100 [43]; (h) RAC100-0.30-60 [43]; (i) RCCC-2 [42]; (j) RAC50-0.15-60 [43]; and
(k) RAC50-0.45-60 [43].

Following the modeling approach described previously, the global cyclic response of the
specimens in [42,43] can be calculated. Figure 4 compares the lateral load-displacement hysteresis
loops obtained from the experiments and the simulations.
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Table 1. Experimental information of RRC specimens collected from literature.

Sample weff/c
r

[%]
f c

[MP]
Ec

[GP]
L

[mm]
h = b
[mm] n d

[mm]
f y

[MP]
Es

[GP]
dhoop
[mm]

S
[mm]

f y,v
[MP]

Pu,t
[kN]

Pu,s
[kN] Pu,t/Pu,s µt µs µt/µs

Xiao et al. [42]

NCCC-1 0.488 0 28.98 36.3 1280 350 0.30 16 353 196 8 200 340 178 174 1.02 5.98 5.67 1.05

RCCC-2 0.43 100 26.98 25.0 1280 350 0.30 16 353 196 8 200 340 164 162 1.01 4.56 3.93 1.16

Yang [43]

NAC-0.30-40 0.45 0 33.52 33.0 1000 240 0.30 12 549 241 6 40 389 93 95 0.98 3.80 4.10 0.93

NAC-0.30-60 0.45 0 33.52 33.0 1000 240 0.30 12 549 241 6 60 389 92 94 0.98 3.63 3.94 0.92

NAC-0.30-100 0.45 0 33.52 33.0 1000 240 0.30 12 549 241 6 100 389 87 93 0.93 3.29 3.70 0.89

RAC50-0.30-40 0.45 50 28.88 31.6 1000 240 0.30 12 549 241 6 40 389 84 90 0.93 4.13 4.42 0.93

RAC50-0.30-60 0.45 50 28.88 31.6 1000 240 0.30 12 549 241 6 60 389 91 90 1.02 3.79 4.27 0.89

RAC50-0.30-100 0.45 50 28.88 31.6 1000 240 0.30 12 549 241 6 100 389 87 89 0.98 3.53 3.77 0.94

RAC50-0.15-60 0.45 50 28.88 31.6 1000 240 0.15 12 549 241 6 60 389 69 61 1.12 4.02 4.27 0.94

RAC50-0.45-60 0.45 50 28.88 31.6 1000 240 0.45 12 549 241 6 60 389 94 89 1.06 3.08 4.44 0.69

RAC100-0.30-60 0.45 100 28.00 31.3 1000 240 0.30 12 549 241 6 60 389 82 89 0.92 3.35 4.56 0.73

Average valve 1.00 0.92

Cov 0.06 0.13

Note: Cov—Coefficient of variation.
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specimens in Xiao et al. [42], and (b) test specimens in Yang [43].

The lateral load-carrying capacity and the ductility in Figure 4 were defined as the maximum
lateral load (Pu) and the displacement ductility coefficient (µ), respectively. In Table 1, Pu,t is the
experimental ultimate load, Pu,s is the corresponding numerical ultimate load, and µt and µs are the
experimental and numerical displacement ductility coefficients, respectively. The value of µ is defined
as the ratio of the ultimate lateral displacement (denoted as ∆0.85) at the load corresponding to 85%
of the peak load in the descending backbone curve to the yield lateral displacement (denoted as ∆y)
determined based on the energy equivalence principle (see Figure 5).

µ =
∆0.85

∆y
(5)
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From Figure 4 and Table 1, it is clear that the predicted hysteresis loops correlated well with the
measured ones; the prediction-to-test ratio for the two major seismic performance indexes (Pu and
µ) was close to unity (Pu,s/Pu,t = 1.00 and µs/µt = 0.92). It can also be seen that the coefficients of
variation on the ultimate lateral load and displacement ductility were small on the whole. Hence, the
finite-element model developed can provide an overall faithful tool to estimate the seismic performance
of RRC columns.

3. Parametric Investigation

A parametric study was conducted so as to extrapolate the existing experimental outcomes for
evaluating the seismic response of RRC columns. For convenience, the extended numerical models
were established and discussed on the basis of the typical test columns in Yang [43] (i.e., NAC-0.30-60,
RAC50-0.30-60, and RAC100-0.30-60; see Table 1). The numerical calculation was terminated once the
lateral strength dropped to 70% of the peak strength in the descending branch, which was consistent
with the loading protocol used in [43].

