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Abstract: Recycled aggregate concrete (RAC), i.e., concrete produced with recycled concrete aggregate
(RCA) has been heavily investigated recently, and the structural design of RAC is entering into
design codes. Nonetheless, the service load deflection behavior of RAC remains a challenge due to
its larger shrinkage and creep, and lower modulus of elasticity. A novel solution to this challenge
is the use of layered concrete, i.e., casting of horizontal layers of different concretes. To investigate
the potential benefits and limits of layered concrete, this study contains a numerical parametric
assessment of the time-dependent sustained service load deflections and environmental impacts of
homogeneous and layered NAC and RAC one-way slabs. Four types of reinforced concrete slabs were
considered: homogeneous slabs with 0%, 50% and 100% of coarse RCA (NAC, RAC50 and RAC100,
respectively) and layered L-RAC100 slabs with the bottom and top halves consisting of RAC100 and
NAC, respectively. In the deflection study, different statical systems, concrete strength classes and
relative humidity conditions were investigated. The results showed that the layered L-RAC100 slabs
performed as well as, or even better than, the NAC slabs due to the differential shrinkage between
the layers. In terms of environmental performance, evaluated using a “cradle-to-gate” Life Cycle
Assessment approach, the L-RAC100 slabs also performed as well as, or slightly better than, the NAC
slabs. Therefore, layered NAC and RAC slabs can be a potentially advantageous solution from both
structural and environmental perspectives.

Keywords: construction sustainability; functionally graded concrete; Life Cycle Assessment;
OpenSees; sustained service load; time-dependent deflection

1. Introduction

The use of recycled concrete aggregate (RCA) in the production of recycled aggregate concrete
(RAC) is a promising way of addressing the sustainability challenges of concrete construction.
However, most RCA is used for non-structural applications such as backfilling, road base and
sub-base [1], with only less than about 10% being used for new concrete. One source of concern toward
the structural use of RAC is its time-dependent behavior under service loads. Namely, due to the
residual mortar attached to RCA, RAC exhibits a lower modulus of elasticity [2] and higher shrinkage
and creep [3,4], which causes increased deflections of reinforced concrete (RC) structures. For example,
Tošić et al. [5] showed that analytical models for deflection control need to be modified to take into
account the greater deformations of RAC, and Tošić and Kurama [6] performed a parametric numerical
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study comparing the deflection behavior of natural aggregate concrete (NAC) and RAC one-way slabs
and beams, showing significant differences when the coarse RCA incorporation ratio exceeds 25%.

Furthermore, a large amount of research on the environmental assessment of RAC has been
performed using the standardized Life Cycle Assessment (LCA) methodology [7]. Results of previous
works vary significantly: from no or low benefits [8,9] to substantial reductions of the environmental
impacts of RAC compared with NAC [10]. This discrepancy is partially due to the variety of
possible methodological choices within the LCA framework, but mostly due to different choices of the
functional unit (FU) and different approaches to Life Cycle Inventory (LCI) modeling (attributional or
consequential). However, regardless of which modeling approach is applied, the increased deflection
behavior (i.e., inferior serviceability) of RAC compared with NAC is reflected in its environmental
performance. In comparative environmental assessments, the FU has to encompass all relevant
functional aspects of the concrete structure: strength, serviceability and service life (durability).
In order to obtain a similar deflection behavior of NAC and RAC structural members, it is necessary
to enlarge the RAC FU, which causes increased environmental impacts of RAC due to the larger FU
volume [11,12].

Therefore, further innovations on the use of structural RAC are necessary. For example, with newly
emerging construction technologies and optimization techniques, the topic of “functionally-graded
materials” (FGM) is gaining attention. FGMs can be defined as materials whose composition, structure
or properties change over any direction [13]. Within this topic, Xiao [14] used RAC and NAC to
produce functionally graded concrete (FGC) and conducted ultimate load testing of one-way slabs
produced with layers of RAC (with 50% and 100% of coarse RCA) and NAC, distributed in three
horizontal layers. The results showed that the layered RAC slabs had a similar or even improved
ultimate flexural behavior when compared to the homogeneous RAC slabs. The layers were cast with
“fresh” connections, finding no discernible effects of the interface behavior, as supported by other
researchers as well [13,15]. However, no research so far has analyzed FGCs incorporating RAC from
the aspect of sustained service load deflections. From this aspect, appropriately incorporating RAC
into FGC can be hypothesized to have a beneficial effect on deflections due to the differential shrinkage
and creep effects between NAC and RAC.

In order to fill this knowledge gap, this paper describes a comprehensive numerical study on the
time-dependent service load deflection and environmental assessment of FGCs incorporating RAC.
For this purpose, a parametric study is conducted on one-way reinforced concrete slabs, designed
according to ultimate limit states (ULS) and serviceability (i.e., deflection) limit states (SLS), and
compared in terms of time-dependent sustained service load deflection behavior and environmental
impact using LCA. The study considers homogeneous concrete slabs made from NAC and from RAC
with different coarse RCA content, as well as non-homogeneous “layered RAC” slabs produced with
horizontal layers of NAC and RAC (the term “layered” herein signifies discrete horizontal placement
of the different concrete mixtures). A numerical parametric study is performed to analyze slabs
with different concrete types (layered and homogeneous), different statical systems, and concrete
mechanical properties. The results are then complemented with LCA to holistically present the optimal
configuration of concrete for one-way slabs.

