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Técnico (IST), University of Lisbon, Portugal, from which he graduated and obtained his MSc 
and Ph.D. degrees. Although his research covers bridge management systems and construction 
technology, his main research area is sustainable construction, with an emphasis on the use of 
recycled aggregates in concrete and mortar. He has participated in 25 competitively financed 
research projects and supervised 40 Ph.D. and 180 MSc theses. He is the author of 7 books, 28 book 
chapters and 440 papers in peer-reviewed international journals and has two patents. He is the 
editor-in-chief of the Journal of Building Engineering, an associate editor of the European Journal of 
Environmental and Civil Engineering and a member of the editorial board of 44 international journals 
and of the following scientific/professional organisations: CIB, FIB, RILEM, IABMAS, and IABSE.

Chi Sun Poon obtained his Ph.D. from the Imperial College, London, and spent two further years 
as a post-doctoral Fellow at Oxford University specialising in cement and concrete research. Before 
he joined PolyU in 1992, he obtained professional experience both in a consulting company and 
in the Hong Kong civil service. Currently, he is the Chair Professor of Sustainable Construction 
Materials and Associate Head (Research) at the Civil and Environmental Engineering Department 
of The Hong Kong Polytechnic University. He was awarded the title of Changjiang Chair Professor 
by the Ministry of Education in 2017. He specialises in the teaching and research of eco-friendly 
construction materials, concrete technology, and waste management. He has published over 500 
papers in international journals and conferences (including over 350 international journal papers and 
8 patents). He is an editor of Construction and Building Materials. He has received a number of local 
and international awards for his research development in eco-construction materials including the 
State Technological Innovation Award in 2017 (2nd Class).

Baojian Zhan is currently a research fellow of the Department of Civil and Environmental 
Engineering at the Hong Kong Polytechnic University. He received his B.Eng and M. Eng in 
Material Science from Wuhan University of Technology, Wuhan, China, and his Ph.D. in Civil 
Engineering from the Hong Kong Polytechnic University. His current research interests include the 
characterisation and re-utilisation of industrial by-products and solid wastes, the design and testing 
of cement-based composites, and the development of low-carbon building materials. Dr. Zhan has 
recently published pieces in Cement and Concrete Composites, Journal of Hazardous Materials, Journal 
of Cleaner Production, Materials and Structures, and Construction and Building Materials. His research 
activities have been recognised by several awards, including GE Foundation TECH Award (2013), 
CIC INNOVATION AWARD (2015, by the Hong Kong Construction Industry Council).

vii





Preface to ”New Trends in Recycled 
Aggregate Concrete”

Concrete is the most used manufactured material in the world and has one of the greatest impacts 
on the environment. However, there is no envisaged alternative to this material within a developing 
world context. Therefore, there is a pressing need to promote the reduction of the environmental 
impacts of concrete, guaranteeing, at the same time, that its technological and economic advantages 
remain valid.

This objective could be achieved by replacing part or all of the natural aggregates of concrete 
with alternatives resulting from recycled materials or various types of waste/by-products from 
several industries, including construction. Many of the consequences on the technical, economic, 
and environmental performance of recycled aggregate concrete have been established by dynamic 
research on this subject. Nevertheless, there is a lag between research and industry practical 
applications and a number of subjects that still need to be explored, which represent new trends 
in the search for sustainable recycled aggregate concrete.

Jorge de Brito, Chi Sun Poon, Baojian Zhan

Special Issue Editors

ix





applied  
sciences

Editorial

Special Issue: New Trends in Recycled
Aggregate Concrete

Jorge de Brito 1,*, Chi Sun Poon 2,* and Baojian Zhan 2,*

1 Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Lisbon, Portugal
2 Department of Civil & Environmental Engineering, The Hong Kong Polytechnic University,

Hong Kong M1504, China
* Correspondence: jb@civil.ist.utl.pt (J.B.); cecspoon@polyu.edu.hk (C.S.P.); zhan.bj@connect.polyu.hk (B.Z.)

Received: 31 May 2019; Accepted: 3 June 2019; Published: 6 June 2019

1. Introduction

Concrete is the most used manufactured material in the world and certainly one of those having
the most impact on the environment. However, there is no foreseen alternative to this material
within a developing world context. Therefore, a pressing need exists to promote the reduction of the
environmental impacts of concrete, guaranteeing at the same time that its technological and economic
advantages remain valid.

One of the ways to achieve this objective is by replacing part or all of the natural aggregates
with alternatives resulting from recycled materials or various types of waste/by-products from
several industries, including construction. Many of the consequences on the technical, economic,
and environmental performance of recycled aggregate concrete have been established by the very
dynamic research on this subject. Nevertheless, there is both a lag between research and industry
practical applications and a number of subjects that must still be explored, which represent new trends
in the search for sustainable recycled aggregate concrete.

This Special Issue is therefore dedicated to “New Trends in Recycled Aggregate Concrete” and
contributions on, but not limited to, the following subjects were encouraged: Upscaling the use of
recycled aggregate concrete in structural design; Large-scale applications of recycled aggregate concrete;
Long-term behavior of recycled aggregate concrete; Performance of recycled aggregate concrete in very
aggressive environments; Reliability of recycled aggregate concrete structures; Life cycle assessment of
recycled aggregate concrete; Mesostructure analysis of recycled aggregate concrete.

So far, 16 papers have been published in the Special Issue of a total of 25 submitted. The next
sections provide a brief summary of each of the papers published.

2. Upscaling the Use of Recycled Aggregate Concrete in Structural Design

In their study, Wang et al. [1] evaluated the performance of reinforced recycled aggregate
concrete (RRC) columns under cyclic loading, using a fiber-based numerical model. With this model,
they performed a comprehensive parametric study to examine the effects of a range of variables
on the hysteretic characteristics of RRC columns. A grey relational analysis was also conducted
to establish quantifiable evidence of key variable sensitivities. They concluded that the use of the
additional water method (AWM) for manufacturing recycled aggregate concrete was 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 was adopted. Moreover, compared with other factors such as steel
area ratio, the content of natural aggregates replacement had a less remarkable effect on the seismic
performance of the RRC columns. In general, the RRC columns have acceptable seismic-resistant
properties, and they can be used in earthquake-prone regions with confidence.

Appl. Sci. 2019, 9, 2324; doi:10.3390/app9112324 www.mdpi.com/journal/applsci1
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Choi et al. [2] developed an experimental study on the flexural behavior of reinforced concrete
members with heavyweight waste glass as fine aggregate under cyclic loading. They concluded that,
for full replacement, the crack patterns were affected, and there was an increased possibility of sudden
failure owing to concrete crushing. Additionally, the load capacity and flexural rigidity were affected
by the content of heavyweight waste glass, but the flexural performance improved when mineral
admixture as a binder or a low water-binder ratio were used.

Another experimental study was developed by Wu et al. [3] on the dynamic mechanical properties
of fiber-reinforced concrete (FRC) under different strain rates. Dynamic uniaxial compression and
splitting tensile experiments of FRC with polyvinyl alcohol (PVA) fibers were carried out for two matrix
strengths. PVA fibers enhance and toughen concrete, improving its brittle properties and residual
strength. With increasing strain rate, the compressive strength, splitting tensile strength, and elastic
modulus increase to a certain extent, whereas the toughness index and the peak strain decrease to a
certain degree. The post-peak deformation characteristics change from a brittle to a ductile failure with
dense cracking. These effects depend on the matrix strength.

Yanweerasak et al. [4] studied the effect of recycled aggregate quality on the bond behavior and
shear strength of reinforced concrete members. They concluded that the bond strength of both natural
and recycled concrete increased with a decrease in water-to-cement ratio but not for the full spectrum
of ratio values. Furthermore, the shear behavior of reinforced concrete beams with natural and recycled
concrete is very similar, but the results depend on the size of the beams.

De Brito et al. [5] questioned the validity of concrete compressive strength predictions without
knowing the properties of the aggregates. For the same mix composition (with similar cement paste
quality), there was a significant difference between the results when natural aggregates of various
geological nature were used in concrete. The same was true when different qualities of aggregates
were used. However, the scatters significantly decreased when the mixes were classified based on
the geological nature of the aggregates or on their quality. The influence of the aggregates on the
compressive strength of concrete became much more discernible when recycled aggregates were used
mainly due to their more heterogeneous characteristics.

3. Large-Scale Applications of Recycled Aggregate Concrete

In their research, Kim et al. [6] performed a study on the properties of recycled aggregate concrete
and its production facilities. Equipment was developed to improve the quality of recycled aggregate
to increase the use of that aggregate for environmental improvement purposes. The results showed
improvements in the air volume, slump, compressive strength, freezing and thawing resistance,
and drying shrinkage.

An investigation on the use of recycled concrete aggregates originating from a single ready-mix
concrete plant was performed by Anastasiou et al. [7]. Crushed hardened concrete from test specimens
(HR) and from returned concrete (CR) were tested for their suitability as concrete aggregates, and cement
sludge fines (CSF) originating from the washing of concrete trucks were tested as filler. Both HR and
CR can be considered good-quality recycled aggregates, especially when the coarse fraction is used.
Furthermore, HR performs considerably better than CR both as coarse and as fine aggregate. CSF
seems to be a fine material with good properties as a filler, provided that it is properly crushed and
sieved through a 75 μm sieve.

4. Long-Term Behavior of Recycled Aggregate Concrete

Yang [8] analyzed the effect of different types of recycled concrete aggregates (RCAs) on the
equivalent concrete strength and drying shrinkage properties. A total of six mixes were proportioned
using the modified equivalent mortar volume (EMV) method with three RCAs. The test results
show that the concrete with RCAs produced from concrete sleepers exhibited compressive strength,
Young’s modulus, and flexural strength values equivalent, within 2% variation, to those values of the
companion natural aggregate concrete. In other mixes, compressive strength was found to decrease to
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11–20%. For 100% replacement, the Young’s modulus increased up to 10% and the drying shrinkage
increased up to 8%, while for 50% replacement, the Young’s modulus decreased up to 8% and the
drying shrinkage dropped up to 4%.

Chen et al. [9] performed an analysis and modelling of the shrinkage and creep of reactive
powder concrete (RPC) with various steel fiber contents. It was revealed that the compressive strength
and modulus of elasticity increased with increasing steel fiber content, contrary to shrinkage and
creep. A good linear relationship was found between the axial stress ratios and creep strain. All four
existing models were unable to accurately predict the shrinkage and creep of RPC. However, a good
agreement between the experimental results and the proposed shrinkage and creep numerical models
was observed.

5. Performance of Recycled Aggregate Concrete in Very Aggressive Environments

Chen et al. [10] analyzed the residual properties of steel-reinforced recycled aggregate concrete
(RAC) components after exposure to elevated temperatures. Significant physical phenomena occurred
on the surface of RAC and steel-reinforced recycled aggregate concrete (SRRAC) components after
exposure to elevated temperatures. The mechanical properties deteriorated significantly with the
increase of temperature, namely, the strength of the RAC, and compressive capacity, bending capacity,
shear capacity, and stiffness of the SRRAC. The ductility and energy dissipation of SRRAC components
were insignificantly affected by the elevated temperatures. Mass loss ratio, peak deformation,
and bearing capacity showed a slight increase trend with the increase of replacement ratio. However,
the stiffness showed significant fluctuation for high replacement ratios. The ductility and energy
dissipation showed significant fluctuation for intermediate replacement ratios.

6. Reliability of Recycled Aggregate Concrete Structures

Duan et al. [11] used artificial neural networks (ANNs) to determine the significance of aggregate
characteristics on the mechanical properties of recycled aggregate concrete (RAC). The results show
that water absorption has the most important effect on aggregate characteristics, further affecting the
compressive strength of RAC, and that combined factors including concrete mixes, curing age, specific
gravity, water absorption, and impurity content can reduce the prediction error of ANNs to 5.43%.
Moreover, for elastic modulus, water absorption, and specific gravity, they are the most influential,
and the network error with a combination of mixes, curing age, specific gravity, and water absorption
is only 3.89%.

7. Life Cycle Assessment of Recycled Aggregate Concrete

Park et al. [12] performed an analysis of the life-cycle environmental impact of recycled aggregate.
The environmental impact of recycled aggregate (wet) was up to 16–40% higher than that of recycled
aggregate (dry), mostly due to the amount of energy used by impact crushers. The environmental
impact of using recycled aggregate was found to be up to twice as high as that of using natural
aggregate, largely due to the greater simplicity of production of natural aggregate requiring less energy.
However, the abiotic depletion potential was approximately 20 times higher when using natural
aggregate because its use depletes natural resources, whereas recycled aggregate is recycled from
existing construction waste. Among the life-cycle impacts determined from the assessment of recycled
aggregate, global warming potential was lower than for artificial lightweight aggregate but greater
than for slag aggregate.

8. New Applications of Recycled Aggregate Concrete

Foti et al. [13] studied the mechanical characteristics and water absorption properties of
blast-furnace slag concrete with fly ash or micro silica additions. The results show the following: (i) the
use of fly ashes, and especially silica fume, together with slag in concrete enhances the compressive
strength of concrete mixes and shows very high water/cement ratios; (ii) micro silica concrete shows a
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specific weight lower than slag and fly ash concrete; (iii) for both types of concrete, the splitting tensile
strength is consistent with the compressive strength, whereas flexural tensile strength is rather low,
especially for slag and silica fume concrete; and (iv) compared to an ordinary concrete, the types of
concrete examined in this research have a lower water absorption value, especially silica fume concrete.

Wang et al. [14] presented a material characterization for sustainable concrete paving blocks.
Five types of waste materials were used in this project, including recycled concrete coarse aggregate
(RCCA), recycled concrete fine aggregate (RCFA), crushed glass (CG), crumb rubber (CB), and ground
granulated blast-furnace slag (GGBS). Using either RCCA or RCFA can decrease the blocks’ strength
and increase their water absorption. The suggested incorporation levels of RCCA and RCFA are 60%
and 20%, respectively. Adding CG to the concrete paving blocks as a type of coarse aggregate can
improve their strength and decrease their water absorption. The addition of CR causes a significant
deterioration of the blocks’ properties, except for their slip resistance.

Song and Lange [15] analyzed the crushing performance of ultra-lightweight foam concrete with
fine particle incorporation. The results indicate that the use of fine-graded sand particles in a small
content simultaneously reduces the cement content and enhances the crushing performance. However,
poor performance is observed for a high sand content. The cellular structure of the foam–sand
composite, and thus its mechanical behavior, can be substantially weakened by larger sand particles,
especially when the particle size is larger than the voids in the foam.

The effect of the addition of nylon fibers (NFs) on the performance of recycled aggregate concrete
(RAC) was studied by Lee [16]. RAC showed a lower performance than crushed stone aggregate
concrete (CAC) because of the adhered mortars in the recycled aggregates. However, it was obvious
that the addition of NFs in RAC mixes was much more effective in enhancing the performance of
concrete, due to the crack bridging effect from NFs. In particular, a high content of NFs (1.2 kg/m3)
led to a beneficial effect on the concrete properties compared to a low content of NFs (0.6 kg/m3) with
respect to mechanical properties and permeability, especially for RAC mixes.
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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
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
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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).

 
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 1.0Δy (Δy = 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).

  
(a) (b) 

Figure 2. Reinforcement and geometry diagram of reported specimens (unit: mm). (a) Specimens in
Xiao et al. [42], and (b) specimens in Yang [43].
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(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

   
(i) (j) (k) 

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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(a) 

  

  

  
Figure 4. Cont.
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(b) 

Figure 4. Comparison of hysteresis loops between experimental and numerical results. (a) Test
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 Δ0.85) at the load corresponding to 85%
of the peak load in the descending backbone curve to the yield lateral displacement (denoted as Δy)
determined based on the energy equivalence principle (see Figure 5).

μ =
Δ0.85

Δy
(5)

 
Figure 5. Load-displacement backbone curve.
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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) 

 
(b) 

Figure 6. The relationship between recycled concrete aggregate (RCA) characteristics and concrete
compressive strength using: (a) the additional water method, and (b) the equivalent total water method.

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

15



Appl. Sci. 2019, 9, 1460

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].

 
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 �= 0%).

  
(a) (b) 

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]).

  
(a) (b) 

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 �= 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., Δy) and the ultimate displacement (i.e., Δ0.85) when higher-strength steel
was used. The former (Δy) was increased more significantly than the latter (Δ0.85), thus reducing the
ductility ratio, as defined in Equation (5).

  
(a) (b) 

 
(c) 

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.
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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).

  
(a) (b) 

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.

  
(a) (b) 

 
(c) 

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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(a) (b) 

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.

Figure 14. Lateral bi-directional loading for RRC columns.
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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.

  
(a) (b) 

 
 

Figure 15. Effect of bi-directional loading on hysteresis loops of RRC columns (n = 0.3). (a) r = 0%,
(b) r = 50%, and (c) r = 100%.

  
(a) (b) 

Figure 16. Effect of bi-directional loading on the seismic performance of RRC columns. (a) Capacity.
(b) Ductility.