Four key variables were considered and varied in the parametric study: (1) the RCA percentage
(0% ≤ r ≤ 100%), (2) the yield strength of longitudinal steel reinforcement (300 MPa ≤ f y ≤ 500 MPa),
(3) the area ratio of the steel (1.57% ≤ ρs ≤ 6.28%), and (4) bi-directional cyclic loading represented by
the loading angle α (0◦ ≤ α ≤ 45◦).

The related properties for the numerical analyses were selected as (basically in accordance
with [43]): (1) b = h = 240 mm, c = 25 mm, and L = 1000 mm; (2) f y = 549 MPa, f y,v = 389 MPa, and Es =
241 GPa; (3) d = 12 mm, dhoop = 6 mm, and S = 60 mm; and (4) axial load ratio n = 0.3.

Note that the concrete mixing method was crucial to the mechanical properties of RAC. In view of
this, two widely-accepted mixing methods—the additional water method (AWM) and the equivalent
total water method (ETWM)—were considered in this numerical study. For each case studied, the
following values of RCA replacement percentage were used: r = 0%, 50%, or 100%, which corresponded,
respectively, to the RAC’s target strength f c,0% = 33.52 MPa, f c,50% = 28.88 MPa, or f c,100% = 28.0 MPa,
according to Yang [43].

It should be highlighted that the pre-saturation method may lead to inferior properties of
RAC as compared to the AWM as a result of the bleeding effect. However, there are still different
opinions. Ferreira et al. [62] have demonstrated that concrete mixes using the pre-saturation method
exhibited slightly worse fresh and hardened state behaviors than mixes made with the AWM; however,
the mechanical behavior differences observed were generally small and sometimes inconclusive.
González-Taboada [63] have further clarified that this indeed depended on the water absorption of
RCA: when the water absorption was low, both methods negatively affected concrete compressive
strength, whereas when water absorption was high, compressive strength was not affected and both
methods can be accurately used. The current authors also found that pre-saturation was, in general,
similar to the AWM [64]. Therefore, regarding the AWM and pre-saturation methods, only the former
was chosen to compare with the ETWM in this study.

3.1. Influences of r and of the Addition Water Method

Previous experimental investigations [62–75] have clearly reported that the mechanical properties
of both RAC and the members containing RAC are predominated by the characteristics of RCAs
(RCA percentage, the water absorption and density of RCAs, crushing damage in RCAs, etc.). Based
on the water absorption capacity of RCAs, Xu et al. [64] suggested the underlying mechanism of
strength reduction or enhancement of RAC manufactured with the AWM and ETWM mixing methods.
Figure 6 illustrates the principle of strength variations on RAC determined by the two manufacturing
methodologies: the AWM (i.e., [62,63,66]) and ETWM (i.e., [69–72]).
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A careful inspection of compressive strength of RAC was carried out by examining the test results
reported in Xiao et al. [56], Zega and Maio [76] (using AWM), as well as Chen et al. [73] (using ETWM).
Figure 7 displays the compressive strength ratio of RAC with respect to that of an equivalent NAC
versus the RCA content in light of the above works. It shows that an increase in the RCA percentage
reduces the compressive strength ratio between RAC and NAC when the AWM is employed, whereas
an increase in the RCA percentage results in an overall increase in the strength of RAC when the ETWM
is otherwise used. These experimental results ascertain the principles of the equivalent effective water
method and the equivalent total water method based on the way the method affects the relationship
between the strengths of NAC and RAC (Figure 6).

In the present modeling, the RAC material properties were adopted from Xiao et al. [56] (in the
case of the AWM) and Chen et al. [73] (the ETWM). Figures 8 and 9 show the predicted horizontal
load-displacement hysteresis loops and seismic performance using different concrete mixing methods.
It can be seen from Figures 8 and 9 that: (i) An increase in r resulted in an up to 10% decrease in
Pu of RRC columns using the AWM, whereas the opposite occurred when the ETWM was adopted.
However, (ii) the variation in Pu was generally lower than that of the f c of RAC, consistently true
for the two types of mixing methods. This was because the impacts of RCAs (i.e., low strength of
adhered mortar and crushing damage in RCAs (i.e., [63–67]) could be largely reduced in RRC columns
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as a result of structural effects such as the confinement provided by transverse steel reinforcement.
Despite the above detrimental effects, (iii) the ductility of RRC columns manufactured with the AWM
increased slightly with an increase in the ratio of RCA percentage, whereas for the ETWM no such
obvious dependency on the replacement ratio could be found. This can be explained as the AWM may
have led to a lower f c compared to the ETWM, which in turn resulted in a decreasing brittleness [77].Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 22 
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Figure 7. Effect of RCA percentage on 28-day compressive strength of recycled aggregate concrete
(RAC) (Note: f c,0 is the cylinder compressive strength when r = 0%; f c,r is the cylinder compressive
strength when r 6= 0%).
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Figure 8. Effect of RCA percentage on hysteresis loops of RRC columns (n = 0.3). (a) Additional water
method (Xiao et al. [56]). (b) Equivalent total water method (Chen et al. [72]).
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Figure 9. Effect of RCA percentage on seismic performance of RRC columns (Note: Pc,0 is the ultimate
lateral load when r = 0%; Pc,r is the ultimate lateral load when r 6= 0%). (a) Capacity. (b) Ductility.
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Due to the relatively pronounced and interesting effects caused by using the AWM, the numerical
study in the following sections was based on the specimens (NAC-0.30-60, RAC50-0.30-60, and
RAC100-0.30-60) reported in Yang [43], where the AWM was adopted.