2. Parametric Study of Layered One-Way Slab Deflections

2.1. OpenSees Modeling of Time-Dependent Behavior

OpenSees is an open-source, object-oriented software for the finite element analysis (FEA)
of structures [16]. Although OpenSees is best-known for earthquake and dynamic analysis,
new capabilities can be developed on its open source platform. Utilizing this platform,
Knaack and Kurama (2018) [17] developed a new concrete material model (TDConcrete) that includes
time-dependent creep and shrinkage strains under sustained service loads based on ACI creep and
shrinkage prediction models [18]. TDConcrete is limited to a linear range of behavior for concrete in
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compression, but incorporates nonlinear tension (cracking and tension-softening) behavior based on
experimental results by Tamai et al. (1988) [19]. The model was successfully applied on experimental
long-term deflections of RAC and NAC beams as well as a parametric study on the long-term service
load behavior of RAC and NAC frame structures [17,20].

Subsequently, a more recent concrete material model, namely TDConcreteMC10NL, was developed
by Tošić and Kurama [6], based on the fib Model Code 2010 creep and shrinkage prediction
models [21], including full nonlinear behavior in compression based on the existing Concrete02
model in OpenSees [22,23] and the same nonlinear behavior in tension, as in TDConcrete. As discussed
in the introduction, TDConcreteMC10NL was successfully applied in a large parametric study on the
long-term deflections of homogeneous RAC and NAC one-way slabs.

Detailed descriptions of the TDConcrete and TDConcreteMC10NL material models can be found
in [17,24] and Tošić and Kurama [6], respectively. The source codes for the models have been integrated
into the OpenSees online repository at https://github.com/OpenSees/OpenSees. These codes are
incorporated into OpenSees starting from version 3.2.0 onward, and an executable containing the
TDConcrete and TDConcreteMC10NL material models can be downloaded from the official webpage
at https://opensees.berkeley.edu/OpenSees/user/download.php. Furthermore, a manual for the use of
the models, along with example files, is available online as Mendeley Data [25].

Considering the above, the TDConcreteMC10NL material model was selected to analyze the
time-dependent behavior of the NAC and RAC slabs in this paper. Importantly, as the analysis in
OpenSees is based on discretizing each section of a structural element into horizontal fibers, i.e., layers,
it was considered an optimal choice for the analysis of the time-dependent behavior of layered RAC.

2.2. Concrete Types and Constitutive Relations

As stated previously, the main aim of this study was to assess the feasibility of layered RAC
elements from a structural and environmental perspective. Layered RAC-reinforced one-way slabs
were analyzed because, together with walls, slabs typically consume the largest amount of concrete in
a building. In other words, the largest utilization of RAC in a building will be in slabs. Furthermore,
deflections are usually more critical for slab design, and this is the area where RAC has the weakest
performance relative to NAC; therefore, it is important to quantify these differences.

A layered RAC slab, labeled L-RAC100, was conceptualized, as shown in Figure 1, consisting of a
bottom layer (50% of section height) of RAC100—an RAC with 100% coarse RCA—and a top layer
of NAC. The choice of placing RAC on the bottom and NAC on the top of the section was made for
two reasons. First, in the positive bending moment regions (which critically influence deflections),
the upper part of a section has the highest concrete stresses, which are compressive, and therefore,
result in large compressive creep. Since NAC typically exhibits lower creep than RAC, its placement
on top will lead to lower deflections. Secondly, RAC typically exhibits higher shrinkage than NAC.
Theoretically, and depending on the reinforcement in the section, this can be hypothesized to lead to
negative curvatures, and thus to an upward camber of the slab, which can be beneficial by reducing
the total (i.e., load-induced plus shrinkage) deflections.
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Besides L-RAC100, three other concrete types were assessed, all with no layering
(i.e., homogeneous): NAC, RAC50 (with 50% of coarse RCA) and RAC100 (with 100% coarse RCA).
NAC and RAC100 were chosen as constitutive materials of L-RAC100, and RAC50 was chosen as an
intermediate solution with the same overall percentage of coarse RCA as in L-RAC100 (50% NAC and
50% RAC100, by volume of the slab).

In OpenSees, all four concrete types were modeled using the TDConcreteMC10NL material.
As the numerical formulation assumes that plane sections remain plane throughout the deformations
of the element, a perfect bond was assumed between the NAC and RAC layers in the L-RAC100
slabs. In the case of a fresh-to-fresh connection in layered concrete, this assumption can be considered
reasonable [13]. The mechanical stress–strain relationship for the TDConcreteMC10NL material is
shown in Figure 2, along with its input parameters. The model comprises a nonlinear relationship in
compression up to the compressive strength f c at peak strain εc0, determined by f c and the tangent
modulus of elasticity Ec. After the peak, stress decreases linearly to the residual strength f cu at the
ultimate strain εcu. In this study, considering concrete strength classes defined in the fib Model Code
2010 [21], the mean compressive strength f cm was adopted for f c, concrete modulus Ecm for Ec and a
strain of 3.5%� for εcu. In the post-cracking tensile region, TDConcreteMC10NL follows the relation
proposed by Tamai et al. (1988) as:

σct = fct·

(
εct0

εct

)bts
(1)

where f ct and εct0 are the axial tensile strength and strain at cracking, respectively, εct and σct are the
tensile strain and corresponding stress, respectively, and bts is a tension-softening parameter (originally
proposed as 0.4 by Tamai et al., 1988). In the current study, the mean axial tensile strength f ctm was
adopted for f ct, according to the corresponding strength class [21], whereas the tension softening
parameter bts was adopted as 0.8 for NAC and 0.9 for RAC50 and RAC100, according to a calibration
performed on a database of experimental results, previously reported by Tošić and Kurama [6].
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The mean axial tensile strength f ctm was calculated as a function of the compressive strength
using the expression from the fib Model Code 2010 [21] as:

fctm = 0.3· f 2/3
ck (2)

where f ck is the characteristic strength of concrete, i.e., the 5%-fractile of compressive strength as per the
fib Model Code 2010 [21]. Previous research has shown that the relationship between the compressive
and tensile strengths for RCA is similar to that for NAC [26]. Therefore, Equation (2) was used for all of
the concrete types in the study. However, the modulus of elasticity Ecm is highly affected by RCA [2],
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and thus an expression proposed by Tošić et al. [5] was used to calculate Ecm by adjusting the equation
provided in the fib Model Code 2010 [21] as:

Ecm = 21500·
(
1.0− 0.3·

RCA%
100

)
·

(
fcm

10

)1/3

(3)

where RCA% is the mass percentage of coarse NA replacement with RCA and f cm is the mean
compressive strength (= f ck + 8 MPa).

For calculating the shrinkage strain and creep coefficient, the fib Model Code 2010 [21] was used.
For RAC, the values were adjusted by correction factors proposed in [3,4] as:

εcs,RAC(t, ts) =

(
RCA%

fcm

)0.30

·εcs(t, ts) ≥ εcs(t, ts) (4)

ϕRAC(t, t0) = 1.12·
(

RCA%
fcm

)0.15

·ϕ(t, t0) ≥ ϕ(t, t0) (5)

where εcs,RAC is the total RAC shrinkage strain, εcs is the total shrinkage strain (basic + drying)
calculated according to the fib Model Code 2010, ϕRAC is the total RAC creep coefficient, and ϕ is the
total creep coefficient (basic + drying) calculated according to the fib Model Code 2010.

Considering the expressions and relations presented above, the total concrete strain for the
TDConcreteMC10NL material is determined as

εtot(ts, t0, t) = εm(t) + εcbc(t, t0) + εcdc(t, t0) + εcbs(t) + εcds(t, ts) (6)

where εtot is the total strain, εm is the mechanical strain, εcbc and εcdc are the basic and drying creep
strains, respectively, εcbs and εcds are the basic and drying shrinkage strains, respectively, t is the
current time, ts is the age of concrete at the start of drying, and t0 is the age of concrete at loading.
This strain is then used to check the equilibrium in each cross-section, determine the internal forces
and check the convergence of the unbalanced force vector in the global analysis [17]. Thermal strains
are not included in the formulation for TDConcreteMC10NL.

2.3. Formulation of the Parametric Study and Modeling

As explained in the previous subsection, four concrete types were considered in the analysis:
NAC, RAC50, RAC100 and L-RAC100. Two statical systems were considered for the slabs, as shown in
Figure 3: simply supported slabs (Figure 3a) and continuous slabs (modeled as one half of a symmetric
three-span continuous slab, Figure 3b). Using OpenSees, each span was divided into 20 equal-length
displacement-based dispBeamColumn elements [16].
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Since the elements represented one-way slabs, a 1-m strip of slab was considered, i.e., cross-section
width b was 1000 mm. The slab height was taken constant as h = 200 mm; other values for h were
not analyzed, as Tošić and Kurama (2020) demonstrated that there is no detectable size effect in
the deflections of NAC and RAC one-way slabs. Each element cross-section was discretized into
40 horizontal fibers, as shown in Figure 3c. In the case of L-RAC100, the top 20 fibers were designated
as NAC, and the bottom 20 as RAC100.

Exposure class XC1 was assumed and the center of gravity of reinforcement (both tensile and
compressive) was taken as d1 = 30 mm from the nearest concrete top/bottom face, i.e., the effective
depth to the tension reinforcement was d = 170 mm, and concrete cover was assumed equal for all
concrete types. This decision was based on a review of several studies that showed that, when RAC is
produced with equal compressive strength as NAC, its carbonation resistance is similar or negligibly
lower [27–29].

The span length, L, was varied by varying the span-to-effective depth ratio, L/d, between 20 and
30 for the simply supported slabs, and between 25 and 35 for the continuous slabs. In other words,
the span lengths ranged from 3.4 to 5.1 m for the simply supported slabs and from 4.25 to 5.95 m for
the continuous slabs. This was considered in six discrete increments of L/d, i.e., 20, 22, 24, 26, 28, 30 for
the simply supported slabs and 25, 26, 28, 30, 32, 35 for the continuous slabs.

Two concrete strength classes, C25/30 and C30/37, were selected as being most appropriate for
slabs in buildings and because of the widest availability of data for such concretes, necessary for LCA.
Compressive strength was used to calculate the modulus of elasticity, tensile strength, shrinkage strain
and creep coefficient, as described previously. For both RAC50 and RAC100, the modulus of elasticity,
shrinkage strain and creep coefficient were adjusted using Equations (3)–(5). Relative humidity (RH)
was adopted as 50% and 80% to simulate higher and lower amounts of shrinkage and creep deformations,
respectively. The slabs were loaded by self-weight, gsw = 5 kN/m2, additional (superimposed) dead
load, ∆g = 3.0 kN/m2, and live load, q = 3 kN/m2. This means that the total ULS design load was
qEd = 15.3 kN/m2 (1.35·gsw + 1.35·∆g + 1.50·q).