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,mΔi(j) + ρmaxi =1,nmaxj =1,mΔi(j)
Δi + ρmaxi =1,nmaxj =1,mΔi(j)

∣∣∣∣∣, (10)

Δi(j) = |x0(j)− xi(j)|, (11)

mini=1,nminj=1,mΔi(j) = max
i

(
max

j
|x0(j)− xi(j)|

)
, (12)

maxi=1,nmaxj=1,mΔi(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
Δ0.85 Lateral displacement at 85% peak load
Δy Yield lateral displacement
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Abstract: The development of electronic technology has accelerated in recent decades. Consequently,
electronic wastes such as cathode ray tube (CRT) glass are accumulated, and hazardous wastes
including heavy metals are generated. Simultaneously, natural resources are required to create
concrete; however, they are already exhausted. Furthermore, heavyweight waste glass is considered
to be the most suitable substitute for aggregate owing to its physical characteristics and chemical
composition. However, structural results regarding the recycling of heavyweight waste glass as
fine aggregate in Reinforced Concrete (RC) members are insufficient. Thus, herein, experimental
study is conducted to evaluate whether RC members with heavyweight waste glass as fine aggregate
can be applied for concrete structures. Flexural behavior tests of reinforced concrete members were
performed. Fifteen specimens with different substitution ratios of heavyweight waste glass were
prepared. The results showed that when all the fine aggregate is replaced by heavyweight waste
glass in RC members, the heavyweight waste glass substitution ratio affected the crack occurrence
patterns, and the possibility of a sudden failure of a member increased owing to concrete crushing
in the compression zone. Additionally, the load capacity and flexural rigidity were affected by the
substitution ratio of heavyweight waste glass; however, the flexural performance is improved when
mineral admixture as a binder or a low water-binder ratio were used. Therefore, heavyweight waste
glass is considered applicable for use as fine aggregate of concrete.

Keywords: flexural behavior; recycling; heavyweight waste glass; cyclic load; reinforced
concrete member

1. Introduction

Concrete is the primary material in construction worldwide. Additionally, the need for concrete
will increase to almost 7.5 billion m3 (approximately 18 billion ton) a year by 2050 [1,2]. Particularly,
the rapid development on large-scale infrastructures is causing the exhaustion of natural resources;
several countries are facing the shortage of natural resources and the supply of aggregates is being
exhausted [1]. Therefore, those countries are relying on imports to satisfy their needs. To handle
this situation, a variety of studies are performed for the development of alternative resources for
concrete [3–5]. Meanwhile, the recycling technologies of electric waste have been emphasized as
a global issue, owing to its rapidly growing volume and complex nature [6]. Additionally, since
2012, when analog TV broadcasting ended, systems were converted to digital TV broadcasting in
South Korea, and a large volume of cathode-ray tube (CRT) TVs and monitors were discarded.
CRT glass products are classified into panels and funnels, wherein the panels may be reused as
glass after washing; however, it is difficult to treat the funnels (heavyweight waste glass) using
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conventional recycling technology because they contain many heavy metals such as iron and lead [7,8].
Therefore, heavyweight waste glass has been studied extensively for many years. Conventionally,
it is produced with crushed concrete materials. Using heavyweight waste glass as fine aggregate in
concrete demonstrated some benefits such as improved durability [9,10].

Meanwhile, almost all other studies focused on the removal of heavy metal in heavyweight waste
glass. However, in our previous studies, we demonstrated the applicability of crushed heavyweight
waste glass as fine aggregate in shielding concrete [11,12]. The results of those studies in indicated
that, to improve the shielding performance, it is important to increase the density of the material in
the radiation shielding concrete. Therefore, we did not perform any treatment to remove the heavy
metals. Furthermore, we investigated the effect of heavyweight waste glass on the volume change
properties of mortar according to the substitution ratio. The result indicated that it may be feasible to
utilize heavyweight waste glass as fine aggregate in mortar specimens [1].

Additionally, previous experimental studies have focused primarily on the mechanical properties
or durability of concrete or mortar specimens [9,13–16]. Hitherto, structural behavior investigations are
rarely conducted in RC members that use recycled heavyweight waste glass as fine aggregate. Namely,
structural results regarding recycling heavyweight waste glass as fine aggregate are insufficient.
Particularly, few have been investigated under the cyclic loading condition. The objective of this paper
is to investigate experimentally the flexural behavior of RC members under cyclic loading, and the
effect of the heavyweight waste glass substitution ratio.

2. Materials and Methods

2.1. Materials

In this study, Ordinary Portland Cement (OPC) was used in all the RC members. To investigate
the effect of mineral admixtures on the flexural behavior of RC members, the cement part was replaced
with a mineral admixture at a water-binder ratio of 45%. The mineral admixture type was Fly Ash (FA)
and Blast Furnace Slag (BFS). The physical and chemical compositions of the binders are shown in
Table 1.

Table 1. Physical and chemical compositions of the binders.

Binders Properties

Binders Type
OPC FA BFS

Physical
Specific gravity 3.15 2.34 2.82

Blaine (cm2/g) 3200 3700 4000

Chemical (%)

SiO2 21.36 52.83 31.85

Al2O3 5.03 18.08 14.55

Fe2O3 3.31 7.74 0.59

CaO 63.18 5.95 34.95

MgO 2.89 1.43 5.63

SO3 2.30 0.01 2.97

LOI 1.40 6.14 0.60

Crushed gravel was used as coarse aggregate with the maximum aggregate size, Gmax of 20 mm.
The specific gravity and absorption ratio of the coarse aggregate were 2.68% and 1.35%, respectively.
River sand having a fineness modulus of 2.79 was used as a natural fine aggregate in the RC member.
The specific gravity and absorption ratio of this fine aggregate were 2.6% and 1.07%, respectively.
Furthermore, crushed heavyweight waste glass was used as fine aggregate.
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2.2. Heavywegiht Waste Glass

The heavyweight waste glass was supplied from the TV funnel or cathode-ray tube, and it was
crushed by a jaw crusher for use as fine aggregate in concrete [12]. Only crushed heavyweight waste
glass that could pass through a No. 4 sieve was used. Heavyweight waste glass has a specific gravity
of 3.0 and fineness modulus of 3.34, respectively. To determine the fineness modulus of heavyweight
waste glass, we used sieve of No. 4, No. 8, No. 16, No. 30, No. 50, and No. 100 according to ASTM C
136 [17]. The physical and chemical compositions of the heavyweight waste glass are shown in Table 2,
as determined using X-ray fluorescence. Furthermore, Type 1-4 refers to different manufactures and
size of television. These are composed of heavy metals such as iron, lead, and chromium, regardless of
the manufacturer and size of the television.

Table 2. Physical and chemical compositions of heavyweight waste glass.

Properties

Products
Type 1 Type 2 Type 3 Type 4 Avg.

Physical
Specific gravity 3.0

F.M. 3.34

Chemical (%)

Fe2O3 49.9 40.3 40.3 42.0 43.1

PbO 15.1 12.7 12.7 12.8 13.3

Cr2O3 16.7 14.4 14.4 14.4 15.0

SiO2 9.6 20.4 20.4 18.7 17.3

K2O 1.8 2.8 2.7 2.6 2.5

Other 6.8 9.4 9.5 9.5 8.8

2.3. Test Variables and Mix Proportions

To investigate the flexural behaviors with the heavyweight waste glass substitution ratio, we
performed a compressive strength test on the concrete specimens, and a flexural test on the RC
members. The test variables are listed in Table 3.

Table 3. Test variables.

Item Contents

W/B ratio 35%, 45%, 55%
Mineral admixture (replacement ratio) FA (20%), BFS (50%) (at W/B 45%)

Waste glass substitution ratio 0, 50, 100 (%)

Age (testing days) 28 (35OPC, 45OPC, 55OPC)
91 (45FA20, 45BFS50)

Specimen size (mm) 150 × 205 × 1400 mm (RC member)
Ø100 × 200 mm (Compressive strength)

In this study, the water-to-binder ratios of the specimen were varied at W/B 35% (i.e., 35OPC),
W/B 45% (i.e., 45OPC) and W/B 55% (i.e., 55OPC) for the evaluation of the properties of the RC
member. The heavyweight waste glass was used as a substitute for fine aggregate at 0%, 50% and 100%
by volume. In addition, to investigate the effects of mineral admixture on the RC members, the cement
part was replaced by a mineral admixture at a W/B ratio of 45%. The replacement ratios were 20%,
for FA (i.e., 45FA20), and 50% for BFS (i.e., 45BFS50). The flexural test for the OPC case was conducted
at 28 days; meanwhile, the FA and BFS case was conducted at 91 days obtain to the sufficient reaction
of mineral admixture. The concrete mixture proportions with the heavyweight waste glass substitution
ratio for all test members are listed in Table 4. The target slump and air content values of concrete were
100 ± 20 mm and 4.5 ± 1.0%, respectively.
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Table 4. Concrete mix proportion.

Specimen ID W/B (%) H.R 1
Unit Weight (kg/m3)

W C G S H.G 2 FA BFS

35OPC-0 35 0 167 477 999 673 - - -
35OPC-50 35 50 167 477 999 337 388 - -
35OPC-100 35 100 167 477 999 - 777 - -

45OPC-0 45 0 170 378 1008 738 - - -
45OPC-50 45 50 170 378 1008 369 426 - -

45OPC-100 45 100 170 378 1008 - 851 - -
55OPC-0 55 0 173 315 998 792 - - -
55OPC-50 55 50 173 315 998 396 457 - -
55OPC-100 55 100 173 315 998 - 914 - -
45FA20-0 45 0 170 302 996 729 - 76 -
45FA20-50 45 50 170 302 996 364 420 76 -
45FA20-100 45 100 170 302 996 - 841 76 -
45BFS50-0 45 0 170 189 971 713 - - 189

45BFS50-50 45 50 170 189 971 357 421 - 189
45BFS50-100 45 100 170 189 971 - 842 - 189

1 Heavyweight waste glass substitution ratio. 2 Heavyweight waste glass.

2.4. Test Method

2.4.1. Experimental Set-Up for Compressive Strength

For the compressive strength tests, the specimens (Ø100 mm × 200 mm) were prepared based
on ASTM C 39 [18]. The compressive load was supplied by a universal testing machine (UTM) with
a capacity of 1000 kN. Each compressive strength value was the average of three specimens. Moreover,
for the calculation of the elastic modulus, the linear variable displacement transducer (LVDT) was
attached on the opposite side of the cylindrical specimen at a mid-height level (measuring distance =
100 mm) and the displacement value was obtained from the LVDT. The elastic modulus was calculated
from the stress-strain relationship obtained at each step. The modulus of elasticity of ASTM C 469 [19]
was calculated.

2.4.2. Experimental Set-Up for Flexural Behavior

RC members were prepared to investigate the effect of the substitution ratio of heavyweight waste
glass on the flexural behavior. The size of the RC member for the flexural test is 150 mm × 205 mm ×
1400 mm (width × depth × length). All RC members were loaded at two points symmetrically about
the center section. Cyclically increasing displacement loading was applied on beams and the total
load applied by the hydraulic jack was measured with a 500 kN capacity load cell. A load spreader
beam was used to distribute the total load at two loading points such that a constant moment region of
length 400 mm was obtained. The details related to the test set up are shown in Figure 1.

Figure 1. Reinforcement detail and cross-section of the RC member.
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Meanwhile, the mechanical properties of the reinforcement used in this study are shown in Table 5.
The nominal diameter of the primary reinforcement is 13 mm and the yield strength (fy) is 430 MPa.
The yield strength of the stirrups with a diameter of 10 mm is 480 MPa. The stirrup spacing is 80 mm.

Table 5. Mechanical properties of reinforcement used in RC member.

Diameter Elastic Modulus (GPa) Yield Stress (MPa)

D 13 200 430
D 10 200 480

When the central displacement at the center of a member reached 0.5Δy, 1.0Δy, 2.0Δy, 3.0Δy and
4.0Δy, the vertical load was removed and reapplied cyclically, where Δy is the yielding displacement
of the member as obtained from the load-displacement curve (Figure 2).

Figure 2. Schemed applied cyclic loading history.

To obtain the vertical displacement under an increasing load, an LVDT was installed vertically on
the bottom of the center section. In addition, the steel strain at each stage was measured using a steel
strain gauge. To obtain the concrete strain at the compressive zone, the strain gauge of concrete was
attached to the 10 mm, and 20 mm lines from the edge of the compressive zone.

3. Results and Discussion

3.1. Effect of Heavyweight Waste Glass on Compression Properties of Concrete

Prior to the flexural test of the RC members, an experiment was conducted to evaluate the
compression properties of the concrete specimens. The test results of the compressive strength and
elastic modulus of the concrete specimens replaced heavyweight waste glass are presented in Figure 3.
Likewise, results of previous studies [11,12,20,21] indicated that the compressive strength increased
with decreased water-binder ratio, and the use of mineral admixture, regardless of the heavyweight
waste glass substitution ratio. However, when the fine aggregate was replaced by heavyweight waste
glass in concrete, the compressive strength decreased, whereas it decreased by approximately 9.8–28%
as compared to the 0% substitution case. Namely, when the heavyweight waste glass substitution ratio
increased, the compressive strength decreased. This phenomenon is most likely due to the poorer
adhesion between the smooth surface of the glass and the cement past [11,22]. Furthermore, the elastic
modulus decreased with increased of substitution ratio of heavyweight waste glass. As such, the elastic
modulus was determined based on the compressive strength.

Meanwhile, the compressive strength and elastic modulus of the 45FA20 and 45BFS50 case
specimens demonstrated better results than the 45OPC case at 91 days. The mineral admixture could
be attributed to the pozzolanic reaction at a later ages.

In general, the compressive strength of normal concrete (OPC) increases with age. Particularly,
the influence of water content on concrete strength is obvious; however, sealed curing was executed
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for RC members in this study. Owing to the difference between previous research [20] and the cuing
condition of this study, therefore, the increment in the compressive strength of the OPC case was little
after 28 days curing period.

Figure 3. Compression properties of concrete specimen.

3.2. The Effect of Heavyweight Waste Glass on Cracking of Concrete

3.2.1. Crack Pattern

To evaluate the crack pattern, a crack map was drawn during the flexural test at different load
levels. The Figure 4 shows a typical crack occurrence pattern in this test. From the results, all RC
members began with the appearance of flexural cracks after the crack opening at the bottom of the
center of the RC member, which grew vertically, regardless of the W/B ratios and substitution ratios.
Furthermore, the initial flexural cracks were developed in the pure bending zone; as the load increased
gradually, the shear-flexural crack appeared. The flexural cracks are extended in the vicinity of the
pure bending zone and the failure of the RC members occurred owing to concrete crushing in the
compression zone.

Figure 4. Cont.
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Figure 4. Typical crack occurrence pattern.
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3.2.2. Crack Number and Failure Mode

Table 6 shows the number of cracks, mean cracking spacing, and area of compressive crushing
determined in the vicinity of the pure bending zone. According to the test results, when the
heavyweight waste glass substitution ratio increased, the area of the compressive crushing increased;
however, the mean cracking spacing decreased. This is because the compressive strength decreased as
the heavyweight waste glass substitution ratio increase. However, 45FA20, 45BFS50 case demonstrated
less crushing by the addition of admixture. Meanwhile, W/B 55% case demonstrated the different
results. The W/B 55% case exhibits a low compressive strength; therefore, the number of cracks
decreased and the mean crack spacing increased with heavyweight waste glass substitution. The area
of compression crushing in the RC member contributed to the lower bond strength between the concrete
replaced heavyweight waste glass as fine aggregate and rebar compared with that of non-substituted
concrete. Therefore, the bond strength influenced crack propagation in the RC member.

Table 6. Results of experimental test for RC member (Crack).

Specimen ID 35OPC 45OPC 55OPC

H.R 0 50 100 0 50 100 0 50 100

Number of cracks (ea) 5 5 7 5 6 6 7 6 4

Mean. crack spacing
(mm) 101.69 101.46 84.27 103.85 92.67 85.31 79.11 98.99 134.15

Area of compression
crushing (mm2) 710.6 1447.2 1120.7 9450.2 8668.7 11,988.7 3167.1 6250.3 9214.2

Specimen ID 45FA20 45BFS50

H.R 0 50 100 0 50 100

Number of cracks (ea) 4 7 6 6 7 7

Mean. crack spacing
(mm) 108.57 81.18 71.91 90.54 86.51 79.73

Area of compression
crushing (mm2) - 2488.6 8917.2 - 1761.5 10521.2

3.3. Load-Displacement Relationship

The displacement of the RC member was measured at each load levels by the LVDT installed at
the center of the RC member. The load-displacement curves of the RC members are shown in Figure 5.
Furthermore, Table 7 shows the initial cracking load, yielding load, peak load, and displacement for
each specimen.

The initial cracking load could be specified at the end point of the linear relationship between the
load and relative displacement of the RC members. Furthermore, the yielding load is determined from
the reading values of the strain gauges placed on the reinforcing rebar at mid-span. The peak load
is the maximum load of the load-displacement curve. As shown in Figure 5 and Table 7, the initial
crack load was the largest for the 35OPC-0 case, and it was affected by the water-binder ratio and
heavyweight waste substitution ratio.

In general, the yield point depends on the tensile capacity of the reinforcement. The yielding
load is considered to be similar regardless of the heavyweight waste glass substitution ratio. However,
the yield point is changed slightly, and there was no trend. Therefore, the structural test error was
included. Meanwhile, the maximum load of the RC member was affected by the heavyweight waste
glass substitution ratio. The load capacity of the RC member was reduced gradually on the large
deformed stage when all the fine aggregate was replaced by heavyweight waste glass.

Particularly, the 55OPC case exhibited a relatively low strength than other W/B ratios; therefore,
even if the heavyweight waste glass is substituted with only 50% of the fine aggregate, the load capacity
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is reduced. The mineral admixture, however, improved the load capacity of the RC member substituted
heavyweight waste glass as all the fine aggregate. The load-displacement curves of the RC members
were affected by the heavyweight waste glass substitution ratio. However, the effect of heavyweight
waste glass could be reduced using a relatively low water-binder ratio or mineral admixture.

Figure 5. Load-displacement curves for RC beam.