3.2. Influences of f y and ρs

Four classes of steel reinforcement in accordance with the Chinese concrete design code
(GB 50010-2010 [78]) were employed to conduct the parametric study. The values of steel yield
strength f y corresponding to the four classes were 300, 335, 400, and 500 MPa. The elastic modulus
of the steel reinforcement Es was taken as 200 GPa. The numerical models of RRC columns in this
section were established based on the specimens reported in Yang [43] via varying the values of f y

described above.
Figure 10 illustrates the calculated hysteresis loops for the RRC columns, and Figure 11 shows

the seismic performance indexes (i.e., Pu and µ) of those columns. From Figures 10 and 11 it can be
concluded that improving f y definitely resulted in a marked increase in Pu. But increasing f y also
reduced the ductility of RRC columns. This reduction can be explained by the inconsistent increase in
the yield displacement (i.e., ∆y) and the ultimate displacement (i.e., ∆0.85) when higher-strength steel
was used. The former (∆y) was increased more significantly than the latter (∆0.85), thus reducing the
ductility ratio, as defined in Equation (5).
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Figure 10. Effect of steel yield strength on hysteresis loops of RRC columns (n = 0.3). (a) r = 0%,
(b) r = 50%, and (c) r = 100%.

From Figure 10a, it was also noticed that the value of Pu at a specific yield strength (f y) generally
decreased with an increase in r because the AWM was adopted as discussed in Section 3.1. It should
be highlighted that a similar study on the axial load capacity of RRC columns manufactured using the
ETWM have been reported in the previous investigation conducted by authors (i.e., [64]), showing
that the ETWM generally leads to a slight increase in the load capacity as a function of r.



Appl. Sci. 2019, 9, 1460 13 of 22

The influence of area ratio of steel reinforcement (ρs = As/A) on the seismic performance of RRC
columns was also discussed. The values of ρs = 1.57%, 2.79%, 4.36%, or 6.28% were considered by
varying the diameter of the longitudinal steel reinforcement (i.e., d = 12, 16, 20, and 24 mm).Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 22 
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Figure 11. Effect of steel yield strength on seismic performance of RRC columns. (a) Capacity.
(b) Ductility.

Figure 12 shows the hysteresis loops of RRC columns with different ρs. Figure 13 shows the
influence of ρs on the seismic performance indexes. As expected, an increase in ρs resulted in a
substantial increase in Pu. This was because the steel reinforcement ratio contributed significantly
in the flexural strength of the members. On the other hand, an increase in ρs resulted in a reduction
in µ of RRC columns. In fact, the ductility characteristic was not only affected by concrete but also
related to the stress level in the longitudinal bars caused by the axial compressive load; the following
derivation clearly shows this.
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Figure 12. Effect of steel ratio on hysteresis loops of RRC columns (n = 0.3). (a) r = 0%, (b) r = 50%, and
(c) r = 100%.
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Figure 13. Effect of steel ratio on the seismic performance of RRC columns. (a) Capacity. (b) Ductility.

The strain compatibility can be assumed between concrete and longitudinal steel reinforcement,
leading to:

εc = εs →
σc

Ec
=

σs

Es
→ σc =

Ec

Es
σs = αcsσs, (6)

where εc and εs are the strain of concrete and longitudinal steel reinforcement, respectively; σc and
σs are the stress of concrete and longitudinal bars, respectively; Ec and Es are the elastic modulus of
concrete and steel, respectively; and αcs is equal to the ratio of Ec/Es.