As a first step of the study, all of the slabs were designed for ULS flexural strength. This was done
in the same way for all concrete types, as literature results show no difference in ULS flexural strength
between NAC, RAC and layered RAC [14,30]. The calculated (i.e., required) ULS reinforcement
As,ULS was adopted with no excess reinforcement, checking also for the minimum reinforcement ratio
according to Eurocode 2 [31] (~0.013%). In the case of simply supported slabs, the reinforcement
ratio, ρ, was assumed to be constant along the entire span. For the continuous slabs, the top (tension)
reinforcement over the interior support was adopted over a length of 0.3·L on each side of the support,
whereas the bottom reinforcement in the spans was adopted constant over the entire length in each
span. Reinforcement was modeled with a bi-linear stress–strain relationship using the Steel01 material
model in OpenSees, with a yield strength of 500 MPa, modulus of elasticity of 200 GPa and post-yield
hardening modulus of 20 GPa.

As for deflection control, the live load q was considered with two distinct quasi-permanent
coefficients of ψ2 = 0.0 and 0.6. This resulted in quasi-permanent loads of 8.0 and 9.8 kN/m2,
and quasi-permanent-to-design load ratios, qqp/qEd, of 0.52 and 0.64, respectively. For all combinations,
the characteristic load (gsw + ∆g + q) was equal to 11 kN/m2.

With six L/d ratios for each set of parameters and four concrete types, a total of 192 cases were
analyzed for each of the simply supported and continuous slab configurations, i.e., 384 calculations
were performed in total. The parameters for all of these cases are provided as an Excel file in the
Supplementary Material S1, available with the online version of the article. The time-dependent
analyses were performed following a realistic loading procedure, as follows. Curing was assumed to
continue until 7 days (i.e., start of shrinkage at 7 days, no loading); self-weight was applied at 14 days
(i.e., removal of shoring); the additional dead load was applied at 60 days; the full live load was applied
(to cause maximum cracking) at 180 days, and part of the live load was immediately removed, leaving
only the quasi-permanent load on the slab. Each analysis was continued over a total duration of
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25 years, which was adopted as a compromise between the longer computation time and the relatively
small additional deflections expected beyond 25 years, as per the results of Tošić and Kurama (2020).
Upon starting shrinkage (at 7 days), a global variable “setCreep” in OpenSees was set to 1 in order to
begin accumulating shrinkage strains (i.e., the setCreep variable controls the accumulation of both
creep and shrinkage in the analysis formulation). Following this, at each loading time (14, 60 and
180 days), a Static Analysis was performed first for the initial application of the intended load, followed
by a time-dependent analysis to accumulate creep and additional shrinkage deformations using the
setCreep variable. In each time-dependent analysis segment, the time steps were logarithmically
spaced to capture the greater strain increments immediately after the end of curing and the initial
application of an increment of load. The nonlinear solution algorithm in OpenSees was programmed
to switch between the Newton, Modified Newton and Newton Line Search methods [22] to achieve
convergence in each time step.

2.4. Parametric Analysis Results

As explained in the previous subsection, for each set of parameters, all four concrete types were
designed identically for ULS, i.e., for each parameter set, the NAC, RAC50, RAC100 and L-RAC100
slabs had identical L/d ratios and reinforcement, and thus identical flexural ultimate and cracking
strengths. This provided a foundation for their comparison in deflection behavior due to differences in
the modulus of elasticity, creep, shrinkage and tension stiffening.

2.4.1. Simply Supported One-Way Slabs

The calculated maximum deflection (at midspan) behaviors of the simply supported slabs are
shown in Figure 4, expressed in terms of a “normalized deflection”, a/alim, which represents the ratio
of the maximum slab deflection to the limit (i.e., allowable) deflection for quasi-permanent load,
equal to L/250 [21]. Importantly, deflections that remain below the allowable value would not have
practical implications (i.e., they would not alter the design). The normalized deflection is plotted
against the L/d ratio; and, once a/alim exceeds 1, the deflection limit is not satisfied. It can be seen from
the figure that this generally happened for L/d ratios ranging between 22 and 25, i.e., for spans of
3.74 to 4.25 m.

Figure 4 shows an expected change in deflection behavior moving from NAC to RAC50 and to
RAC100, as the deflections and a/alim ratio increase in the same order. This is of course explained by
the lower modulus of elasticity and tension stiffening and higher creep and shrinkage with increased
amounts of RCA. The influence of creep and shrinkage is dominant as the differences are more
pronounced for RH = 50%, for which both are larger than for RH = 80%. The effect of concrete strength
is not significant, whereas the effect of the quasi-permanent-to-design load ratio can be noticed in a
slight increase of differences between NAC, RAC50 and RAC100.

However, the most interesting results are those for layered RAC, i.e., the L-RAC100 slabs. It can be
seen that L-RAC100 actually presents the best deflection behavior of all four concrete types and over the
entire L/d range. These results can be explained by the fact that shrinkage in L-RAC100 is significantly
different in the top and bottom halves of the cross-section height. Note that the TDConcreteMC10NL
assumes constant shrinkage within a given volume of concrete material (i.e., there is no difference in
the amount of shrinkage between the cover concrete and the core concrete). However, because of the
layered placement of different materials, the lower half of the slab, made of RAC100, undergoes much
higher shrinkage than the top half, made of NAC, leading to a shrinkage strain gradient over the
cross-section height that produces negative curvature and a “camber” of the slab. The phenomenon
results in shrinkage-induced self-equilibrating stresses in the cross-section, with compression at the
bottom and tension at the top, and a corresponding linear strain distribution over the section height
(i.e., plane sections assumption).
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Figure 4. Relationship between a/alim and L/d ratios for simply supported one-way slabs.