Table 7. Experimental results of ductility index of RC member.

Specimen ID 35OPC 45OPC 55OPC

H.R 0 50 100 0 50 100 0 50 100

Initial crack
Pcr (kN) 34.15 25.36 23.85 22.22 29.88 18.36 22.31 23.57 22.03

Δcr (mm) 0.62 0.59 0.49 0.31 0.69 0.18 0.32 0.66 0.48

Yield Point
Py (kN) 91.87 90.02 89.94 85.95 86.11 93.77 89.23 82.36 87.76

Δy (mm) 4.00 4.30 4.58 3.83 4.28 3.96 3.91 4.13 4.43

Peak point
Pu (kN) 108.24 107.40 99.93 101.97 100.85 97.81 99.82 93.57 93.16

Δu (mm) 17.19 17.19 12.57 11.74 10.98 5.92 15.13 8.46 8.33

Ductility Index 4.3 4.0 2.74 3.07 2.57 1.49 3.87 2.05 1.88

Specimen ID 45FA20 45BFS50

H.R 0 50 100 0 50 100

Initial crack
Pcr (kN) 27.72 31.26 25.07 33.58 31.15 28.73

Δcr (mm) 0.33 0.55 0.72 0.50 0.47 0.38

Yield Point
Py (kN) 91.49 89.79 91.16 87.13 91.95 91.12

Δy (mm) 4.31 3.95 3.72 3.8 3.88 3.73

Peak point
Pu (kN) 114.51 103.99 99.21 111.38 112.38 104.25

Δu (mm) 17.11 15.10 9.95 17.2 17.2 10.9

Ductility Index 4.46 3.82 2.67 4.53 4.43 2.92
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According to ACI 363 [23], ductility is explained as a ratio of the deflection (or cross-section
curvature) at the ultimate load to the deflection (or curvature) at the load producing yield of the
reinforcement (Equation (1)).

μ = Δu/Δy (1)

where, μ is the ductility index; Δu is the beam deflection at the ultimate load; Δy is the beam deflection
at the yield load of the RC member.

The ductility index is shown in Table 7. From the results, the ductility index of the RC members is
affected significantly by the heavyweight waste glass substitution ratio. This implies that the increment
of the substitution ratio of heavyweight waste glass in the RC member caused the reduced flexural
ductility. As mentioned earlier, these phenomena were affected by the load capacity decrement at the
large deformed stage. However, the ductility index of the RC members using heavyweight waste glass
can be improved by a low water-binder ratio or mineral admixture.

3.4. Bending Moment-Curvature Relationship

The accurate determination of the bending moment-curvature curve of the RC members is
a reliable indicator of the load capacity of the concrete structure. Therefore, the measured values from
the concrete strain gauges and embedded rebar strain gauges were compared. Furthermore, the values
of individual gauges were measured until their readings became unreliable owing to the cracking on
the concrete surface. Figure 6 shows the applied bending moment-curvature curve at the mid-span
of the RC members. The results demonstrate that the slopes of the moment-curvature were similar
before the initial cracking occurred, and the flexural rigidity did not exhibit any difference. When
the heavyweight waste glass is replaced with fine aggregate, however, the moment-curvature curves
changed. Namely, the heavyweight waste glass substitution ratio did affect the flexural rigidity of the
RC members.

Figure 6. Moment-curvature curve for RC beam.

The bending moment of the initial cracking load corresponds to 3.6–6.8 kN·m in all RC members.
The moment-curvatures exhibited a nonlinear relationship after curvature of the first cracking load.
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In the nonlinear region, the curvature of the all the RC members increased suddenly. Conclusively,
the moment-curvature curves of the RC member were reduced significantly when all the fine aggregate
were replaced by heavyweight waste glass.

3.5. Location of the Neutral Axis

The experimental neutral axis depth of the RC member was obtained from the experimentally
measured strain gauge values in the concrete and rebar. Figure 7 shows that the relationship between
the moment and neutral axis depth determined until the rebar yielded. The results indicated that the
neutral axis depth is immediately increased until 2–3 kN·m; subsequently, it converges to a constant
value until the maximum moment is achieved. This trend is observed in all RC members, regardless of
the water-binder ratio and heavyweight waste glass substitution ratio.

Figure 7. Location of the neutral axis depth.

However, the neutral axis depth is increased with heavyweight waste glass substitution ratio
and water-binder ratio. Thus, the neutral axis depth of the rectangular stress block in the RC member
is expected to increase with decreasing compressive strength. This trend is also shown in the RC
member using the mineral admixture; however, the increase in the neutral axis depth could be
alleviated. Therefore, to use the heavyweight waste glass as fine aggregate, the high compressive
strength concrete is required.

4. Conclusions

The flexural behaviors of reinforced concrete member substituted heavyweight waste glass as
fine aggregate under cyclic loading were examined. The conclusions obtained from this study are as
follows:

(1) The heavyweight waste glass substitution ratio affected the crack occurrence patterns; further,
when all the fine aggregate is replaced by heavyweight waste glass in the RC members, the
possibility of sudden failure increased owing to concrete crushing in the compression zone.
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(2) The maximum load and ductility index of the RC members were affected by the heavyweight
waste glass substitution ratio.

(3) The flexural rigidity of the RC member was reduced when the fine aggregate was replaced by
heavyweight waste glass.

(4) In conclusion, the flexural behavior of RC members was affected by the heavyweight waste glass
substitution ratio; however, the flexural performance could be improved using mineral admixture
as a binder or a low water-binder ratio.
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Abstract: Fiber-reinforced concrete (FRC) has a great advantage in earthquake-resistant structures,
as compared with regular concrete. However, there are many difficulties in the construction and
maintenance of concrete structures due to the high density and easy corrosion of the steel fiber in
commonly used steel FRC. With the development of polymer material science, polyvinyl alcohol
(PVA) fiber has been rapidly promoted for use in FRC because of its low density, high strength,
and large elongation at break value. Dynamic uniaxial compression and splitting tensile experiments
of FRC with PVA fiber were carried out with two matrix strengths (i.e., C30 and C40), which were
blended with PVA fibers with a length of 12 mm in different volume contents (0, 0.2, 0.4, and
0.6%), at the age of 28 days, under different strain rates (i.e., 10−5, 10−4, 10−3, and 10−2 s−1). The
results show that PVA has an obvious enhancing and toughening effect on concrete, which can
improve its brittle properties and residual strength. With increasing strain rate, the compressive
strength, split tensile strength, and elastic modulus increase to a certain extent, while the toughness
index and the peak strain decrease to a certain degree. The post-peak deformation characteristic
changes from a brittle failure of sudden caving to a ductile failure with dense cracking. The effect
of PVA is different when enhancing the concrete with two different matrix strengths. The lower the
matrix strength, the more obvious the enhancement effect of the fiber, showing characteristics of a
higher compressive strength and low split tensile strength in FRC with low strength and a smoother
post-peak stress–strain curve.

Keywords: seismic load; strain rate; fiber-reinforced concrete; dynamic mechanical property

1. Introduction

Concrete is a porous, brittle material widely used in civil engineering. It has a high compressive
strength but poor tensile strength, impact resistance, and toughness, which results in a weak resistance
to cyclic, impact, seismic, and explosive loads. Therefore, many scholars have been exploring ways
to improve the tensile performance of concrete. One of the most promising methods of modification
is to add an appropriate amount of chaotic fibers to plain concrete, which can improve the tensile
strength, stiffness, fatigue life, and ductility of the concrete, based on the influence of the fiber on the
initial crack initiation and propagation [1–3]. There are a wide variety of fibers that can be used for
the reinforcement of concrete—i.e., metallic fibers, organic fibers, and inorganic fibers—according to
material composition. These fibers mainly include steel fiber, glass fiber, polypropylene fiber, polyvinyl
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alcohol (PVA) fiber, basalt fiber, and coir fiber [4,5]. Presently, there are many studies on the enhancing
and toughening effect of fiber-reinforced concrete (FRC) under static loads. Song and Hwang [6]
studied the characteristics of the compressive strength, split tensile strength, and fracture modulus of
concrete with different steel fiber contents. It was found that compressive strength was the highest
with a fiber content of 1.5%, and the split strength, toughness index, and fracture modulus increased
with increasing fiber content. Yazici et al. [7] studied the characteristics of compressive strength, split
tensile strength, flexural strength, and ultrasonic velocity of steel FRC with different aspect ratios
and volume contents. Some conclusions have also been drawn, that the addition of steel fiber could
significantly improve the split and bending strength, while the improvement in compressive strength
was not obvious and ultrasonic velocity showed a downward trend. Vajje and Krishnamurthy [8]
focused on the characteristics of natural fiber concrete with different types of fibers, including basalt
fiber, jute, sisal, hemp, banana, and pineapple. The results showed that the properties of FRC were
related to the material properties of the fiber itself. There are also many studies on natural fiber
concrete, which show that the addition of natural fibers results in a certain degree of improvement
in the split tensile strength, bending strength, and absorbing energy of the concrete, with the fiber
content in concrete relating to the fiber type [9–11]. Shafiq et al. [12] carried out a three-point bending
experiment on PVA and basalt FRC beams with different contents (1–3%). The results showed that PVA
fibers could significantly improve the post-peak bending behavior of concrete beams compared with
basalt fiber. The PVA concrete beams showed deflection hardening characteristics with 3% content,
while the basalt fiber concrete beams showed deflection softening characteristics with high content.
However, the diameter of the PVA fiber (0.66 mm) was larger than that of the basalt fiber (0.018 mm).
The different bending properties of FRC beams should have a certain relationship with fiber diameter.

From the above studies, it is evident there have been many achievements in testing fiber concrete
with different kinds of fiber under static loads. However, concrete is a brittle material with a high
sensitivity to strain rate [13,14]. Concrete structures will inevitably encounter a variety of dynamic
loads during their service period, such as the wind load suffered by ground constructions and bridges,
the hydrodynamic pressure encountered by dams and maritime terminals, and the seismic loads
encountered by engineering structures in strong earthquake areas. Many studies have shown that
the properties of concrete under a dynamic load are quite different from those under a static load.
Therefore, it must be irrational to use the concrete strength parameters under static loads to design
concrete structures that may be subjected to dynamic loads during service. It is important to study the
strength and deformation characteristics of concrete or fiber concrete under dynamic loads. According
to the existing research results [4,15], the strain rate of a concrete structure under different loads can
be further divided into the following types: creep load (10−8–10−6 s−1), static load (10−6–10−5 s−1),
vehicle load (10−5–10−4 s−1), seismic load (10−4–10−2 s−1), impact load (10−2–102 s−1), and explosion
and high-speed collision load (102–104 s−1). Abrams et al. [16] first carried out the compression
experiments of concrete under static load (with a strain rate of approximately 8 × 10−6 s−1) and
dynamic load (with a strain rate of ~2 × 10−4 s−1) and found that there was a strain rate sensitivity
for the compressive strength of concrete. In 1917, many scholars carried out a variety of dynamic
experimental studies on the mechanical properties of concrete and FRC. Cook et al. [17] used the drop
hammer experimental system to study the dynamic mechanical properties of coir FRC and found that
the impact index of fiber concrete increased with the increase of fiber length and content. Zhang et
al. [18] conducted three-point bending tests on notched beams of steel FRC under a large range of
loading rates by using both a servo-hydraulic machine (with a loading rate of ~10−3–1 mm/s) and
a drop-weight impact device (with a loading rate of approximately 102–103 mm/s). The experimental
results showed that the rupture energy and the peak load increased with increasing loading rate,
and the growth values at a low loading rate were smaller than those at a high loading rate. This was
due to the viscous effects of free water at lower rates and the inertia effect and greater fiber pullout
energy at high rates. Dong et al. [1] studied the mechanical properties of basalt fiber-reinforced recycled
aggregate under different replacement ratios and contents of basalt fiber (e.g., concrete failure modes,
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compressive strength, tensile strength, elastic modulus, Poisson’s ratio, and ultimate strain under static
conditions) and some mechanical properties under cyclic loading and unloading. The experimental
results showed that the basalt fiber enhanced the mechanical properties of recycled aggregate concrete.

Currently, the most commonly used fibers in concrete are steel fibers, which have significantly
improved the tensile properties of concrete. However, the addition of steel fiber not only improves
the tensile strength, but also increases the weight of the concrete structure [19]. The development of
polymer materials science has led to the fabrication of the newly developed PVA, which is a kind of
synthetic fiber with a low price, high strength, and high elastic modulus. It has good hydrophilicity
and a high bonding strength with cementitious material. This not only effectively inhibits early
cracks in the concrete, but also improves the strength, toughness, and durability of the concrete [20].
At present, the enhancing properties of PVA have been confirmed in the application of Engineered
Cementitious Composite (ECC) concrete, which does not contain coarse aggregate [21–23]. However,
due to the large content of PVA in concrete (2%) without coarse aggregate, the cost of concrete is
so high that the application is still limited to the key parts of structures subjected to large forces in
engineering. This is not conducive to large-scale promotion of PVA fiber concrete. Now, the available
dynamic characteristics of PVA FRC with coarse aggregate also concentrate on high strain rates, such as
impact loads, explosions, and high-speed collision loads. There are still few studies on the dynamic
characteristics at the strain rate of seismic loads for fine PVA FRC that are suitable for testing the
strength of an engineering structure.

Strong earthquake activity has brought huge losses to the western region of infrastructure
construction in China, which is an earthquake-prone country. Due to the poor tensile properties of
conventional concrete, the traditional support structures are prone to drawing, bending, and shearing
under the action of a seismic load, so it is necessary to develop high tensile performance in
an underground structure to reduce damage taken in strong earthquake areas. This is of great
significance for the design of concrete structures. In this paper, the dynamic experiments of PVA
concrete, with two matrix strengths designed for the engineering of structures, are carried out to study
the strengthening and toughening effect of PVA in different contents under quasi-static state and
dynamic loads, which will be useful for the application of FRC in earthquake prone areas.

2. The Sample Preparation for the FRC with PVA

2.1. Experimental Materials and Production

2.1.1. PVA Fiber

The experimental fiber is the TQ-II -II type of hardened anti-cracking synthetic fiber. The fibers
are bunched monofilament, white, safe, and non-toxic. The detailed parameters and actual picture are
shown in Table 1 and Figure 1, respectively. According to the test report by the National Textile and
Garment Quality Supervision Inspection Center (Zhejiang) (No. 201509666 document), the measured
mechanical indicators of PVA used in the experiment meet industry requirements. The specific test
results are shown in Table 2.

Table 1. Physical and mechanical parameters of polyvinyl alcohol (PVA) fiber.

Fiber Shape
Density
(g/cm3)

Fiber
Diameter

(μm)

Fiber
Length
(mm)

Tensile
Strength

(MPa)

Elastic
Modulus

(GPa)

Elongation at
Break (%)

Acid and
Alkali

Resistance

Bunchy
monofilament 1.30 15–25 12 ≥1200 ≥30 5–20 Strong

43



Appl. Sci. 2018, 8, 1904

Table 2. Test report results of PVA fiber.

Serials No. Test Items
Standard

Requirement
Measured Value

Individual
Assessment

1 Tensile strength (MPa) ≥1200 1721.2 Qualified
2 Initial elastic modulus (GPa) ≥30 35.7 Qualified
3 Elongation at break (%) 5–20 7.0 Qualified

 

Figure 1. Image of PVA.

2.1.2. Mixture Design Proportions and Mixing of FRC

The mix design is in accordance with the Chinese standards outlined in “Specification for mix
proportion design of ordinary concrete” (JGJ55-2011) [24] and “Steel fiber-reinforced concrete” (JG/T
472-2015) [25]. After several adaptations and experiments, concrete with two matrix strengths (i.e., C30
and C40) with different fiber contents was designed. The specific design parameters are shown in
Table 3. In the table, the types of concrete are named after two matrix strengths and different fiber
contents. For example, C40PVA0.4 indicates that the matrix strength was 40 MPa and the volume
content of PVA was 0.4%. In order to minimize the effect of the coarse aggregate and fine aggregate on
the experimental results, the difference between the two contents was made to be small, and the sand
ratio was fixed at 35%. The water/cement ratios for the two matrix strengths concrete were designed
to maintain a constant of 0.53 and 0.49, respectively, so as to reduce the effect of water/cement on the
experimental results.

Table 3. Mix proportions of fiber-reinforced concrete (FRC) (1 m3).

Type
Cement

(kg)
Water (kg)

Fine
Aggregate

(kg)

Coarse
Aggregate

(kg)
W/C

Sand
Ratio

PVA Volume
Content

C30PVA0 377.6 200 643.1 1194.3 0.53 35% 0%
C30PVA0.2 377.6 200 643.1 1194.3 0.53 35% 0.2%
C30PVA0.4 377.6 200 643.1 1194.3 0.53 35% 0.4%
C30PVA0.6 377.6 200 643.1 1194.3 0.53 35% 0.6%
C40PVA0 438.8 215 611.17 1135.03 0.49 35% 0%

C40PVA0.2 438.8 215 611.17 1135.03 0.49 35% 0.2%
C40PVA0.4 438.8 215 611.17 1135.03 0.49 35% 0.4%
C40PVA0.6 438.8 215 611.17 1135.03 0.49 35% 0.6%

It has been found that the key factor in the success of the experiment is the dispersion of the fiber
in concrete during the process of multiple adaptation of the fiber concrete. According to the relevant
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research, we can see that the smaller-diameter fiber is less likely to be dispersed in the concrete; hence,
the amount of fine fibers in concrete should not exceed a certain number. Based on a number of mixing
experiments and the mixing experience of fiber concrete outlined in the literature, a fast and efficient
laboratory mixing method is put forward. First, an appropriate amount of coarse aggregate and fine
aggregate is put into the forced mixer machine to dry mix for 30 s, and the PVA fiber and cement is put
into the pot to dry mix for 2 min. Then, the fiber and cement mixture are placed in the forced mixer to
dry mix with the coarse aggregate and fine aggregate mixture until the cement and fiber are mixed
evenly, and the designated water quantity is added for wet mixing for 3 min. After the above process
is complete, the fiber will be distributed evenly in the mixed FRC without the occurrence of the knot
phenomena, meeting construction requirements. The specific construction process is illustrated in
Figure 2.