A relationship between the axial load ratio and the stress level of longitudinal bars can be obtained:

n = N
fcp A = σc Ac+σs As

fcp A = αcsσs(A−As)+σs As
fcp A = σs[αcs A+(1−αcs)As]

fcp A

σs =
n fcp A

αcs A+(1−αcs)As
⇒ n fcp A

αcs A+(1−αcs) As ↑
= σs ↓ (7)

where Ac and As are the sectional area of concrete and longitudinal bars, respectively; and A = Ac + As.
It can be seen from Equation (7) that given a certain axial load ratio and strength class of

concrete, increasing the steel ratio (ρs) led to a decrease in the stress level of steel reinforcement.
Consequently, more stress would be transferred and sustained by the concrete, which accelerated its
damage in cyclic loading. The ductility of RRC columns thus decreased with increasing the area ratio
of steel reinforcement.

3.3. Influence of Bi-Directional Loading

RC structures are often subjected to multi-directional loadings under earthquake ground
motions [79,80]. A bi-directional loading scheme was used herein to investigate the seismic
performance of RRC columns. Figure 14 shows the definition of loading angle (α) of P to Px, in
which P = (Px

2 + Py
2)0.5 is the resultant force, and Px and Py are the components in X and Y directions,

respectively. Loading angles of 0◦ and 45◦ were employed to study the impact of bi-directional loading
on the seismic performance of RRC columns.
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Appl. Sci. 2019, 9, 1460 15 of 22

Figure 15 shows the hysteresis loops of RRC columns with different values of α, and the influences
of α on Pu and µ are plotted in Figure 16. Remarkable findings can be observed from Figures 15 and 16:
(1) α had no remarkable influence on the initial stiffness of RRC columns, (2) Pu of RRC columns
subjected to the loading angle of 45◦ was lower than that of RRC columns with a 0◦ loading angle,
and (3) µ of RRC columns with the loading angle of 45◦ was larger than that of RRC columns with
0◦. The reason was that the bi-directional loading scheme resulted in the coupling behavior of RC
columns—that is, one direction loading can weaken the load-carrying capacity in another direction.
On the contrary, one direction loading can expedite the lateral deformation in another direction.
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4. Grey Relational Analysis (GRA)

In addition to the numerical model, grey relational analysis (GRA) was also presented in this
study to further evaluate the variable sensitivity of the seismic performance of RRC columns. As a set
of system theory, grey relational model is a mathematics-based approach to compute the degrees of the
correlation between the independent variables (IVs) and dependent variables (DVs) (i.e., [81,82]). Many
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investigation efforts (i.e., [83–86]) have demonstrated that GRA was an effective solution to optimize
the engineering materials and structures showing the level of influence of each variable involved in
the problem. Based on the experimental dataset collected from Xiao et al. [42] and Yang [43], GRA
was employed to determine the effects of material strengths, geometry dimensions, reinforcement
configurations, axial load ratios, and RCA percentages on the hysteretic performance of RRC columns.

4.1. Mathematical Model of GRA

The maximum load (Pu) and the displacement ductility coefficient (µ) reported in Xiao et al. [42]
and Yang [43] were determined as the reference matrix, X0(j), where, j = 1, 2, . . . , n. The key
experimental parametric variables, including r, f y, L/h, ρs and n, were selected as the comparative
matrix, Xi(j), where, i = 1, 2, . . . , m. The following equation is a mathematical model for the construction
of the reference matrix and the comparative matrix.

X0 = X0(1), X0(2), . . . X0(n)
X1 = X1(1), X1(2), . . . X1(n)

. . . .
Xm = Xm(1), Xm(2), . . . Xm(n)

(8)

Normalization of variables in the matrix is processed in order to eliminate their
numerical fluctuation.

xi(j) =
Xi(j)

1
n ∑n

i=1 Xi(j)
. (9)

The grey relational coefficient ξi is calculated:

ξi[x0(j), xi(j)] =

∣∣∣∣∣mini =1,nminj =1,m∆i(j) + ρmaxi =1,nmaxj =1,m∆i(j)
∆i + ρmaxi =1,nmaxj =1,m∆i(j)

∣∣∣∣∣, (10)

∆i(j) = |x0(j)− xi(j)|, (11)

mini=1,nminj=1,m∆i(j) = max
i

(
max

j
|x0(j)− xi(j)|

)
, (12)

maxi=1,nmaxj=1,m∆i(j) = min
i

(
min

j
|x0(j)− xi(j)|

)
, (13)

where 0 ≤ ρ ≤ 1, and its frequently-used value is equal to 0.5 [81].
In GRA, grey relational entropy density (γ) can be used to measure the degree of correlation

between the reference matrix and the comparative matrix:

γ =
1
n

n

∑
i=1

ξi[x0(j), xi(j)] ≤ 1.0. (14)

It is worth noting that values of γ approaching the unit indicates a closer correlation between the
IVs and the DVs; when γ is over 0.7, there is a strong correlation between the IVs and the DVs; when γ

is less than 0.5, the correlation between the IVs and the DVs can be considered negligible [81].