The beneficial effect of layered concrete is most visible for lower L/d ratios since the ratio of
shrinkage-to-stress-induced strain (mechanical + creep) is the highest. This also causes the largest
differences between L-RAC100 and NAC seen in the L/d range of 24 to 26. In some cases, the differential
shrinkage prevents cracking due to load and causes much lower deflections of the L-RAC100 slabs.
The proposed explanation can be seen clearly in Figure 5, where the top and bottom fiber strains are
compared for NAC and L-RAC100 slabs with L/d = 20, for which this effect is the largest (the remaining
parameters for the plotted case are C25/30, qqp/qEd = 0.64 and RH = 50%). The top fiber strains εc,1 are
seen to be equal in both concretes because the top fibers in both are NAC. However, a stark difference
exists for the bottom fiber strains εc,2, which are NAC and RAC100 in the NAC and L-RAC100 slabs,
respectively, due to the much higher shrinkage in the bottom half of the L-RAC100 slab.
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Figure 5. Top (top) and bottom (bottom) fiber strains for NAC (left) and L-RAC100 (right) simply
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The above results provide several implications for deflection control. First, with identical ultimate
and cracking strengths, homogeneous RAC slabs are limited to smaller L/d ratios with satisfied deflection
control. For example, a case that can be considered typical for residential buildings, with C30/37,
qqp/qEd = 0.52 and RH = 80%, simply supported slabs can be used up to L/d approximately 27.0, 26.5 and
26.0 utilizing NAC, RAC50 and RAC100, respectively. Even though these differences exist, they are not
large, and the maximum L/d values are already high for simply supported slabs when considering code
recommendations [31]. More importantly, though, the results provide a strong argument for the use of
layered RAC as a way of achieving satisfactory ULS and SLS behavior (equal to or even superior to
NAC), and at the same time a not insignificant utilization of RCA (equal to the amount used in RAC50,
but with better deflection behavior).

2.4.2. Continuous One-Way Slabs

The results for the continuous one-way slabs are shown in Figure 6, taking into account maximum
deflection obtained in the right span (Figure 3).

The overall trends of the relationship between a/alim and L/d are the same as those for the simply
supported slabs. As expected, deflections are satisfied up to higher L/d ratios, approximately 27–32,
for the continuous slabs as compared with the simply supported slabs. As with the simply supported
slabs, for homogenous concretes, the deflections increase in the order from NAC, RAC50 and RAC100,
and the significance of the parameters remains similar: i.e., negligible influence of concrete class (for the
two classes considered), small influence of load level and larger influence of relative humidity.
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However, there is a notable difference in the trends for the L-RAC100 slabs.
Specifically, the difference between NAC and L-RAC100 is much smaller for the continuous slabs than
for the simply supported slabs. In fact, for higher L/d ratios (>30), the results show that deflections
of the L-RAC100 slabs can be larger than those of the NAC slabs (even though the differences are
small). A plausible reason for this is that in continuous slabs, above the support, the highly stressed
compressive zone is at the bottom of the section made of RAC100. Consequently, as creep is higher in
L-RAC100 than in NAC, negative curvatures develop, resulting in a reduction of the moment above
the support in L-RAC100, while the positive moments in the span increase (i.e., moment redistribution
between the support and the midspan). The increase in the span moments causes greater positive
curvatures, leading to increased deflections. The differential shrinkage in the span still produces
negative curvatures, but is no longer enough to offset the redistribution due to creep. This behavior
tends to happen more in slabs with larger L/d ratios, where the mechanical strains are larger, and thus
the creep strains are larger, leading to a smaller relative contribution from shrinkage, as illustrated in
Figure 7 for continuous NAC and L-RAC100 slabs with L/d = 35, C25/30, qqp/qEd = 0.52 and RH = 80%.
The moment diagrams for the two slabs are shown at 180 days (after only quasi-permanent load is left)
and at the end of the analysis (25 years). Differences in the moment diagrams of the two slabs at 180
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days are a consequence of increased shrinkage and cracking in the L-RAC100 slab, since the bottom
half of the section is RAC100 with lower tension stiffening. It can be seen that between 180 days and
25 years, there is very little change in moment (i.e., moment redistribution) in the NAC slab, while a
much larger decrease of negative moment above the support and increase of positive moment within
the span occur for the L-RAC100 slab.
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Nonetheless, the deflections of the L-RAC100 slabs remain very close to those of the NAC slabs.
Furthermore, they exceed NAC slab deflections only for higher L/d ratios for which deflection limits
are already not satisfied, i.e., a/alim > 1. Hence, this effect can be considered to have little consequence
for practical applications.

3. LCA of Homogeneous and Layered One-Way Slabs

In the previous section, the time-dependent deflection behavior of homogeneous and layered
NAC and RAC slabs was presented. It is increasingly important to also assess the environmental
impact of structures and structural members. Therefore, this section presents Life Cycle Assessment
(LCA) results to complement the structural analyses of the previous section. In this way, a more holistic
perspective can be gained on the benefits and limits of using RAC and layered slabs.