Figure 2. Flow chart for FRC mixing and pouring.

The mixed fiber concrete is placed in a standard plastic sample mold, with dimensions of
150 × 150 × 150 mm, in three layers and vibrated for 2 min. Then, it is covered with cling film
to prevent moisture from evaporating. After 24 h, the samples need to be demolded and put into
the standard curing room for water conservation at a temperature of 20 ± 2 ◦C and a humidity
greater than or equal to 95%. After curing for 28 days, the samples are ready for the relevant
mechanical experiments.

2.2. Experimental Program

The dynamic compression and splitting tensile mechanics experiment of fiber concrete under
a medium strain rate were carried out by using the RMT-201 rock and concrete mechanics experiment
system developed by the Wuhan Institute of Rock and Soil Science at the Chinese Academy of Sciences.
In the experiment, a 150 × 150 × 150 mm plastic mold was used to cast the concrete, and samples of the
two kinds with different sizes were prepared by drilling from the mold. The experiment was carried
out with four kinds of fiber volume contents (i.e., 0, 0.2, 0.4, and 0.6%) and four different strain rates
(i.e., 10−5, 10−4, 10−3, and 10−2 s−1). The dynamic compression experiments were conducted with
a cylindrical sample with the size of Φ50 × 100 mm, 3 samples per group, and a total of 48 samples.
The sample for the dynamic splitting experiment was a cylinder sample with a size of Φ50 × 30 mm.
There were 3 samples per group, and a total of 48 samples. The total number of dynamic experiments
was 192, with two different sizes for two matrix strengths of concrete.
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3. Experimental Results and Discussion

3.1. Compression Strength

The experimental results of the compressive strength for FRC at different strain rates are shown
in Figures 3 and 4. In general, the compressive strength of FRC increases with the increase of strain
rate, showing an obvious rate sensitivity, which agrees with the existing research [13,14,16–18]. At the
quasi-static strain rate (i.e., a strain rate of 10−5 s−1), the strength of the two kinds of plain concrete
meet the design requirements. The addition of PVA can lead to an increase in compressive strength
with the two matrix strengths. Under the quasi-static state, the maximum growth values for the FRC
of C30 and C40 are 15.1% and 8.7%, respectively, relative to the two types of plain concrete. With the
increase of strain rate, there is a significant difference in the increase of the compressive strength
with different fiber volume contents. The two types of concrete with a fiber content of 0.2% show the
maximum growth at different strain rates, which is related to the most uniform distribution of PVA
fibers in concrete, similar to previous findings [6].

10-6 10-5 10-4 10-3 10-2 10-1
30

35

40

45

50

C
om

pr
es

si
on

 S
tre

ng
th

 (M
Pa

)

Strain Rate (s-1)

 C30PVA0
 C30PVA0.2
 C30PVA0.4
 C30PVA0.6

 

Figure 3. Uniaxial compressive strength of FRC (C30).
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Figure 4. The uniaxial compressive strength of FRC (C40).

From the experimental results, it can be seen that the matrix strength of concrete is another
important factor that affects the compressive strength of FRC, in addition to fiber volume content and
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loading rate. The higher the matrix strength of the concrete, the smaller the effect of PVA on the increase
in compressive strength, which is consistent with experimental results from literature [18,26]. Taking
the FRC with a volume content of 0.2% as an example, the growth values of uniaxial compressive
strength for a matrix strength of C30 are 15.1, 20.9, 20.6, and 23.5%, respectively for each strain rate
tested compared with plain concrete at the same strain rates. For C40, the values are 8.7, 12.3, 14.2,
and 8.1% for each strain rate, respectively, which are significantly lower than those of C30. The reason
for this phenomenon is related to the bond strength and the matrix strength between the fiber and the
concrete [1]. Under the same conditions, the reinforcing effect of the fiber is constant. The higher the
matrix strength, the lower the proportion of the fiber reinforcement in the high strength concrete. This,
in turn, will weaken the fiber-reinforcing effect.

In order to describe the dynamic strength characteristics of FRC under different loading rates,
a series of empirical formulas are proposed, including a logarithmic function [27], exponential
function [28], and Fib model code [29], which have many practical applications. In the uniaxial
compression experiment, as the reinforcing effect of the concrete with 0.2% content is the best,
the empirical formula of dynamic compressive strength with different matrix strengths is established by
fitting the relevant experimental data for the FRC with 0.2% PVA content. The fitting dynamic impact
factor formulas and the fitting curves are shown below, as in Figure 5. The fitting results clearly confirm
the above conclusions that the higher the matrix strength, the weaker the fiber-reinforcing effect.
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where DIFc, fc, fcs,
.
ε, and

.
εs are the dynamic impact factor of compression strength, dynamic

compression strength, quasi-static compressive strength, dynamic strain rate, and quasi-static
compression strength, respectively.
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Figure 5. Fitting curves of compressive strength DIFc for C30PVA0.2 and C40PVA0.2.

3.2. Split Tensile Strength

The experimental results of the split tensile strength of fiber concrete at different strain rates are
shown in Figures 6 and 7. Similar to the law of the compressive strength, the addition of PVA can
also increase the tensile strength of concrete. In the quasi-static state (i.e., a strain rate of 10−5 s−1),
the addition of PVA significantly improved the tensile strength of FRC compared with plain concrete,
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as also seen in previous findings [28]. When the matrix strength of concrete is C30, the growth values
are 19.4, 10.9, and 20.3% for fiber volume contents of 0.2, 0.4, and 0.6%, respectively. When it is C40, the
growth values are 17, 10.9, and 7%, respectively. The tensile strength of FRC also has a rate sensitivity
compared with plain concrete. As strain rate increased, the splitting tensile strength with different
contents increased to some extent, while the growth rate increased first and then decreased later,
which did not follow the law of the compressive strength. In the low range of strain rates (e.g., 10−5

and 10−4 s−1), the bridging effect of the fiber plays a major role in concrete. At this time, the increase
of the tensile strength of fiber concrete depends mainly on the bonding force between the fiber and
the cementitious material. As the strain rate increases (e.g., to 10−3 or 10−2 s−1), the increase of the
loading rate exceeds the expansion rate of the cracks inside the concrete. Hence, the concrete aggregate
is directly cut off, and the bridging effect of the fiber is relatively weakened, resulting in the tensile
strength of FRC showing a downward trend, as compared with that of plain concrete. In general,
the bridging effect of the fiber plays a major role at low strain rates. With the increase of strain rate,
the bridging effect of the fiber is weakened, leading to the change of the concrete fracture form from
the destruction of cementitious material under a low strain rate to the direct cut of coarse aggregate
a under high strain rate. This is confirmed in the existing literature [30,31] and shown in Figure 8.
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Figure 6. Split tensile strength of FRC (C30).
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Figure 7. Split tensile strength of FRC (C40).
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Figure 8. Two kinds of split tensile failure modes of FRC.

According to the fitting method of the dynamic impact factor in the concrete compression
experiment, the formula for the dynamic tensile strength of fiber concrete with 0.2% content is
established by using polynomial fitting. The fitting formula and curves are shown below, as in
Figure 9. From the fitting results, the conclusion that a higher matrix strength is directly related to
weaker fiber enhancement is equally applicable to splitting tensile strength. However, unlike the fitting
curves of compressive strength, the curves of splitting tensile strength tend to increase first and then
decrease. The dynamic impact factor of split tensile strength of fiber concrete reaches the maximum at
a strain rate of 10−4 s−1 for both matrix strengths.
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where DIFt, ft, and fts are the dynamic impact factor of split tensile strength, dynamic split tensile
strength, and quasi-static split tensile strength, respectively.
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3.3. Elastic Modulus and Peak Strain

The elastic modulus of FRC at different strain rates is shown in Figures 10 and 11. The results
show that the elastic modulus of FRC increases with the increase in the strain rate, similar to the
compressive strength and split tensile strength [1,7,18,26]. The increasing range of the elastic modulus
is different in FRC with different matrix strengths. In all cases, the elastic modulus with 0.2% fiber
content is the highest for both the matrix strengths, similar to previous findings [6]. The lower the
matrix strength, the more obvious the effect of the fiber is on the elastic modulus of the FRC [18].
The increase of the elastic modulus indicates that the ability of concrete to bear the elastic deformation
of the load is reduced, which is beneficial to the non-destructive instability of the structure without
causing excessive elastic deformation under load.

Figure 10. Elastic modulus of FRC (C30).
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Figure 11. Elastic modulus of FRC (C40).

The peak strain of fiber concrete at different strain rates is shown in Figures 12 and 13. The peak
strain here refers to the strain corresponding to the peak stress. Contrary to the trends of the strength
and elastic modulus, the peak strain of concrete decreases with an increase of strain rate. The peak strain
of the fiber concrete can be enhanced under each strain rate compared with plain concrete, indicating
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that the addition of the fiber can improve the ability of the concrete to bear the deformation [15].
In fiber concrete, the peak strain with 0.2% fiber content is smaller than that with the other two fiber
content levels, which is directly related to the maximum elastic modulus of concrete with 0.2% content.
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Figure 12. Peak strain of FRC (C30).
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Figure 13. Peak strain of FRC (C40).

3.4. Deformation Characteristics

The typical stress–strain curves of concrete with two matrix strengths at different loading strain
rates are shown in Figure 14. For the two kinds of plain concrete, the brittle characteristics of concrete
became more obvious with increasing strain rate, which has been confirmed in the literature [27].
When the strain rate reaches 10−2 s−1, the failure modes have characteristics of brittle fracture, with the
stress–strain curve showing a cliff-like landing. The addition of PVA can significantly improve the
post-peak mechanical properties of concrete, showing a significant reduction in the drop rate per unit
of time after undergoing peak stress. The stress and strain curves are smoother, indicating that the
properties of the concrete change from brittle to ductile, which is of great significance in improving
the seismic performance of concrete [12]. From the analysis of the typical stress and strain curves, it
is found that the addition of PVA has little effect on the curve at the upward section, while showing
a certain effect at the downward section. With the increase in the content of PVA, the descending rate
gradually slows down at the downward section of the curve, indicating that PVA has a significant
effect in improving toughness of fiber concrete [20,21]. For all types of concrete, the slopes of the
stress–strain curve at the downward section increase gradually with the increase of strain rate, showing
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that the bridging effect of the fiber on the concrete decreases. At this point, the loading rate plays
a greater role in the failure behavior of the concrete.
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Figure 14. Typical stress–strain curve under different strain rates for (a) C30PVA0, (b) C40PVA0,
(c) C30PVA0.2, (d) C40PVA0.2, (e) C30PVA0.4, (f) C40PVA0.4, (g) C30PVA0.6, and (h) C40PVA0.6.

52



Appl. Sci. 2018, 8, 1904

Another aspect of the change in the post-peak mechanical properties is the residual strength and
the failure mode. As shown in Figures 15 and 16, the two matrix strengths of plain concrete appear
to undergo the phenomena of fall-block and caving after destruction. When the concrete block is
made into a bulk, the residual strength is nearly zero. However, when the fiber concrete is crushed,
the evenly distributed fibers begin to bear the load. Due to the bridging effect of the fiber, the concrete
structure can maintain a relatively complete form with a number of small cracks on the surface, and the
residual strength remains at approximately 3–5 MPa without brittle damage, unlike the collapse of
plain concrete.

  

Figure 15. Typical failure modes of plain concrete under a dynamic load.

 

Figure 16. Typical failure modes of FRC under a dynamic load.

Therefore, the deformation characteristics of fiber concrete are different from those of plain
concrete. The addition of fiber can improve the brittle properties of the concrete, including the
fall-block and collapse of the concrete, the obvious decrease of the drop rate per unit time after
undergoing peak stress, and the residual strength [27]. The stress–strain curves of concrete with
different fiber contents are similar, and the deformation behavior of concrete at a high strain rate is
more brittle than that at a low strain rate. The reinforcing effect of fiber on the mechanical properties
of concrete is different for the two matrix strengths. The concrete material with low matrix strength is
more ductile than the one with a higher matrix strength. The same trend is evident with the reinforcing
effect of fiber improving the uniaxial compressive strength [18,26].

3.5. Toughness Index

In the evaluation of the post-peak mechanical properties of concrete, the use of the ductility
index-peak strain to reflect the toughness of the material has a certain one-sidedness. Due to the large
dispersion of concrete materials, there may be some errors in the peak strain of the experiment results;
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hence, the use of a non-dimensional relative index to describe the toughness of the material is more
reasonable. According to the method of defining the toughness of steel FRC in the literature [32,33],
the formula for the toughness index can be defined for PVA-reinforced concrete as follows:

η =
Wf

We
(5)

where Wf is the area of OCD, which is defined the area surrounded by the limit strain of 20 × E−3 in
this paper; We is the elasticity energy consumed by concrete materials, which is defined by the area of
OAB at the strain relative to 0.85*fc; and fc is the peak stress. A detailed diagram is shown in Figure 17.

f

e

W
W

η =

fW

eW

Figure 17. Diagram of the toughness index of concrete.

The above formula does not only account for both the elastic energy absorbed during the elastic
phase and the plastic energy absorbed during the plastic phase of the fiber concrete, but also eliminates
the energy calculation error caused by the dispersion of the concrete, which is reasonable for describing
the toughness of the concrete [32]. The calculated results of the toughness indices according to the
formula are shown in Table 4 and Figures 18 and 19 below.

Table 4. Calculated results of toughness index for FRC at different strain rates.

Type Strain Rate (s−1) Wf (J/m3) We (J/m3) Toughness Index

C30PVA0 10−5 201.21 29.02 6.93
C30PVA0 10−4 157.87 25.06 6.30
C30PVA0 10−3 160.90 29.24 5.50
C30PVA0 10−2 112.61 28.41 3.96

C30PVA0.2 10−5 237.59 28.59 8.31
C30PVA0.2 10−4 203.66 28.95 7.03
C30PVA0.2 10−3 252.82 40.15 6.30
C30PVA0.2 10−2 244.93 50.11 4.89
C30PVA0.4 10−5 286.49 29.64 9.66
C30PVA0.4 10−4 288.44 34.27 8.42
C30PVA0.4 10−3 259.54 34.39 7.60
C30PVA0.4 10−2 233.84 36.57 6.39
C30PVA0.6 10−5 266.11 25.28 10.53
C30PVA0.6 10−4 317.60 35.56 8.93
C30PVA0.6 10−3 263.17 31.09 8.47
C30PVA0.6 10−2 259.54 34.79 7.46
C40PVA0 10−5 198.86 30.50 6.52
C40PVA0 10−4 200.75 35.28 5.69
C40PVA0 10−3 190.13 38.66 4.92
C40PVA0 10−2 163.00 44.82 3.64

C40PVA0.2 10−5 269.46 35.58 7.57
C40PVA0.2 10−4 297.19 41.69 7.13
C40PVA0.2 10−3 327.58 47.43 6.91
C40PVA0.2 10−2 298.17 52.14 5.72
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Table 4. Cont.

Type Strain Rate (s−1) Wf (J/m3) We (J/m3) Toughness Index

C40PVA0.4 10−5 332.30 34.11 9.74
C40PVA0.4 10−4 320.76 37.03 8.66
C40PVA0.4 10−3 312.84 47.58 6.58
C40PVA0.4 10−2 270.63 51.37 5.27
C40PVA0.6 10−5 362.71 35.42 10.24
C40PVA0.6 10−4 351.34 37.54 9.36
C40PVA0.6 10−3 347.59 41.10 8.46
C40PVA0.6 10−2 338.79 47.57 7.12

Note: Wf and We in the table are averages of three experimental results.
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Figure 18. Toughness index of FRC (C30).
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Figure 19. Toughness index of FRC (C40).

The results show that the toughness index of FRC with two matrix strengths decreases with the
increase of the strain rate, and concrete material is more brittle at a high strain rate [27]. It can be seen
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from Table 4 that the elastic strain energy absorbed by the FRC increases with the increase of the strain
rate. The increase of the strain rate leads to the increase of the strength and elastic modulus of the
concrete. There is a corresponding increase in the area surrounded by the elastic phase of the concrete
stress–strain curve, indicating that the elastic strain energy of the concrete increased.

The addition of PVA can significantly enhance the toughness of concrete. In the quasi-static state
(i.e., a strain rate of 10−5 s−1), the toughness indices of FRC (C30) with 0.2, 0.4, and 0.6% content
are increased by 19.9, 39.4, and 51.8%, respectively, compared to those of the plain concrete. The
values are 16.2, 49.4, and 57.1%, respectively, for C40. The enhancement effect of the fiber on the
concrete toughness is more obvious with the increase of fiber content. However, at a high strain rate
(i.e., 10−2 s−1), the toughness index of FRC (C30) is increased by 23.3, 61.3, and 88.2%, respectively,
and the values increased 57.3, 44.9, and 95.6%, respectively, for C40. The improvement of the strain
rate will lead to a decrease in the toughness index to a certain extent. However, the toughness index
will be less reduced compared to the decrease in plain concrete, which shows that the toughness of
the concrete with PVA decreases more smoothly with increases of the strain rate compared to plain
concrete. These results illustrate that the toughness of FRC is better than that of plain concrete under
the strain rate range of seismic load [20]. This is of great significance to the application of FRC in
seismic design. Considering the effect of the fiber on the compressive strength, splitting strength,
elastic modulus, and peak strain of concrete, as well as the cost factors and dispersion technology of
the fiber, the concrete with a 0.2% PVA content is recommended for actual applications, as it can meet
the engineering requirements.