4.2. Evaluation of Variable Sensitivity

Table 2 shows the results of the grey relational evaluation between hysteretic performance and
parameters. From Table 2, it can be seen that:

(i) for the maximum lateral load Pu, the influencing sequence was: L/h > ρs = f y = n > r;
(ii) for the displacement ductility µ, the influencing sequence was: L/h > ρs = f y > n > r.
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Table 2. Ranking results of grey relational evaluation.

Performance
Grey Relational Entropy Density γi

r L/h f y ρs n

Pu 0.62 0.87 0.86 0.86 0.85

µ 0.58 0.84 0.83 0.83 0.80

Observations from Table 2 are summarized as:

(1) The steel strength (i.e., f y), the geometric ratio (i.e., L/h), the reinforcement area ratio (i.e., ρs),
and the axial load ratio (n) had the most significant influences on the seismic performance of RRC
columns, with γ ranging from 0.80 to 0.87;

(2) The sensitivity of RCA percentage on the seismic performance of RRC columns was much less
remarkable than that of the steel strength and the other three structural factors (i.e., L/h, ρs,
and n); however, considering that concrete constituted a large portion of the overall resistance,
the influence of RCA percentage should be considered in the seismic design and evaluation of
RRC columns.

5. Conclusions

Previous studies on evaluating the seismic performance of concrete columns made with RCAs
are still not often seen. These columns have many potential applications in areas with seismic design
requirements. With the aim of addressing this significant gap, this research presents a simple, yet
practical and efficient, numerical method implemented in the SeismoStruct software to provide an
in-depth understanding of the seismic performance of RRC columns. The findings from this study
support the following conclusions:

(1) The lateral load-carrying capacity of RRC columns using the AWM generally reduces (up to
10%) with an increase in the RCA replacement percentage, whilst this trend is reversed when the
ETWM is used.

(2) Increasing the steel strength is advantageous to the gain in lateral strength of the RRC column, but
this leads to a reduction in ductility. Similar two-edged results are also observed when increasing
the area ratio of steel reinforcement.

(3) Bi-directional loading has a negative influence on the lateral load-carrying capacity, but it has a
positive influence on the ductility of RRC columns.

(4) The steel strength and some well-recognized structural factors (i.e., the shear-span ratio, the area
ratio of steel reinforcement, and the axial load ratio) are identified by the GRA method as the
most essential parameters affecting the seismic performances of RRC columns, with the grey
relational entropy density, γ, ranging from 0.80 to 0.87.

(5) The sensitivity of RCA percentage on the seismic performance of RRC columns is quite modest
compared to those of the four factors listed in (4); however, quality and percentage of RAC still
should be well-controlled in seismic design of RRC columns.

Overall, it can be said that the use of the RRC columns in seismic regions is generally viable. Those
green columns can be properly seismically designed with confidence despite some of the deleterious
aspects. However, further studies are still needed, such as determining the minimum longitudinal
and transverse steel ratios used in RRC columns, to suppress any negative effects caused by the
incorporation of RAC. More experimental data are also called for to investigate the variability of the
seismic performance of RRC columns and, finally, to determine their seismic reliability.
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Abbreviations

A Column sectional area
Ac Concrete sectional area
As Total sectional area of longitudinal rebars
b Column sectional width
Dc Diameter of concrete cylinder
d Diameter of longitudinal rebar
dhoop Diameter of transverse rebar
Ec Elastic modulus of concrete
Es Elastic modulus of longitudinal rebar
f c Concrete cylindrical compressive strength
f y Yield strength of longitudinal rebar
f y,v Yield strength of transverse rebar
h Column sectional height
Hc Height of concrete cylinder
L Column effective length
N Axial load
n Axial load ratio
P Lateral load
r Replacement ratio of RCAs [%]
S Hoop spacing
weff/c Effective water to cement ratio
wd Coefficient accounting for concrete density
ws Coefficient considering sample aspect ratio
wa Coefficient considering sample aspect ratio
σc Stress of concrete
σs Stress of longitudinal bar
εcor Peak strain of RAC
εc Strain of concrete
εs Strain of longitudinal rebar
εcon Peak strain of NAC
ρc,f Bulk density of concrete
ρs Area ratio of steel rebar
ξi Grey correlation coefficient
γi Grey correlation entropy density
α Bi-directional cyclic loading angle
µ Displacement ductility coefficient
∆0.85 Lateral displacement at 85% peak load
∆y Yield lateral displacement
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