3.1. LCA Model

For the purposes of this study, a “cradle-to-gate” LCA was performed to assess and compare the
environmental impacts of the studied one-way slabs (“cradle-to-gate” refers to the material production
phase of the life cycle from the sourcing of the constituent materials to the production of concrete at
a ready-mix plant). System boundaries are presented in Figure 8, where the dashed lines represent
the phases that were excluded. Reinforcement production was excluded from the analysis, as all
alternatives have the same type and amount of reinforcement. Concrete plasticizer (i.e., water reducer)
production and water treatment were also excluded, as the energy input and emissions from these
phases had negligible effect on the considered environmental impact categories.
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Three alternatives were compared: NAC, RAC50 and L-RAC100 slabs. The RAC100 slab
was not included because the intention was to compare the RAC alternatives with the same total
amount of RCA in a unit volume of concrete (i.e., RAC50 and L-RAC100 slabs). As for exposure
conditions, the slabs were assumed to be applied as building floors, exposed to in-door carbonation at
RH = 50%; this is also the situation with the larger creep and shrinkage considered in the parametric
numerical analyses. The FU was 1 m2 of slab with a height equal to 0.2 m. All three alternatives
had the same strength and service life, but different deflections per FU, as shown in Figures 4 and 6.
Therefore, the obtained LCA results are interpreted considering their different deflection behaviors.

In order to be more representative and encompass possible variations, especially in RCA quality,
instead of using three specific mixtures for NAC, RAC50 and RAC100, data on concrete mix designs
were collected from published experimental research. Only research that contained the required input
parameters for LCA—that is, amounts of all constituent materials, types of cement and aggregates,
and compressive strength—were included in the database. In the selected data, water absorption of
coarse RCA varied between 2.4% and 7.6 %, and the amount of plasticizer was below 2% of cement
mass. Ordinary Portland cement was used in approximately 80% of the mixtures, whereas blended
cements with up to 20% of mineral admixtures were used in the rest of the samples. For concrete
strength class C25/30 (mean compressive strength between 33.0 and 37.9 MPa), the sample contained
concrete mixture designs from the following sources:

• 32 NAC mixtures for the NAC slab [32–54]
• 32 RAC100 mixtures required for combination with NAC in the L-RAC100 slab [28,33,40,44,47,50,

51,53,55–71]
• 23 RAC50 mixtures for the RAC50 slab [32,34,38,44,47,48,51–53,60,64,68,71–75]

Similarly, for concrete strength class C30/37 (mean compressive strength between 38.0 and 42.9
MPa), the sample contained materials from the following sources:

• 22 NAC mixtures for the NAC slab [34,52,56–58,61–64,66,67,71,76–83]
• 22 RAC100 mixtures required for combination with NAC in the L-RAC100 slab [34,36,39,50,52,57–

59,61,63,73,79,80,82–86]
• 22 RAC50 mixtures for the RAC50 slab [33,34,36,42,50,52,60–63,67,77,79,80,82,83,87,88]

Mean and standard deviation values of the constituent material amounts and effective
water-cement ratios, (w/c)eff for the selected mixtures are presented in Table 1 (in the case of RAC,
(w/c)eff refers to the water-cement ratio disregarding the water needed for RCA to achieve a saturated
surface dry condition that is satisfied either by mixing in additional batch water or by pre-soaking the
RCA; in the case of NAC, (w/c)eff is equal to the apparent w/c ratio). For the C25/30 strength class, the
RAC50 and RAC100 mixtures had slightly larger average cement contents (i.e., lower average (w/c)eff)
than the NAC mixtures), but this difference was not evident for the C30/37 strength class. A larger
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variation was observed for the cement content than for the (w/c)eff ratio (except for RAC50, C25/30);
however, the greater variability for the cement content in the NAC mix designs was not expected.

Table 1. Mean values and standard deviations of constituent materials and effective water-cement ratio
for considered concrete mixes.

Concrete
Class

Concrete
Type

Cement
(kg/m3)

Fine Aggregate
(kg/m3)

Coarse Aggregate
(kg/m3) (w/c)eff

NA RCA

C25/30
NAC 340 (42) 744 (112) 1077 (107) / 0.55 (0.04)

RAC50 359 (24) 743 (114) 523 (56) 501 (69) 0.50 (0.06)
RAC100 364 (36) 717 (113) / 1012 (117) 0.51 (0.04)

C30/37
NAC 374 (44) 730 (70) 1050 (72) / 0.49 (0.04)

RAC50 381 (35) 728 (60) 521 (41) 484 (47) 0.49 (0.04)
RAC100 380 (29) 743 (116) / 947 (122) 0.48 (0.04)

Note: values in parentheses represent standard deviations; NA—natural aggregate; (w/c)eff—effective
water-cement ratio.

An attributional approach was adopted for LCI modeling. This means that the inputs and
outputs of phases shared by multiple products were allocated between the life cycles of these products.
For example, the recycling of concrete from the parent NAC to RAC is shared by the life cycles of both
materials, and therefore inputs and outputs of the recycling process have to be allocated between them.
In this study, a relatively simple but common cut-off rule was applied for the allocation: demolition and
selection (including transportation) were allocated to the parent NAC life cycle, whereas the recycling
process itself was allocated to the RAC life cycle. LCI data were taken mostly from the Ecoinvent
database [89–91] or from European organizations, except for RCA production. Serbian site-specific data
were used for the RCA production phase because of the lack of this data in the Ecoinvent database [92].
Information about sources of LCI data and assumed transport types and distances is presented in
Tables 2 and 3, respectively. Recycling was assumed to be carried out in a mobile recycling plant that
was transported to the demolition site at a distance of 50 km for each campaign of 2500 t. RCA was
assumed to be transported over a distance not exceeding 20 km (a longer distance was considered too
expensive in comparison with NA). Return distances were taken into account, as shown in Table 2.