4. Conclusions

In order to investigate the dynamic mechanical properties of FRC with PVA on strain rates
corresponding to seismic loads (i.e., 10−5, 10−4, 10−3, and 10−2 s−1), the dynamic compression and
splitting tensile mechanics experiment for two kinds of matrix strengths (i.e., C30 and C40) with four
kinds of fiber volume contents (i.e., 0, 0.2, 0.4, and 0.6%) were carried out by using the RMT-201 rock
and concrete mechanics experiment system. The physical and mechanical properties were obtained,
and the following conclusions can be drawn.

(1) PVA has some enhancement and improvement effects on the concrete, mainly regarding the
improvement of the compressive strength, splitting tensile strength, the toughness index,
and the post-peak mechanical properties of the stress and strain curves at the descending stage.
The addition of PVA can also significantly improve the failure behavior of the concrete, which
changes from the fall-block and caving of plain concrete to a relatively complete form of FRC
with a residual strength of 3–5 MPa. The enhancing effect of PVA on the concrete differs for two
matrix strengths. The lower the matrix strength, the more obvious the reinforcing effect of the
fiber is on the concrete.

(2) PVA FRC is a rate-sensitive material similar to plain concrete. The uniaxial compressive strength,
splitting tensile strength, and elastic modulus of concrete increase with increasing strain rate,
while the peak strain of concrete decreases, indicating that the FRC under a high strain rate is
more brittle than that under a low strain rate.

(3) The PVA FRC with a 0.2% volume content has greater advantages than the other two kinds of fiber
concrete in improving concrete’s mechanical properties. Considering cost factors and construction
convenience, concrete with a 0.2% PVA content is recommended in engineering applications.

Concrete workability should be guaranteed. Moreover, the durability issue should be deeply
analyzed. In this work, to highlight the influence of strain rates on dynamic mechanical properties,
these two parts were ignored. However, at a wider level, further research is also required.
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Abstract: During the aggregate crushing process, natural aggregate and clinging mortar from existing
concrete will inevitably produce small cracks and weak bonds between the aggregate and the existing
cement mortar. The weaknesses of the existing cement mortar, adhered to a natural aggregate,
negatively affect the properties of a recycled aggregate concrete, which prevents its application in
reinforced concrete (RC) structures. Recycled aggregate can be classified into several categories,
according to its physical and mechanical properties. The properties of concrete incorporated with the
recycled aggregate of various qualities can be controlled, and the variability in its strength can also
be reduced. This study aims to promote the application of recycled aggregate by investigating the
effects of recycled aggregate quality (i.e., water absorption and the number of fine particles) classified
by the Japanese Industrial Standards (JIS) on material properties, mechanical properties, and shear
behavior of RC beams with recycled aggregate.

Keywords: recycled aggregate quality; bond strength; shear behavior; aggregate interlock mechanism;
size effect

1. Introduction

Concrete materials have become the second most-consumed type of material in the world [1].
Due to the considerable annual demand for concrete and aggregate, the supply of these materials in
the near future is suspect. The global demand for construction aggregates is estimated to increase
by 5.2%, annually, to 48.3 billion tons, until 2020. A large percentage of the global aggregate supply
(approximately 67%, in 2015) is consumed in Asia-Pacific countries. The sustainable development
of these materials relies on the judicious use of natural resources. The use of recycled aggregate
from crushed concrete waste, for the production of new concrete, is one alternative offering an
effective green solution by prolonging the lifespan of natural aggregate. Although the advantages of
recycled aggregate are widely recognized, its applications remain limited. Several researchers have
investigated the effects of recycled aggregate on the properties and behavior of concrete. For example,
several authors investigated the effect of the parent concrete properties on the properties of recycled
aggregate concrete [2,3]. Serifou et al. [4] investigated concrete made with fine and coarse aggregates
recycled from fresh concrete waste. Abdullahi et al. [5] investigated the effect of aggregate type on the
compressive strength of concrete.

The weaknesses and mortar content of recycled aggregate depend on the type, size, and strength
of the natural aggregate, as well as the parent concrete strength, crusher types, and crushing processes.
A parent concrete of a higher strength creates a stronger mortar and a better bond between the
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mortar and the natural aggregate, leading to improvements in the properties of the recycled aggregate
concrete. However, the higher mortar content could have greater negative effects on the recycled
aggregate concrete properties. It is extremely difficult to obtain information on the recycled aggregate,
parent concrete, and aggregate production from recycling factories because concrete waste is typically
obtained from a variety of sources. Therefore, another approach should be developed to more widely
understand and control the effects of recycled aggregate quality on concrete properties. Such an
approach would expand the application of recycled aggregate concrete in structural concrete members.
Zhao et al. [6] proposed the study of stress–strain behavior of the fiber-reinforced plastic (FRP)-confined
recycled aggregate concrete. The effects of replacement by recycled coarse aggregate, on the axial
and the lateral strain of a concrete cylinder, were examined. The experimental results show that the
specimens that use 20% replacement, by a coarse, recycled aggregate, behave similarly to that of normal
concrete but specimens that use a 100% replacement show a lower strength and significantly different
stress–strain response. Xu et al. [7] investigated the mechanical behaviors of recycled aggregate, under
a tri-axial compression of the FRP-confined column; the influence of a recycled aggregate content and
its source were also examined.

In the field of civil engineering, concrete is always reinforced with steel rebar, and the bond
strength and interacting behaviors between the concrete and steel rebar are among the most important
requirements of reinforced concrete (RC) design and construction. The bond behavior of concrete is
controlled by the concrete type, rebar arrangement, loading conditions, and construction details [8].
The bonding strength between natural and recycled aggregate concrete and rebar are similar, although
the compressive strength exhibits a downward trend with increases in the recycled coarse aggregate
replacement ratio [9]. Creazza and Russo [10] presented a model for predicting crack-width on the
basis of bond stress, with different reinforcement amounts and concrete strength. It was confirmed
that the effect of reinforcement amounts on the crack-width was significant. Thus, the compressive
strength alone can no longer be used as the main parameter to estimate the bond strength between
the recycled aggregate concrete and the steel rebar. The recycled aggregate has a lower density than
natural aggregate, due to the lower density and porous nature of the existing adhered cement mortar.

Fathifazl et al. [11] and Kim et al. [12] reported that the shear strength of RC beams with recycled
aggregate concrete was lower than that of RC beams with natural aggregate concrete, with the same
testing procedure and mix proportions, even though there were no significant differences between the
failure modes and the crack patterns. Sato et al. [13] conducted loading tests on RC members using
a recycled aggregate to evaluate whether recycled aggregate can be applied to concrete structures.
The experimental results showed that the effects of recycled aggregate on the ultimate flexural and
ductility capacities were rarely observed because the beams failed in pure flexure or flexure-shear, after
the yielding of the tensile reinforcing bars. Therefore, the ultimate flexural strength could be estimated
by using conventional structural analysis.

There is limited published experimental data on the structural behavior of RC components that
use recycled aggregate. When conducting structural experiments on RC components using recycled
aggregate, it is important to consider that recycled aggregate is produced from various RC members
of building structures. The application of a recycled aggregate to structural concrete depends on
the resulting properties. In this study, to clearly understand the effects of the properties of the
recycled aggregate on the structural performance, the quality of the recycled aggregate, classified as
high, medium, or low-quality, based on Japanese Industrial Standards (JIS), depending on the water
absorption and the number of fine particles, is taken as the main test parameter. The bond behavior
between the deformed steel rebar and concrete, and the shear behavior of the RC beams, without shear
reinforcement, were experimentally investigated.
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2. Experimental Program

2.1. Specimen for Bond Testing

To more thoroughly understand the effects of the recycled aggregate quality on the bond behavior
of the interaction between the recycled aggregate concrete and the steel rebar, different water-to-cement
ratios (0.30, 0.45, 0.60, and 0.75) and different diameters of the deformed steel rebar (13 and 19 mm)
were considered. Due to the large variation within the specimens, the specimens were cast with 13-mm
or 19-mm-diameter deformed steel rebar for the pull-out tests, to understand the failure behavior
of the recycled aggregate concrete bond strength at the ultimate load and in the post-peak region.
The specimens for the bond tests were developed, such that bond stresses for different steel diameters
could be compared by maintaining the embedment-to-steel diameter ratio, following the procedure
presented by Yamao et al. [14] and Hong et al. [15]. They reported that the bond stress of specimens
with short embedment depths exhibits a higher strength than those with long embedment depths, for
a given steel diameter. The concrete specimens, made with natural and recycled aggregate concrete,
for the pull-out tests, were cubic in shape, with a side length of 150 mm. The concrete was poured into
the mold, as shown in Figure 1a, to keep the rebar stable and at the correct position, in the RC beam.
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Figure 1. Specimen installation for the pull-out test using the Japan Society of Civil Engineers (JSCE).
(a) Dimension of specimen and (b) specimen installation.

The 13- and 19-mm deformed bars were embedded in the concrete, with a length that was four
times the steel diameter, and the remaining portion of the bars was covered by plastic piping to
prevent the steel surface from contacting the concrete. This short embedment length allowed a uniform
bond-stress distribution to be assumed. Sixty-four specimens were prepared for the pull-out tests of the
steel rebar embedded in the natural and recycled aggregate concrete. For each natural (N) aggregate
concrete and concrete with high-quality (H), medium-quality (M), and low-quality (L) recycled coarse
aggregate replacement, three specimens were cast with a 13-mm-diameter deformed steel rebar and
one specimen was cast with a 19-mm-diameter deformed steel rebar to consider the effects of the
steel bar diameter on the bond behavior. The tensile load provided by the hydraulic universal testing
machine was recorded automatically. The loading rate for the deformed rebar with diameters of 13
and 19 mm was varied from 2 to 6.6 MPa/min. Following the experimental procedure specified by
JSCE-G 503-1998 “Bond strength testing of reinforcement and concrete by pull-put” [16], the vertical
slip of the steel rebar (i.e., the relative displacement of the steel rebar and the concrete specimen) was
measured using a dial gauge, installed at the top of the concrete specimen, as shown in Figure 1b.
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2.2. Specimens for Shear Testing

The shear behavior of the RC beams using a recycled aggregate concrete was investigated using
two groups of RC rectangular beams without shear reinforcement. The details of the specimen are
shown in Figure 2. The RC beams were subjected to four-point bending tests. All of the beam specimens
were designed such that they would fail in diagonal shear failure and not shear compression failure.
The different-sized beam specimens were designed to consider the fact that the shear resistance of
RC beams typically decreases with an increase in the effective depth of the RC beam [17]. For larger
beams, the aggregate particle size is relatively smaller than the beam cross-section. Thus, the aggregate
interlocking mechanism is not effective in improving the shear resistance in larger beams.
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Figure 2. Specimen dimensions and loading points for the shear testing (unit: mm).

Each group of specimens for the shear strength test had four beam specimens with different coarse
aggregate replacements: Natural aggregate and high-, medium-, and low-quality recycled aggregate.
The details of the specimens are provided in Table 1. The suffixes B60 and S60 represent large and
small specimens, respectively, with water-to-cement ratios of 0.60. The concrete cover depth of all
specimens was 25 mm, and the cross-sectional area of the longitudinal rebar was 596 mm2, enough to
prevent flexural failure. The beam length was extended by 200 mm at each end to prevent tensile bond
failure of the steel rebar. The shear span-to-effective depth ratio (a/d) was kept constant at 2.5 for both
the large and small specimens.

Table 1. Details of the specimen for the shear tests. N: natural aggregate concrete; H: high-quality;
M: medium-quality; L: low-quality (L).

Specimen
b

(mm)
d

(mm)
h

(mm)
a

(mm)
Pure Bending

(mm)
Length
(mm)

a/d ρ
(%)

NS60

150

150 175 375

200

2100

2.5

2.65
HS60
MS60
LS60
NB60

300 325 750 1350 1.32
HB60
MB60
LB60

Two strain gauges were attached to the steel rebar before casting the concrete to confirm that
the yielding of steel rebar would not occur. Two other strain gauges were attached to the concrete,
subjected to a compression zone, at the mid-span, to estimate the change in the neutral axis and the
concrete crushing. Three dial gauges were used to measure the beam deflections; the dial gauges
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were located at the (1) mid-span of the beam, (2) left mid-shear span, and (3) right mid-shear span.
During the experiment, the load corresponding to the first crack expected to occur at the pure bending
region was measured. Then, the first diagonal crack in the shear span region, after the appearance of
the flexural crack, was also recorded.

2.3. Material Properties

This study used a natural coarse aggregate and three qualities of the recycled coarse aggregate,
with particle sizes ranging from 5 to 20 mm. The relationship between the cumulative percentage
passing and the particle sizes for the different aggregate qualities is shown in Figure 3. Natural sand
was used as the fine aggregate for all concrete mixes. The detailed physical properties of the coarse
aggregates are provided in Table 2. Although the densities of the natural and high-quality recycled
coarse aggregate are highly similar, the water absorption of the high-quality recycled aggregate is
slightly higher than that of the natural aggregate. The cross-section of the coarse aggregate is shown in
Figure 4.
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Figure 3. Size distributions of the coarse natural and recycled aggregates.
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Figure 4. Cross-sections of the natural and recycled coarse aggregates. (a) Natural coarse aggregate;
(b) high-quality recycled coarse aggregate; (c) medium-quality recycled coarse aggregate; (d) low-quality
recycled coarse aggregate.

Table 2. Physical properties of the coarse aggregate. SSD: Saturated-surface dry; OD: Oven-dry.

Aggregate Notation
SSD Specific

Gravity
OD Specific

Gravity
Water

Absorption %
Moisture

Content %

Natural fine aggregate NF 2.55 2.47 2.14 3.47
Natural coarse aggregate N 2.63 2.60 1.02 1.00

Recycled coarse aggregate
H 2.63 2.60 1.16 0.70
M 2.55 2.47 3.06 2.80
L 2.41 2.27 5.92 4.19
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The texture of the natural aggregate is highly similar to that of coarse basalt aggregate, whereas the
high-quality recycled aggregate is uniform and similar to marble stone. The medium- and low-quality
recycled aggregates are highly similar to the natural and high-quality recycled aggregates, respectively.
The main difference between them is the amount of old mortar that is still adhered to the particles.
The strength of the recycled aggregate concrete is controlled by (1) the aggregate strength, (2) the bond
between the aggregate and adhered old mortar, (3) the bond between the aggregate and the new mortar,
(4) the bond between the new and the old mortar, and (5) the new mortar strength. The low-quality
recycled aggregate could be easily identified as having the largest amount of adhered old mortar.
The recycled aggregates used in this experiment were classified by the JIS, according to their properties,
as shown in Table 3.

Table 3. Classification of the recycled aggregate based on the Japanese Industrial Standards (JIS).

Properties
Natural Aggregate

Recycled Aggregate

High-Quality Medium-Quality Low-Quality

JIS A5308 JIS A5021 JIS A5022 JIS A5023

Coarse aggregate
Oven-dry density (g/cm3) ≥2.5 ≥2.5 ≥2.3 −

Water absorption (%) ≤3.0 ≤3.0 ≤5.0 ≤7.0
Solid content (%) − ≥55 ≥55 −

Amount of fine particle (%) ≤1.0 ≤1.0 ≤1.5 ≤2.0
Chloride amount (%) ≤0.04 ≤0.04 ≤0.04

3. Experimental Results

3.1. Properties of Fresh Concrete

For the bond strength tests, the slump test of the natural and recycled aggregate concrete with
different water-to-cement ratios is shown in Figure 5. There were no noticeable differences in the
slump among the different recycled aggregate qualities, for different water-to-cement ratios, even
though there was an approximate 1% difference in their air content. However, the concrete with a
water-to-cement ratio of 0.30 had a notably low slump. A water reduction agent must be used to
improve the workability of both the natural and the recycled aggregate concrete. Therefore, the loss
of workability related to the higher water absorption of recycled aggregate could be neglected when
recycled aggregates were presoaked. To illustrate the shear strength test, the slump and air content
test results are shown in Figure 6. The slump decreased steadily, based on the quality of the recycled
aggregate. The slump of the concrete with a low-quality recycled aggregate was 25% lower than for
the concrete with a natural aggregate for the large-beam specimens. In contrast, the air content of
the concrete with a low-quality recycled aggregate was 17% higher than that of the natural concrete.
There was no a significant difference in the air content or the slump for the small beams, except
that LS60 had the lowest slump of 18 cm. The slumps of the different types of fresh concrete were
consistently higher than the estimated value of 12 cm, even though the air content was lower than
the target value of 6%. Thus, the concrete was not sufficiently solid to maintain the air content in
the concrete.

3.2. Properties of Hardened Concrete

3.2.1. Compressive Strength

The compressive strength of the hardened concrete with different water-to-cement ratios is shown
in Figure 7. The compressive strength of concrete did not depend on the quality of the recycled
aggregate for the lower-strength concrete, and the differences became more dramatic as the concrete
strength increased. For the lower-strength concrete, the ultimate strength might not be governed by the
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strength of the aggregate or the cement mortar. The average compressive strength increased from 30%
to 50% with a 15% decrease in the water-to-cement ratio, regardless of the recycled aggregate quality.