Table 2. Transport types and distances.

Material
Route Transport

Distance (km)
Transport Type

From To

River NA Place of extraction Concrete plant 100 × 2 Barge 10,000 t

Crushed NA Place of extraction Concrete plant 100 × 2 Truck 16–32 t

Recycled aggregate Recycling plant 1 Concrete plant 20 × 2 Truck 16–32 t

Mobile recycling
plant 2 Demolition site 50 × 2 Truck 16–32 t

Cement Cement factory Concrete plant 100 × 2 Truck 16–32 t
1 Recycling is performed in a mobile plant at demolition site; 2 For each campaign of 2500 t, mobile plant (20 t) is
transported along 50 km.

Impact category indicators related to green-house gasses and gasses released from burning
fossil fuels were calculated using the CML (The Institute of Environmental Sciences of the Faculty of
Sciences of Leiden University) baseline methodology [93], as follows: global warming potential (GWP),
eutrophication potential (EP), acidification potential (AP) and photochemical-oxidant creation potential
(POCP). Additionally, the abiotic depletion potential of fossil fuels (ADPFF) was calculated using
the following heating values: 42.0 MJ/kg, 19.1 MJ/kg, 8.8 MJ/kg and 39.0 MJ/m3 for diesel, hard coal,
soft coal and natural gas, respectively. The LCI and Life Cycle Impact Assessment (LCIA) calculations
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for each selected mixture were performed using an Excel-based software. A statistical analysis was
performed on the impact indicators level.

Table 3. Sources of LCI data.

Type of Data Source
(File Name in Ecoinvent V2.0) Geography

Energy

Coal mining and distribution
Ecoinvent [89]
(hard coal, at regional
storage/kg/EEU)

EU average

Diesel production, distribution,
and usage

Ecoinvent [89]
(diesel, at regional storage/kg/RER)
(diesel, burned in building
machine/MJ/GLO)

EU average

Natural gas production,
distribution, and usage

Ecoinvent [89]
(natural gas, high pressure, at
consumer/MJ/RER)
(natural gas, burned in industrial
furnace >100 kW/MJ/RER)

EU average

Electricity Ecoinvent [89]
(production mix RER/kWh/RER) EU average

Concrete components

Cement production
CEMBUREAU (the European
Cement Association) EPDs for
CEMI, CEMII and CEMIII [94,95]

EU average

NA production
Ecoinvent [90]
(gravel, round, at mine/kg/CH)
(gravel, crushed, at mine/kg/CH)

estimated as EU average

RCA production Industry
(Marinković et al., 2008) [92] Serbia

Concrete

Concrete production Kellenberger et al. (2007) [90] estimated as EU average

Transportation of concrete components

Road and river

Ecoinvent [91]
(transport, lorry 16–32 t,
EURO5/tkm/RER)
(transport, barge/tkm/RER)

EU average

3.2. LCIA Results

LCIA results in absolute figures are presented in Table 4 in terms of mean values and coefficients
of variation (CoV). For the concrete strength class C25/30, the RAC50 and L-RAC100 slabs have
practically identical impacts, slightly lower than the NAC slab, except for GWP. For the concrete
strength class C30/37, the layered L-RAC100 slab has the best environmental performance, although the
difference is small. The rather large CoV in the results was because the cement content in the considered
mixtures varied significantly for the same strength class, as shown in Table 1. For all impact indicators,
except ADPFF, cement is the largest determinant of environmental impact. Therefore, any variation in
the amounts of cement used to produce the same compressive strength (e.g., for NAC and strength class
C25/30, cement content varied between 300 and 410 kg/m3) will cause a large scatter of impact values.
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Table 4. Environmental impact indicators per functional unit (FU).

NAC RAC50 L-RAC100

GWP
(g CO2-eq.)

C25/30 mean 68.5 69.6 69.2
CoV (%) 14.7 10.7 13.1

C30/37 mean 74.7 74.6 72.9
CoV (%) 11.0 8.0 10.0

EP
(g PO4

3−-eq.)

C25/30 mean 25.0 23.2 23.6
CoV (%) 10.8 8.9 11.7

C30/37 mean 26.4 24.6 24.5
CoV (%) 7.1 5.9 10.3

AP
(g SO2-eq.)

C25/30 mean 155.8 148.6 149.7
CoV (%) 12.3 9.3 11.9

C30/37 mean 166.7 158.1 156.4
CoV (%) 7.7 6.5 9.8

POCP
(g C2H4-eq.)

C25/30 mean 15.7 14.7 14.9
CoV (%) 13.3 9.4 12.8

C30/37 mean 16.7 15.7 15.5
CoV (%) 7.8 6.4 10.3

ADPFF
(MJ)

C25/30 mean 405.2 373.3 376.3
CoV (%) 17.3 10.5 16.5

C30/37 mean 431.4 399.6 392.0
CoV (%) 8.2 6.7 12.6

Furthermore, if cement content varies, water content must vary as well in order to achieve the
same compressive strength; therefore, the selected mixtures used in the investigation had similar
compressive strengths but different slump values. The large scatter of impact results could have been
avoided by limiting the mixtures to a narrow range of slump, but in that case, the sample size would
have been too small for a statistical analysis, despite the vast amount of research performed in this field.