Figure 5. Slump of fresh concrete with different water-to-cement ratios. N: natural aggregate concrete;
HC: high-quality recycled aggregate concrete; MC: medium-quality recycled aggregate concrete;
LC: low-quality recycled aggregate concrete.

Figure 6. Slump and air content of fresh concrete.

Figure 7. Compressive strengths under different water-to-cement ratios.
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3.2.2. Mortar Compressive Strength

The compressive strength of the mortar with different water-to-cement ratios is shown in Figure 8.
The compressive strength of the mortar exhibited the same trend as the concrete compressive strength.
However, the mortar compressive strength was higher than the concrete compressive strength,
regardless of the aggregate type. Viso et al. [18] found that the size effects of the cylinder compressive
strength of the cylinder specimens were negligible. Thus, the compressive strength of all concrete
specimens was governed by the aggregate strength, the bond strength between the aggregate and
mortar, or the bond strength between the old and new mortar. An example is the case of the natural
aggregate. Although the mortar compressive strength of the natural aggregate was higher, the
compressive strength of the natural aggregate concrete was highly similar to the strength of the
low-quality recycled aggregate concrete.

Figure 8. Compressive strength of mortar with different water-to-cement ratios.

3.2.3. Split Tensile Strength

The effects of the recycled aggregate quality on the concrete tensile strength with different
water-to-cement ratios are shown in Figure 9. Overall, the split tensile strength for each concrete
specimen increased with decreases in the water-to-cement ratio. The compressive strength of the
mortar and concrete specimens exhibited the same trend. However, the split tensile strength of the
natural aggregate concrete was highly similar to that of the low-quality recycled aggregate concrete.
The exception was the concrete with a water-to-cement ratio of 0.60, where the split tensile strength of
the natural aggregate concrete was the highest in the group but with the lowest compressive strength.
The difference in the split tensile strength could be better understood by considering the compressive
strength of the mortar.

Figure 9. Split tensile strength of concrete with different water-to-cement ratios.
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3.2.4. Elastic Modulus

• Static Modulus

The experimental results of the static elastic modulus for the concrete are shown in Figure 10.
Although the compressive strengths of the natural and the low-quality recycled aggregate concrete
were highly similar, the static elastic modulus of the natural aggregate concrete was higher than
that of the low-quality recycled aggregate concrete and even higher than those of the high- and
medium-quality recycled aggregate concrete, except for the case with a water-to-cement ratio of 0.60.
This difference in trend could be due to a lower stiffness of the recycled aggregate resulting from the
relatively weak adhesion of the adhered old mortar.

Figure 10. Static modulus at 28 days with different water-to-cement ratios.

• Dynamic Modulus

The dynamic elastic moduli of the concrete measured with the resonance vibration method are
shown in Figure 11. The slope of the curve was largely flat when the water-to-cement ratio changed
from 0.60 to 0.45. Compared to the natural aggregate concrete, the dynamic modulus of the concrete
with a low-quality recycled fine aggregate was 24.3%, 20.5%, 17.5%, and 15.6% lower for the different
water-to-cement ratios, indicating that the difference between the dynamic modulus of the natural
and low-quality recycled aggregate concrete decreased with a decrease in the water-to-cement ratio or
with an increase in the compressive strength. The dynamic modulus of the low-quality recycled coarse
aggregate concrete was approximately 8 GPa lower than that of the natural aggregate concrete.

Figure 11. Dynamic modulus of concrete at 28 days with different water-to-cement ratios.
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3.2.5. Drying Shrinkage

The results of the drying shrinkage of the natural and recycled aggregate concrete with different
water-to-cement ratios are illustrated in Figure 12. The variation in temperature and humidity between
specimens was reduced because the four different-quality aggregate concrete and the natural aggregate
concrete were cast and cured at the same time. It could be concluded that the ultimate shrinkage of both
the natural and recycled aggregate concrete decreased as the water-to-cement ratio decreased. The same
trend occurred for the mechanical and elastic behavior of the concretes made of the recycled-concrete
coarse aggregates. The drying shrinkage of the low-quality recycled coarse aggregate concrete was the
highest, whereas the shrinkage of the concrete with the medium- and high-quality recycled aggregate
were highly similar in terms of their water-to-cement ratios—0.75 and 0.60. The increase in drying
shrinkage could be explained by the adhered old cement mortar contributing to an increase in the
volume of the paste (old + new), as proposed by Tavakoli et al. [19] and Kou et al. [20]. For the
case of a water-to-cement ratio of 0.60, the drying shrinkages of the low-, medium-, and high-quality
recycled aggregate were 902, 749, and 724 μm/m, which were 39.2%, 15.6%, and 11.7% higher,
respectively, compared to that of the natural aggregate concrete (648 μm/m) over the same period.
The drying shrinkage for specimen HC60 was slightly higher than that of concrete made by 50%
high-quality recycled coarse aggregate replacement and a water-to-cement ratio of 0.64, after 56 weeks,
as determined by Morohashi et al. [21]. For the case of a water-to-cement ratio of 0.45, the quality of
the recycled aggregate had nearly no effect on the drying shrinkage of concrete. However, for the
higher-strength concrete, the drying shrinkage of the low-quality recycled aggregate concrete was
lower than that of the high- and medium-quality recycled aggregate concrete but higher than that of
the natural aggregate concrete.

Figure 12. Ultimate drying shrinkage strain of concrete with different water-to-cement ratios.

3.3. Bond Behavior

According to the experimental results of the pull-out test, the bond strength could be expressed as

τmax =
Pmax

πdla
(1)

where τmax was the peak bond stress between the concrete and steel rebar (MPa), Pmax was the peak
load indicated by the universal testing machine (N), d was the diameter of the steel rebar (mm), and la
was the embedment length of the steel rebar (mm) and was equal to four times the steel diameter.
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3.3.1. Effect of the Material Properties on the Bond Strength

The bond strength between the concrete and deformed steel rebar for different water-to-cement
ratios and for 13 and 19 mm diameters are illustrated in Figure 13. The bond strength between the
concrete and deformed bars tend to increase with decreases in the water-to-cement ratio. Unlike the
compressive and split tensile strength of the concrete, when the water-to-cement ratio decreased
from 0.6 to 0.45, the bond strength between the concrete and the deformed bars appeared to be
constant. This trend could be explained by the increase in drying shrinkage having a tendency to
decrease with the water-to-cement ratio and resulted in a gentler slope of the dynamic elastic modulus.
The bond strengths between the concrete and the 13- and 19-mm-diameter deformed bars had nearly
the same ultimate value and trends, indicating that the steel diameter had no effect on the bond
strength between the concrete and steel rebar, when the embedded length was in proportion to the
steel diameter (four times the steel diameter). In addition, the difference in the bond strengths of
concrete with different types of coarse aggregate replacement was consistent with the differences
in other material properties, such as the concrete compressive strength, split tensile strength, and
static elastic modulus. Compared to the recycled aggregate replacement ratio, the recycled aggregate
quality had a greater effect on the bond strength between the steel rebar and the concrete with the
recycled coarse aggregate replacement, even though the bond strength between the deformed bars
and the recycled aggregate concrete were comparable to that of the natural aggregate concrete, due
to the mechanism of the rib of the deformed bars. For example, the bond strength of the concrete
with the low-quality recycled coarse aggregate was always the lowest (up to a 24.5% reduction in
bond strength for the worst case). However, the attenuation in strength could be ignored for the high-
and medium-quality recycled aggregate concretes. In some cases, the bond strength of the concrete
with the high- and medium-quality recycled coarse aggregate replacement was higher than the bond
strength of the natural aggregate concrete (8.34% and 5.27% higher for the high-quality and the five
medium-quality recycled coarse aggregate concrete, respectively, with a water-to-cement ratio of 0.30).

3.3.2. Bond Stress-Slip Relation

There was a clear difference in the bond strength between the deformed steel rebar and concrete
made with natural and recycled aggregates of different qualities.

With the 13-mm-diameter steel rebar, the majority of the concrete specimens did not fail at
the ultimate load, and the post-peak behavior of the bond stress-slip curve could be observed.
The average bond stress–strain relationships between the steel rebar and concrete, made with different
water-to-cement ratios are plotted in Figure 14a–d. The bond behavior between the steel rebar and
the concrete with natural and recycled aggregate and with different water-to-cement ratios are highly
similar, except for the concrete with a water-to-cement ratio of 0.30. Although the ultimate bond
strengths of the HC30 and the MC30 specimens were higher than that of the N30, the bond stresses of
the HC30 and MC30 specimens decreased rapidly in the post-peak region and became lower than that
of N30. In contrast, the ultimate bond strength of LC30 was the lowest but became the largest in the
post-peak region. When the water-to-cement ratio decreased, the stiffness in the elastic region tended
to increase, resulting in a higher ultimate bond strength. The adhesive strength between the concrete
and steel rebar also increased with an increase in the water-to-cement ratio, but the magnitude was
small, compared to the anchorage mechanism of the rib of the deformed bars.
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Figure 13. Bond strength between the steel rebar and concrete with different water-to-cement ratios
and bar diameters. (a) DB13 mm and (b) DB19 mm.

With the 19-mm-diameter steel rebar, all of the specimens broke at the maximum tensile load.
Therefore, the post-peak behavior of the bond between the concrete and the steel rebar could not be
obtained for this diameter. The experimental results are shown in Figure 15a–d. The slope of the bond
stress-slip curve was steeper for the lower water-to-cement ratios. The slip value of specimens with
the low-quality recycled aggregate was larger, and a clear difference could be observed for the case
when the water-to-cement ratio was 0.45. However, although the bond strength of the specimens with
a water-to-cement ratio of 0.45 was nearly the same as that of the specimens with a water-to-cement
ratio of 0.60, there was no significant improvement in strength.
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Figure 14. Bond stress-slip relationship of the concrete with a 13-mm-diameter steel rebar with different
water-to-cement ratios. (a) For w/c = 0.75; (b) for w/c = 0.60; (c) for w/c = 0.45; (d) for w/c = 0.30.
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Figure 15. Bond stress-slip relationship of the concrete with a 19-mm-diameter steel rebar with different
water-to-cement ratios. (a) For w/c = 0.75; (b) for w/c = 0.60; (c) for w/c = 0.45; (d) for w/c = 0.30.
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3.4. Shear Behavior

3.4.1. Shear Failure Mechanism

All of the beam specimens hade similar failure modes, exhibiting an initial flexural crack mainly
in the pure bending region and subsequent flexural cracks, away from the middle span. As the load
increased, the flexural cracks extended into the diagonal cracks within the shear span and typically at
the mid-height of the beam. After the formation of large diagonal cracks, the load dropped slightly
and the deflection increased considerably. Then, brittle failure occurred, which was consistent with
the literature. Fonteboa et al. [22] reported that the shear failure of the RC beams, without shear
reinforcement was extremely brittle, and the final failure occurred after the formation of a large
diagonal crack. Table 4 compares the experimental load of the large and small RC beams at the
occurrence of the first crack, the first diagonal crack, the first peak, and the final peak. The failure
modes of the large and small RC beams are shown in Figures 16 and 17, respectively. The loads
at which the first large diagonal crack occurred for the RC beams with different recycled aggregate
qualities are shown in Figure 16. Load-deflection relationships of the large and small RC beams were
illustrated in Figures 18 and 19, respectively. For the small RC beam, the loads at which the first large
diagonal crack occurred for NS60, HS60, MS60, and LS60 are 79.1, 71.7, 72.6, and 60 kN, respectively,
corresponding to the load-deflection relationship of the small RC beams, as illustrated in Figure 19.
The shear behavior of the RC beams with natural and recycled aggregate concrete was highly similar.
There are no significant differences between the failure modes, cracking patterns, or shear performance
of the RC beams, using the natural or recycled aggregate concrete. The final beam failure due to shear
occurred after the formation of a large diagonal crack, except for the beam NB60. Immediately before
reaching the maximum shear load, several beam specimens exhibited several vertical cracks that form
at the beam top and/or in the shear compression zone.

Table 4. Comparison of the experimental load of the reinforced concrete (RC) beam shear testing.

Notation
Experimental Load (kN)

First Crack First Diagonal Crack First Peak Final Peak

NB60 70 90 91 93
HB60 50 68 101 102
MB60 51 64 87 110
LB60 30 50 84 99
NS60 43 54 79 103
HS60 38 51 72 88
MS60 29 45 - 73
LS60 22 53 60 75

 

(a) 

Figure 16. Cont.
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(b) 

 

(c) 

 

(d) 

Figure 16. Failure mode of the large reinforced concrete (RC) beams. (a) Beam NB60; (b) beam HB60;
(c) beam MB60; and (d) beam LB60.

 

(a) 

 

(b) 

 

(c) 

Figure 17. Cont.
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(d) 

Figure 17. Failure mode of the small RC beams. (a) Beam NS60; (b) beam HS60; (c) beam MS60; and
(d) beam LS60.

Figure 18. Load-deflection relationship for the large RC beams.

Figure 19. Load-deflection relationship for the small RC beams.

3.4.2. Effect of the Material Properties on the Shear Behavior

The ultimate loads of the shear strength of the RC beams from the experiment are shown in
Figure 20 along with their material properties, including (1) the concrete compressive strength from
the cylinder specimen (100 mm in diameter and 200 mm in height), (2) the mortar compressive
strength from the cylinder specimen (50 mm in diameter and 100 mm in height), and (3) the static
and (4) dynamic elastic moduli of the concrete. The total maximum shear strength of the large beams,
NB60, HB60, MB60, and LB60, was 93, 102, 110, and 99 kN, respectively. The total maximum shear
strengths of all of the large beams, using the recycled aggregate, were higher than that of the NB60
natural aggregate concrete beam, without any attenuation in the observed shear strength. In addition,
the shear strength of MB60 was the highest among the group and 7.8% higher than that of HB60.
This high shear strength could be due to the 4% and 4.9% higher compressive strengths of the concrete
and mortar, respectively, compared to those of HB60. The concrete compressive strength of HB60 was
32 MPa, 6.2% higher than that of NB60 at 30.2 MPa, even though the compressive strength of the NB60
mortar was slightly higher. The natural aggregate had a relatively smooth surface and round shape,
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which weakened the bond between the cement matrix and the aggregate. For the small beams, the
beam width was kept constant at 150 mm, and the effective depth decreased. The influence of the
recycled aggregate could be clearly observed in the small beams, even though the concrete compressive
strengths of HS60, MS60, and LS60 were 12.4%, 12.6%, and 5.7% higher than that of NS60, respectively.
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Figure 20. Shear strength of the RC beams and material properties of the concrete.

3.4.3. Size Effects on Shear Behavior

The shear strength of the RC beams increased with increases in the beam width and/or effective
depth. However, the increase in the shear strength was not proportional to the increase in the beam
size, even though the shear span-to-effective depth ratio was constant, as shown in Table 5, which
presents the experimental data of the shear strength test of the RC beam, without shear reinforcement,
using a natural aggregate (Taylor [23]). The beam size doubled by maintaining a shear span-to-effective
depth ratio (a/d) of 3.0 and a reinforcement ratio (ρ) of 1.35%. Taylor reported that the average shear
stress of the half-sized beams increased by a factor of 1.14 or 1.21, compared to that of the original
beams. In contrast, the current experimental results indicated that the average shear stress of the small
beams was 1.7 times higher than that of the large beams, regardless of the recycled aggregate quality.
Dowel action contribution with the different ρ might have caused a difference of the shear strength
between the small and large beams. The ultimate shear strength increased as the beam size increased.
However, the shear stress calculated by Equation (2) was almost identical. In addition, the vu of the
small specimens was typically higher than that of the large specimens. In the JIS, the ultimate shear
strength of the RC beam due to diagonal shear failure was calculated using Equation (3).

vu =
Vu

bwd
(2)

Vu = 0.2 f
′1/3
c (100pw)

1/3(
103

d
)

1/4

(0.75 +
1.4d

a
)bwd (3)

where vu was the ultimate shear stress (MPa), Vu was the ultimate shear strength due to diagonal
shear failure (N), f’c was the compressive strength of concrete (MPa), pw = As/bwd was the longitudinal
tensile reinforcement ratio, d and bw were the effective depth and width of the rectangular cross-section
beam (mm), respectively, and a was the shear span (mm).
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Table 5. Experimental results of the shear strength of the RC beam using natural aggregate concrete as
given in Taylor [23].

No
Section (mm) f'c

(MPa)

Vu,exp
(kN)

Vu,com
(kN)

Vu,exp/Vu,com
vu

b d h (MPa) Average

A1
400 930 1000

29.2 358.4 313.71 1.14 0.84
0.82A2 25.5 328.4 300.10 1.09 0.81

B1
200 465 500

27.2 104.2 91.09 1.14 0.98
0.99B2 24.9 87.3 88.44 0.99 0.95

B3 32.1 85.3 96.26 0.89 1.04

C1

100 232 250

25.6 22.5 26.50 0.85 1.14

1.13

C2 25.6 24.0 26.50 0.91 1.14
C3 27.5 27.5 27.14 1.01 1.17
C4 20.8 22.5 24.72 0.91 1.07
C5 22.4 27.0 25.34 1.07 1.09
C6 28.8 27.5 27.56 1.00 1.19

Table 6 shows the experimental results of the shear strength of the RC beams, using a natural and
recycled coarse aggregate concrete, without the shear reinforcement. The effective depth of the large
beams was two times larger than that of the small beams. However, the large and small beams had the
same cross-sectional area of reinforcement, resulting in half the reinforcement ratios for large beams, at
1.32%, versus 2.65% for the small beams. The shear strengths obtained experimentally were typically
smaller than the estimated values, which ranged from 0.85 to 1.27.