Transport distance is the second largest determinant of concrete environmental impact,
although to a much lesser extent than cement. For the C25/30 strength class, the slightly lower average
cement content for NAC was compensated with larger transport distances of natural aggregates
compared with RCA. For the C30/37 strength class, the average cement content of the considered
mixtures was very similar, but smaller transport distances of RCA caused lower impacts of the
alternatives containing it. Even when the FU has the same volume for the NAC and RAC alternatives,
which is possible only if RAC deflection behavior is improved and equal to NAC behavior, it is hard to
obtain benefits from RAC using the attributional model if transport distances of the aggregates are
equal [96]. Therefore, it is very important that recycling plants are located as close as possible to the
construction site, not only from the environmental point of view, but also to make the RAC alternative
competitive to NAC in terms of costs.

Average values of RAC50 and L-RAC100 slab impact indicators expressed in relative to average
values of NAC slab impact indicators for concrete strength classes C25/30 and C30/37 are presented
in Figures 9 and 10, respectively. Compared with the RAC50 slab, the L-RAC100 slab has similar
environmental impacts but improved deflection behavior for both statical systems and both strength
classes, as was shown in Figures 4 and 6 for RH = 50%. This means that the layered L-RAC100 slab can
be applied for longer spans than the RAC50 slab with the same concrete volume and reinforcement
amount, without affecting the environmental impacts. Compared with the NAC slab, the L-RAC100
slab has lower environmental impacts (except for GWP, which is practically equal), and the deflection
behavior is at least equal to that of the NAC slab (for simply supported slabs it is even better), as was
shown in Figures 4 and 6. If homogeneous NAC and RAC100 slabs were compared using a similar LCA
model, all impacts of the RAC100 slab would be higher than those of the NAC slab by approximately
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10%, due to larger RAC slab deflections (which means a larger FU is required for RAC100), as shown
by Marinković et al. [11].
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The L-RAC100 slab fulfills the same functional requirements regarding strength, serviceability
and service life as the NAC slab, with lower life cycle environmental impact and the same
volume of concrete and reinforcement amount. It could be argued that the main environmental
impacts are only slightly lower and GWP is practically equal. However, every RAC alternative
brings an additional environmental credit that is not quantified in the baseline CML methodology:
namely, the avoidance of waste landfilling and the enabled reuse of recycled concrete waste in new
applications. Minimizing resource use and waste generation helps create a circular flow of resources
and materials, and contributes to closing the loop for concrete construction. Having all this in mind,
it can be concluded that, between the compared alternatives, the layered L-RAC100 slab exhibits the
best overall performance, taking into account strength, deflections, service life and impact on the
environment. Although the results presented in this study are based only on numerical analyses
and assumptions adopted in the LCA model, they provide a strong impetus for further experimental
research on layered NAC and RAC slabs as a structurally and environmentally advantageous solution.

4. Conclusions

This paper presented the results of a numerical structural deflection and environmental assessment
of layered and homogeneous NAC and RAC one-way slabs. For this purpose, homogeneous concrete
slabs with 0% (NAC), 50% (RAC50) and 100% (RAC100) of coarse RCA were considered, as well as a
layered L-RAC100 slab with the bottom and top halves produced from RAC100 and NAC, respectively.
The structural analysis was performed in OpenSees using a recently developed material model for
the time-dependent deflection behavior of concrete. A parametric study was performed considering



Sustainability 2020, 12, 10278 17 of 22

different slab statical systems, span length-to-depth L/d ratios, concrete strength classes, service loads
and ambient conditions. Furthermore, a “cradle-to-gate” LCA was performed for the homogeneous
NAC and RAC50 slabs and the layered L-RAC100 slab to determine the environmental impact of
each alternative. The LCA was performed on a database of actual laboratory mix designs collected
from literature considering the concrete strength classes used in the parametric analyses. Based on the
obtained results, the following conclusions are drawn:

• Within the considered parametric study, the largest influence on the time-dependent service-load
deflection behavior of one-way slabs was exerted by relative humidity, as its decrease significantly
increased creep and shrinkage; the quasi-permanent-to-design load ratio had a moderate effect on
the results, whereas the change in concrete strength class from C25/30 to C30/37 did not have a
significant effect.

• For both simply supported and continuous homogeneous one-way slabs, the deflections increased
in the order of NAC, RAC50 and RAC100, which was expected due to the increased creep and
shrinkage with increased amounts of RCA. However, the layered L-RAC100 slab exhibited a
deflection behavior practically equal to NAC. This was explained by the differential shrinkage
between the bottom RAC100 and the top NAC layer; analyzing cross-sectional strains and
curvatures, it was shown that the larger shrinkage of the bottom RAC100 layer compensated for
part of the load-induced deflections.

• The “cradle-to-gate” LCA showed that the RAC50 and L-RAC100 slabs have an equal or better
environmental performance than the NAC slab. This means that, considering both structural and
environmental assessments, L-RAC100 slabs can be viewed as an improved solution, compared
with NAC slabs.

It should be noted that the presented structural analysis results are based on a numerical study
and may be only valid for the ranges of parameters considered. Furthermore, the LCA results are
dependent on the reliability of the concrete mixture design data collected from the literature and
assumed scenario in the LCA model. Therefore, further experimental investigation into the behavior
of layered NAC and RAC slabs is required. Nonetheless, the results of this study can provide a
first step toward the practical implementation of structurally and environmentally beneficial layered
concrete slabs.
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