Table 6. Experimental results of the shear strength of the RC beams using a natural and recycled
aggregate concrete, without web reinforcement.

Notation
Section (mm)

a/d
ρ

(%)
f'c

(MPa)

Vu,exp
(kN)

Vu,com
(kN)

Vu,exp/Vu,com
vu

b d h (MPa) Average

NB60

150

300 325

2.5

1.32

30.17 46.39 54.45 0.85 1.03

1.12
HB60 32.03 51.05 55.55 0.92 1.13
MB60 33.33 55.10 56.29 0.98 1.22
LB60 31.21 49.45 55.07 0.90 1.10
NS60

150 175 2.65

29.86 51.55 40.65 1.27 2.29

1.88
HS60 33.56 43.90 42.27 1.04 1.95
MS60 33.62 36.30 42.29 0.86 1.61
LS60 31.55 37.35 41.41 0.90 1.66

For the large beams, the ultimate shear strength was consistent with the compressive strength of
concrete, regardless of the effect of the recycled aggregate quality. However, the current estimation
equation appeared to overestimate the shear strength of the large beam for all types of aggregate.
Although the specimens had enough anchorage length and the local rebar slip at the anchorage region
was not observed during the loading test, the splitting cracks as shown in Figure 16, might have
affected the shear strength.

For the small beams, the ultimate shear strength of the natural aggregate increased from 46.39
to 51.55 kN, whereas the shear strength of all specimens made of recycled aggregate decreased to
43.90, 36.30, and 37.35 kN, for the high-, medium-, and low-quality recycled aggregate, respectively,
irrespective of the compressive strength. The effects of the recycled aggregate quality could be clearly
observed among the small beams. The aggregate interlocking mechanism had a greater influence
on the shear strength of the smaller beam sizes. Similarly, the shear strength of the RC beams with
different specimen sizes, shear span-to-effective depth ratios, and recycled aggregate types, found in
the literature, are shown in Table 7. The recycled aggregate used in each experiment was classified,
based on its density and water absorption, using the JIS.
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Table 7. Shear strength of the RC beam using a recycled aggregate concrete, from the literature.

References
Section (mm)

a/d
ρ

(%)
f'c

(MPa)

Vu,exp
(kN)

Vu,com
(kN)

Vu,exp/Vu,com Class
b d

Ji et al. [24]
170 270 2.0 1.10 31.6 66.65 60.79 1.09 N
170 270 2.0 1.10 39.66 59.98 65.01 0.92 H

Kim et al. [12]

200 300 2.5 1.90 31.8 75.5 83.36 0.91 N
200 450 2.5 1.90 31.8 106.9 112.92 0.95 N
200 600 2.5 1.90 31.8 125.9 140.19 0.90 N
300 450 2.5 1.90 31.8 156.7 171.41 0.91 N
400 600 2.5 1.90 31.8 256.4 280.38 0.91 N
200 300 2.5 1.90 34.9 72.9 85.98 0.85 H
200 450 2.5 1.90 34.9 96.4 116.47 0.83 H
200 600 2.5 1.90 34.9 125.1 144.61 0.87 H
300 450 2.5 1.90 34.9 159.8 176.81 0.90 H
400 600 2.5 1.90 34.9 256.6 289.21 0.89 H

Ikegawa et al. [25]

200 260 2.31 1.10 32.5 71.9 64.9 1.11 N
200 260 2.31 1.10 34.8 57.15 66.40 0.86 L
200 260 2.31 1.10 44.1 65.4 71.85 0.91 L
200 260 2.31 1.10 42.4 81.4 70.92 1.15 L

Fathifazl et al. [11]

200 309 2.59 1.62 34.4 110.1 81.68 1.35 N
200 300 1.50 1.00 43.5 195.7 95.99 2.04 M
200 300 2.00 1.50 43.5 174.1 94.65 1.84 M
200 305 3.93 2.46 43.5 106.3 86.22 1.23 M
200 300 1.50 1.00 36.9 187.2 90.87 2.06 L
200 300 2.00 1.50 36.9 165.6 89.60 1.85 L
200 309 2.59 1.62 36.9 104.0 83.65 1.24 L
200 305 3.93 2.46 36.9 83.8 81.62 1.03 L

3.5. Serviceability

Structural design, particularly for buildings, must consider the serviceability of the structures by
satisfying the allowable deflection criteria, even though the ultimate limit state was generally verified
in advance. The diversity of serviceability conditions could not all be handled by simply limiting the
flexibility of the structures. Each individual condition must be addressed by the designer, for specific
performance requirements.

For beams NB60, HB60, MB60, and LB60, the mid-span deflections corresponding to the ultimate
load were 2.80, 5.37, 3.49, 7.08 mm, respectively. The corresponding mid-span deflection was not
consistent with the shear strength. However, the shear strength of the RC beams made of recycled
aggregate concrete was higher than that of the natural aggregate concrete beam, but the deflections
of the high-, medium-, and low-quality recycled aggregate concrete beams were 1.92, 1.25, and
2.53 times higher, respectively. Therefore, careful consideration should be given when designing
concrete structures using a low-quality recycled aggregate.

A better relationship between the shear strength and corresponding mid-span deflection could
be achieved for the small beams. A higher shear strength was associated with a larger mid-span
deflection. Beam MS60 had a 29.6% lower shear strength and a 54.9% lower deflection, than the beam
NS60, indicating the improved performance of the medium-quality recycled aggregate, despite its
lower shear strength. In contrast, beams HS60 and LS60 had 17.6% and 20.4% lower deflections and
14.8% and 27.5% lower shear strengths, respectively, than the beam NS60, which was nearly the same
rate as that for the reduction in strength.

4. Discussions

Based on the results of the investigation of the effects of recycled aggregate quality on bond
and shear behaviors of RC beams, using a recycled aggregate concrete, the following points can
be discussed.
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Concrete made with lower quality recycled aggregate always has a lower slump due to its higher
water absorption capacity and excessive moisture loss from the aggregate, during a one-day drying
period, before the concrete is mixed, resulting in a compressive strength comparable with natural
concrete, without any attenuation in strength.

The bond strength of the concrete with the low-quality recycled coarse aggregate is always the
lowest, but the bond strength deterioration could be ignored for the high- and medium-quality recycled
aggregate concrete. In some cases, the bond strength of the concrete with the high- and medium-quality
recycled coarse aggregate replacement is higher than that of the natural aggregate concrete. In addition,
the bond between the concrete and different diameters of deformed rebar (13 and 19 mm) have highly
similar bond behaviors and ultimate bond stresses, when the embedment length is maintained at the
same ratio of four times the steel diameter.

Shear strength of recycled concrete beams decreases as the effective depth decreases. In contrast,
the ultimate shear strength of natural concrete beams increases, even for smaller beam size.
The estimated shear strength of all beams are larger than the experimental results, except for beam
NS60 and HS60, having Vu,exp/Vu,com of 1.27 and 1.04, respectively. The effect of high-quality of
recycled aggregate on shear strength should not be considered. In this study, the shear strength of the
large beams—HB60, MB60, and LB60—were found to be 10%, 17.5%, and 6.6% higher than the strength
of beam NB60, respectively. This could be explained by a higher compressive strength of concrete with
a recycled aggregate. However, the shear strength of small beams, HS60, MS60, and LS60 was 14.8%,
30.5%, and 27.5% lower than the strength of beam NS60, respectively. It could be concluded that the
recycled aggregate qualities have a large effect on the shear behavior of small size RC beams, due to an
aggregate interlock mechanism and this mechanism was negligible for large-size RC beams. However,
further research is needed to investigate the effect of aggregate interlock for recycled concrete on the
shear strength of the RC beam. In addition, Etxeberria et al. [26] found that the shear strength of
RC beams with 25, 50, and 100% recycled coarse replacements was 3.7% higher, 15.4% lower, and
16.0% lower, respectively, than that of the RC beam made of natural aggregate concrete. Therefore, the
recycled aggregate quality (medium- and low-quality) had an approximately two-fold larger effect
than the 50% recycled aggregate replacement. In contrast, the effect of the high-quality recycled
aggregate was almost equal to that of the 50% recycled aggregate replacement.

5. Conclusions

The following conclusions could be drawn based on the results of the current investigation,
considering the effects of recycled aggregate quality on the material properties, bond behavior, and the
shear strength of RC members, using a recycled aggregate concrete.

(1) Regarding the properties of fresh concrete with different recycled aggregate replacements
and qualities, especially concrete with a recycled fine aggregate, the target workability could
not be achieved easily, due to the various physical and mechanical properties of recycled
aggregates. For instance, due to a higher fineness modulus of high- and medium-quality
recycled fine aggregates, compared with the low-quality recycled fine aggregate, concrete requires
approximately, a 3% greater mix of water, than concrete made by a low-quality recycled fine
aggregate. As a result, a slump of fresh concrete made with a lower quality recycled fine
aggregate has a lower slump, even though all coarse and fine aggregates are presoaked before
the concrete mix. In contrast, concrete made with a lower quality recycled coarse aggregate has a
comparatively higher slump. It might be due to the excessive water on the aggregate surface that
could not be dried out completely by pieces of cloth. To overcome this, all coarse aggregates are
dried out automatically one day before the concrete mix. As a result, the workability is almost
the same, regardless of the effect of recycled aggregate qualities. However, all slump values are
approximately 18 cm higher than the target value of 12 cm.

(2) The compressive strength of concrete with different recycled aggregate replacements and qualities
is normally lower than the strength of natural concrete, followed by the flexural strength,
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split tensile strength, static and dynamic elastic modulus, and the hardened concrete density.
Even though the compressive strength of a high-quality recycled coarse aggregate concrete was
14% higher than that of natural concrete, only a little strength improvement could be observed for
other material properties. In general, the strength of a high-quality recycled aggregate concrete is
the highest followed by a medium- and low-quality recycled aggregate concrete. The dynamic
elastic modulus is always lower for the lower quality recycled aggregate, irrespective of recycled
aggregate replacements. Drying shrinkage of recycled concrete is generally higher than that of
natural concrete.

(3) Bond strength of both natural and recycled concrete increased with a decrease in water to cement
ratio but there was no strength development, when water to cement ratio decreased from 0.60
to 0.45. It could be explained by a sharp drop in density increment, which has a tendency to
increase, and almost the same drying shrinkage and dynamic elastic modulus of the concrete
for a water to cement ratio of 0.60 and 0.45, even though the compressive strength, split tensile
strength, static elastic modulus, and the compressive strength of mortar increased smoothly with
a decrease in water to cement ratio. High- and medium-quality recycled coarse aggregate have
a very little effect on the bond strength of concrete and are sometimes higher. However, the
bond strength of low-quality recycled coarse aggregate was always the lowest one. The variation
among specimens for bond stress was very large, compared with the material properties test.

(4) Shear behavior of the RC beam with a natural and recycled concrete is very similar. The final
beam failure due to shear occurs after the formation of a large diagonal crack. Just before, the
maximum load, some beam specimens have several vertical cracks that form at the beam top
or at the shear compression zone. The effects of recycled aggregate qualities could be revealed
for the case of a small size beam. It might be due to a comparable effect of aggregate interlock
mechanism and this effect is too small for the large-sized RC beams.

Further research is needed to conduct the numerical simulation for understanding the bond
behavior and shear strength of RC specimens, with the recycled aggregates. It is also necessary to
conduct an additional experiment for estimating the long-term structural performance of RC members,
using the recycled aggregates.
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Abstract: This paper is focused on the influence of the geological nature and quality of the
aggregates on the compressive strength of concrete and explains why it is important not to ignore the
characteristics of aggregates in the estimation of the strength of concrete, even for virgin aggregates.
For this purpose, three original (Abrams, American Concrete Institute Manual of concrete practice
and Slater) and two modified (Bolomey and Feret) models were used to calculate the strength
of concrete by considering results of various publications. The results show that the models do
not properly predict the strength of concrete when the characteristics of aggregates are neglected.
The scatter between the calculated and experimental compressive strength of concrete, even when
made with natural aggregates (NAs) only, was significant. For the same mix composition (with similar
cement paste quality), there was a significant difference between the results when NAs of various
geological nature (e.g., limestone, basalt, granite, sandstone) were used in concrete. The same was
true when different qualities (namely in terms of density, water absorption and Los Angles abrasion)
of aggregates were used. The scatters significantly decreased when the mixes were classified based
on the geological nature of the aggregates. The same occurred when the mixes were classified based
on their quality. For both modified models, the calculated strength of mixes made with basalt was
higher than that of the mixes containing other types of the aggregates, followed by mixes containing
limestone, quartz and granite. In terms of the quality of the aggregates, the calculated strength of
concrete increased (was overestimated) as the quality of the aggregates decreased. The influence of
the aggregates on the compressive strength of concrete became much more discernible when recycled
aggregates were used mainly due to their more heterogeneous characteristics.

Keywords: compressive strength; models; geological nature of aggregates; quality of aggregates;
concrete; recycled aggregates

1. Introduction

1.1. General Facts on Compressive Strength Estimation

Concrete is one of the most consumed materials in the construction industry. Apart from durability,
consumers normally demand a target strength. The target strength can be achieved in different ways,
e.g., by increasing the cement content, incorporating a specific amount of supplementary cementitious
materials (SCM), and decreasing the water content or introducing a superplasticizer (SP). For that
purpose, researchers have proposed several formulas to calculate the strength of concrete [1,2].

Researchers normally focus on the quality of the cement paste to calculate the strength of concrete.
However, the strength of concrete not only depends on the strength of the hydrated product and
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the porosity of the cement paste [3] but also on the properties of the aggregates [4]. Further details
regarding the mentioned factors are provided in the following paragraphs.

The strength of the hydrated product in the cement paste depends on the chemical and physical
properties of cement [5,6]. The porosity of concrete depends on the air content that is mainly affected
by the maximum size of the aggregates, and the particle size distribution in the used materials,
mixing procedure, workability, placing, and compaction [4].

The properties of the aggregates directly or indirectly affect the strength of concrete. The influence
of the aggregates’ properties can be clearly seen in high strength concrete, because failure occurs
through the aggregates. For that purpose, a previous study [7] attempted to classify aggregates into
four classes (A, B, C, and D) based on their physical properties, mainly by considering their density
and water absorption (WA), and mechanical properties (Los Angeles (LA) abrasion) from the results of
116 studies (Table 1). The authors believe the strength of concrete produced with class A (high quality
of aggregates) should be higher than that of those with B class, followed by classes C and D.

Table 1. Physical boundaries for each proposed class of aggregates [7].

Aggregate Class
A B C

D
I II III I II III I II III

Minimum oven-dried
density (kg/m3) 2600 2500 2400 2300 2200 21002000 1900 1800

No limitMaximum water absorption (%) 1.5 2.5 3.5 5 6.5 8.5 10.5 13 15
Maximum LA abrasion

mass loss (%) 40 45 50

In our study, the strength of concrete made with ordinary Portland cement (OPC) and natural
aggregates (NA) was calculated using different formulas (Section 1.2) and compared with the actual
(experimental) strength. Then, the strength of the NA concrete was classified based on the quality
of the aggregates. The first objective of this procedure was to show the importance of the quality
of the aggregates rather than their procurement source (e.g., recycled aggregates (RA) versus NA)
and confirm the relationship between the strength of concrete and the properties of the aggregates,
regardless of the type of virgin aggregates used.

Regarding the indirect effects of the aggregates, studies have concluded that the quality of the
hydration products affects the bond between the aggregates and cement paste (Interfacial Transition
Zone—ITZ) [8]. Therefore, some of the recent investigations (Section 1.2) have considered the
cement content and strength class of cement to calculate the strength of concrete. However, other
studies [9] that updated the Bolomey formula [10] realized that, for the same quality of cement paste,
the compressive strength of concrete made with rolled natural aggregates (NA) differs from that of
concrete made with crushed NA, when both come from the same natural sources. This is because the
shape of aggregates also affects the ITZ [11].

In fact, for concrete made with crushed aggregates, the effective water/cement ratio
(main contributor to the quality of the cement paste and of the ITZ) should be increased in order
to obtain the same workability as concrete made with rolled aggregates [12]. However, all the
formulas proposed until then to calculate the strength of concrete failed to consider one of the most
effective factors that affects the bond between aggregates and cement paste (ITZ), which is the texture
of aggregates. The texture of the aggregates depends on the geological nature of the aggregates
(e.g., limestone, basalt, sandstone, granite). For example, basalt can be considered to be a high-quality
aggregate due to its high density and high mechanical strength, but its bond with the cement paste
may be not strong enough due to its very smooth texture which is relatively similar to that of glass [11].
Thus, the calculated strength may be overestimated. In terms of chemical reactivity, the study of Kong
and Du [11] showed that the amount of OH− that is absorbed by the aggregates and that releases Si4+

at the same time depends on the geological nature of the aggregates, and this process significantly
affects the pore structure of the hydration product and the ITZ as a result.
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Therefore, this study attempted to show the effect of the geological nature of the aggregates on
the ultimate strength of concrete and how the scatter between the estimated and the actual strength of
concrete decreases if the results take the geological nature of the virgin aggregates into account.

Generally, the geological nature of aggregates affects the ultimate strength of concrete in different
ways. When the strength of aggregates is lower than that of the cement paste, the quality of the
aggregates controls the ultimate strength, because failure occurs though the aggregates. However,
when the strength of the aggregates is higher than that of the cement paste, failure may not only occur
in the cement paste itself but also in the ITZ between the aggregates and the cement paste [13]. In fact,
the quality of the aggregates needs to be considered a main factor in the estimation of the compressive
strength for low and high strength concrete mixes. It is well known that failure normally occurs in the
ITZ between the aggregates and the cement paste because the effective water to cement ratio (w/c) of
the cement paste around the aggregate particles is higher than that of the other parts of the cement
paste [14]. This phenomenon relates to the capillary absorption between cement paste and aggregates
which is affected by the WA and density of the aggregates.

Since the effect of SP, binder content and its characteristics, the w/c and aggregate content and
the parameters described in [15,16] on concrete have already been studied, this study focuses on the
effects of the quality and geological nature of NA on the compressive strength of concrete when all
the mentioned parameters are constant, mainly by considering two modified models shown in the
next sub-section. Thus, in terms of the aggregates, it is advisable to focus on the two mentioned
parameters rather than only on the source of the aggregates, e.g., NA versus RA. To that purpose,
this study considered the results of 84 publications for concrete made with virgin aggregates and 41
other publications (Section 2) for concrete made with RA.

1.2. Background of the Compressive Strength Estimation Models

Feret [1] is considered one of the pioneers in devising a formula to calculate the strength of
concrete based on the volume of aggregates to the cement ratio and the void index. He was followed
by Abrams [2] who calculated the strength of concrete by taking into account the w/c ratio. A study of
Hicks [17] simplified Slater’s formula [18] and reported that the strength of concrete linearly changes
with the w/c ratio. Similarly to Slater’s formula, ACI 2000-I [19] calculated the strength of concrete by
considering the effect of the w/c ratio.

Powers and Brownyard [3] concluded that the porosity of the cement paste affects the strength of
concrete. Thus, they developed the Feret’s formula by considering another factor, namely, the “gel
(volume of hydration products) to space (capillary porosity)” ratio. Then, Karni [20] added another
factor (degree of hydration) to the Powers and Brownyard’s formula. Regarding the porosity of the
cement paste, Popovics [21] introduced the influence of air content into Bolomey’s formula. Thirteen
years afterwards, the same researcher [22] worked on Abrams’s formula and added the effects of
cement’s hardening rate and the air content. Since the compressive strength of concrete with the same
w/c may vary with its cement content, Popovics [23] then added another factor (cement content) to
Abrams’s formula. However, the number of concrete samples considered to calibrate these factors and
the new model were not significant compared to the previous model. Furthermore, de Larrard [13]
updated Feret’s formula by considering the maximum paste thickness, the maximum size of the
aggregates, the aggregates’ packing density, the content of pozzolanic binders and a few types of
aggregates. However, de Larrard did not consider the properties of cement, and the number of concrete
samples used to calculate the factors was not significant. A recent study [15] proposed an innovative
way to calculate the strength of concrete mixes using the M5P model tree algorithm by taking into
account the results of nine publications. However, the cement class (e.g., CEM I 35.5 or 42.5) and
quality of the aggregates were not considered as main factors in the model.

According to the parameters considered in each of the models suggested by the above researchers,
two common facts can be seen. First, some of the formulas calculate the strength of concrete by only
taking into account the w/c ratio. However, it is well known that the strength of two concrete mixes with
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the same w/c may not be equal when their cement contents are different [23]. Therefore, the volume
of aggregates to cement ratio and void index (water and air), which depend on the maximum size of
the aggregates and the water content, should be considered. Secondly, most formulas fail to consider
the strength class of cement. For example, the strength of concrete mixes made with the same cement
content is not similar when different cement classes (e.g., CEM I 32.5 or 42.5) are used [24].

The majority of current formulas follow those of Feret [1] and Abrams [2]. In the past decades,
a few researchers have attempted to update the mentioned formulas, but their results are still not
reliable, since they only considered a few case studies (concrete samples) to calibrate the correction
factors. However, Sika-comp recently released a new software (SIKA-mix design) to design concrete
mixes by using Faury’s [25] method and calculate the strength of concrete by updating Feret’s [1]
formula. Thus, the new Feret-based formula depends on the ratio of the volume of aggregates to
cement, the void index, the strength class of cement (cement class), and the maximum size of aggregates.
In addition, a study [9] proposed a modification of Bolomey’s [10] formula by taking into account
the w/c ratio, the strength class of cement and the aggregates’ production method (e.g., crushed or
natural). Thus, the two updated formulas (Feret and Bolomey) were used as the main models to
analyse the results.

2. Methodology

Three original models (Abrams, Slater and ACI) (Table 2) and two modified models (Bolomey and
Feret) (Tables 2 and 3) were used to estimate the compressive strength at 28 days of concrete made with
ordinary Portland cement (OPC) and NA. The mentioned formulas were applied to 206 concrete mixes
(206 concrete mixes × minimum 3 samples = 618 concrete samples) made with 100% NA sourced from
84 studies (Table 4). After that, the results were classified based on the aggregates’ classes (Table 1)
proposed by Silva et al. [7]. Then, the geological nature of the aggregates (e.g., limestone, basalt,
granite, sandstone) was considered to analyse the results.

Additionally, for each analysis (by considering the aggregates’ quality or geological nature),
different studies (Table 4) were considered based on the supplementary information given in the
publication. For example, the studies that did not provide the geological nature of the aggregates
(Table 4—5th row) were still considered in the analysis of the effect of the quality of the aggregates on
the compressive strength of concrete when their WAs and densities were provided. In the first stage of
this analysis, all the concrete mixes used were made with NA and OPC (without any SCM). In the
second stage, some examples (Table 4) containing 100% coarse RA were studied.

Table 2. Formulas to calculate the compressive strength of concrete.

Model Formula a,b Notes/Limitations

Abram fcm = A
Bw/c

The constants A and B are 96 MPa and 7, respectively.
The w/c ratio should be between 0.3 and 1.2

Slater fcm = 0.007 ·
(

2700 · C
w − 760

)
This formula can be used only for mixes without SP

American Concrete Institute
Manual of Concrete Practice

(ACI2000-I)
fcm = 117.07 ·e−2.572·w/c

The w/c ratio and cement content of the concrete
mixes are limited to 0.41–0.82 and 300–360 kg/m3,
respectively. The equation was adapted from the
results of the table given in the specification with
R2 = 0.996

Bolomey
fcm = A1 ·

(
1

w/c − 0.5
)

if w/c > 0.4

fcm = A2 ·
(

1
w/c + 0.5

)
if w/c ≤ 0.4

The constants (A1 and A2) depend on the way
aggregates are produced and on the strength class of
cement (Table 3)

Feret fcm = k ·( v
v+I

)2

The constant, k, depends on the strength class of
cement. It is 265–290 and 315–350 for cement class
CEM I 32.5 and 42.5, respectively; v is the absolute
volume of cement paste and I is the volume index
(air and water contents)

a c and w are the cement and water contents, respectively. In other words, w/c is the water to cement ratio; b f cm is
the average compressive strength of the concrete in cylinders (150 mm diameter × 300 mm length) at 28 days (MPa).
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It is well known that the shapes and sizes of the concrete samples (e.g., cube or cylinder)
affect the results. Therefore, this study took into account these two factors, and the experimental
results (non-standard cylinder sizes) were converted to be equivalent to those of a cylinder with
a 150 mm diameter × 300 mm length (f cm, cube 100 mm → f cm, cube 150 mm → f cm, cylinder 150 × 300 ←
f cm, cylinder 100 × 200) in order to compare them with the calculated strength. Thus, according to the
state-of-the-art method described in FIB Bulletin 42 [118], the “f cm, cube 150 mm to f cm, cube 100 mm” ratio
is equal to 0.97. Similar results can be seen in other studies [119,120]. After that, f cm, cube 150 mm was
converted to f cm, cylinder 150 × 300, according to EN 1992-1-1:2004 (E). Regarding f cm, cylinder 100 × 200,
the majority of the researchers agree that, up to 33 MPa, the difference between f cm, cylinder 150 × 300
and f cm, cylinder 100 × 200 is insignificant. The average difference between them is 2%, according to
previous studies [121–123]. For higher strength values (over 33 MPa), the average “f cm, cylinder 150 × 300
to f cm, cylinder 100 × 200” ratio is 0.90 (Table 5).

As mentioned above, in this study, the strength of concrete made with OPC and NA was calculated
using different formulas (Table 2) and compared with the actual (experimental) strength. Then,
the strength of the NA concrete was classified based on the quality of the aggregates. The first
objective of this procedure was to show the importance of the quality of the aggregates rather than
their procurement source (e.g., recycled aggregates (RA) versus NA) and to confirm the relationship
between the strength of concrete and the properties of the aggregates, regardless of the type of virgin
aggregates used.

Table 5. The “f cm, cylinder 150 × 300 to f cm, cylinder 100 × 200” ratio in different studies.

Studies f cm, cylinder 150 × 300 to f cm, cylinder 100 × 200 Ratio Strength [MPa]

Malhotra [124] 0.84 ~46
Forstie and Schnormeier [125] 0.87 ~48

Carrasquillo et al. [126] 0.93 48–80
Lessaed and Aitcin [127] 0.95 35–122

Average over 33 MPa 0.90

3. Results

Cement has been used as a construction material for many centuries. However, modern cement
has been produced only in the last century. Due to the substantial changes made in cement production
during the last decades, the quality of cement has significantly improved [128,129]. Therefore,
the results of this study focus on the investigations published in the last two decades. Figure 1
shows the relationship between compressive strength and the w/c of concrete mixes made with only
NA and OPC. The results show that, for a 95% confidence interval, there is a large amount of scatter
between w/c and the compressive strength of concrete. This result was expected due to the quality
of cement paste and aggregates. The effect of the quality of the cement paste on concrete strength
has been extensively studied for decades, and several formulas have been suggested to relate these
two properties. However, the effect of the quality of the aggregates on concrete strength had not
previously been sufficiently studied. For this reason, this study focused on the effects of the physical
and geological nature of the aggregates in the following sections.

3.1. Effect of the Geological Nature of Natural Aggregates on the Compressive Strength of Concrete

As mentioned in the literature review, the strength of concrete may be affected by different factors,
including the quality of the cement paste. Therefore, the original models (Abrams, Slater, and ACI)
calculated the strength of concrete based on the w/c (Figure 2). The results showed that the estimated
strength of concrete based on the quality of the cement paste is not accurate, and the relationship
between the actual and calculated strength in all of the original models was poor (R2 was −0.31, −0.14
and 0.15 in the Abrams, Slater, and ACI models, respectively) when only w/c was considered to be an
influencing factor. This is because the compressive strength of concretes with the same w/c may vary
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with cement content [23] and cement class [24], which respectively influence the aggregate: cement
volume ratio and void index and the quality of the hydration product. The other reason is that the
original formulas ignore the quality (e.g., geological nature) of the aggregates. Thus, the relationship
between the calculated and actual strength of concrete mixes improved when the original formulas
also considered the geological nature of the aggregates (R2 was −0.23, 0.03, −0.58, −0.05, 0.52 and 0.46
with Abram’s model, and 0.27, 0.20, −0.57, 0.20, 0.85 and 0 with Slater’s model, and 0.25, 0.40, −0.03,
0.23, 0.81, 0.84 with the ACI model when the aggregates were classified as basalt, granite, limestone,
NA (geological nature not given), quartz, and sandstone, respectively. The negative R2 is due to the
fact that the linear trendline was set to intercept the origin of the axes [130,131]). This behaviour is
further discussed in the next paragraphs. Furthermore, for the 95% confidence intervals (red dashed
lines in each graph), there is a big scatter between w/c and compressive strength of concrete, and the
lower and upper k (f cm, calculated/f cm, experimental) values in all original models were 0.67 ± 0.02 and
1.67 ± 0.01, respectively.

As mentioned previously, the calculated strength based only on the w/c independently of the
cement content and its properties, is not reliable. Therefore, this study essentially focused on the
modified models (Bolomey and Feret) rather than the original models (Abrams, Slater, and ACI).

Figure 1. Relationship between the compressive strength “f cm, cylinder 150 mm x 300 mm length” and w/c
ratio of concrete.
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Figure 2. Relationship between the actual and calculated compressive strength of concrete mixes made
with NA sourced from different geological natures. The strength values were calculated according to
the (a) Abrams, (b) Slater and (c) ACI formulas. k = (f cm, calculated/f cm, experimental).

Figure 3a,b show the relationship between the experimental and calculated compressive strength
obtained according to the Bolomey and Feret models, respectively. Relative to the original models
(R2 was up 0.15) that only considered the w/c as a main factor, the relationship between the calculated
and actual compressive strength significantly improved (R2 ≈ 0.50), as seen in Figure 3a. This is due to
the additional factors considered in Bolomey’s model, namely the strength class of cement and the way
that aggregates are produced (Table 2). However, this model neglected the effect of the cement content
(volume of aggregates to cement ratio) which significantly affects the results due to its influence on the
strength of concrete (for the same w/c, the strength may vary with the cement content [23]). As shown
in Figure 3b, by using Feret’s model, the relationship between the calculated and experimental strength
of concrete significantly improved (R2 ≈ 0.60) relative to the original models. This is because of
the factors considered in the model, namely, the cement strength and content. However, this model
neglected the aggregates’ production methods.
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Figure 3. Relationship between the actual and calculated compressive strength of concrete mixes made
with NA sourced from different geological natures. The strength values were calculated according to
the (a) Bolomey and (b) Feret formulas. k = (f cm, calculated/f cm, experimental).

Even though the relationship between the actual and calculated strength improved by using
the modified models (Bolomey and Feret), there was still a big scatter between the mixes (Figure 3).
For example, for a 95% confidence interval, the k value (f cm, calculated/f cm, experimental) varied between
1.20–0.60 and 1.63–0.83 when the strength was calculated based on the Bolomey and Feret models,
respectively. This may be related to the fact that both models neglected the properties of the aggregates
as a factor to calculate the strength. To validate this assumption, the mixes were classified according to
the geological nature of their aggregates, and the k value was found for each of them according to a
95% confidence interval (Figure 4). As a consequence, the relationship between calculated and actual
strengths considerably improved in most cases. For example, the R2 of concrete mixes made with
basalt, granite, limestone, and quartz was about 0.60, 0.80, 0.40, and 0.80 when Bolomey’s model was
used to calculate the strength, and 0.40, 0.90, 0.60, 0.90 for Feret’s model, respectively. Additionally,
for both the Bolomey (Figure 4a) and Feret models (Figure 4b), the difference between upper (k1)
and lower (k2) boundaries (k value = f cm, calculated/f cm, experimental) for a 95% confidence interval of the
concrete mixes significantly decreased when the classification was based on the geological nature of
the aggregates, except for concrete with limestone aggregates. This is because limestone has a large
scatter of characteristics (Table 4), and it is classified in various generic categories, e.g., carboniferous,
dolomitic, and calcareous, or it may be a composite (e.g., limestone–quartzitic, limestone–siliceous).

In order to simplify the results, the average of the k1 and k2 values (as seen in Figure 4)
was considered to make Figure 5. According to both models, all other parameters being the same,
the calculated/actual strength ratio of concrete mixes made with basalt was higher than that of mixes
containing other types of the aggregates, followed by mixes containing limestone, quartz, and granite.
This ranking, which was repeated for both models, is further explained in the following paragraphs.
Furthermore, apart from the above factors, the shape ratio and shape regularity of the aggregates may
also affect the strength of concrete. For example, less water content (one of the main contributors to
the quality of the cement paste and ITZ) is required to obtain the target slump with rolled aggregates
compared to that with angular aggregates [12]. However, the bond between angular aggregates and
cement paste is stronger than that in the mixes made with rolled aggregates. However, the bond also
depends on the surface texture of the aggregates.
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Figure 4. Relationship between the actual and calculated compressive strength of concrete mixes made
with NA sourced from different geological natures. k1 and k2 are the upper and lower boundaries for
a 95% confidence interval, respectively, according to the (a) Bolomey and (b) Feret models.

Figure 5. Relationship between the actual and calculated compressive strength of concrete mixes made
with NA sourced from different geological natures. The average k value is the average of k1 and k2
from Figure 4, according to the (a) Bolomey and (b) Feret models. The standard deviation for the k
values was ≈0.20 in both models.

Ingham et al. [132] studied the shape, form, and texture of various geological natures of aggregates
using about 270 cases. Based on their explanations and the classification of Silva et al. [7] (Section 1),
Figure 6 was drawn to show all of the factors that may affect the influence of the aggregate on the
quality of concrete. The shape ratio and shape regularity of the aggregates also affects the quality of
concrete, but they can be controlled by sieving the aggregates. However, the surface texture of the
aggregates and their quality and chemical composition may not be easily controlled. Therefore, it is
important to identify the geological nature of the aggregates, because it determines the texture [132] and
chemical composition [11], and in most cases, the physical characteristics, shape ratio, and regularity.
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Notwithstanding a significant standard deviation that may be affected by the selected database,
in both models, the calculated/actual strength ratio of concrete containing basalt was generally higher
than that of the other aggregates (Figure 5). This is because, generally, basalt has an aphanitic texture
or, in some cases, can be considered to be glassy [133]. As a consequence, the bond between basalt
aggregates and cement paste will be weaker and failure may occur at ITZ. In other words, the models
that calculate strength based on the quality of cement paste (without considering the geological
nature of the aggregates) may fail, and relative to mixes containing other aggregates, the strength is
overestimated. Furthermore, the chemical composition of the aggregates (rich with silicon or calcium),
which influences the way they absorb other elements from the cement paste (and vice-versa), may also
affect the interfacial hydrates around the aggregates. For example, limestone is rich in calcium,
and therefore, there is more ettringite and calcium–hydroxide in the ITZ, while for basalt, which is rich
in silicon, further calcium silicate hydrates are generated in that zone [11].

Unlike basalt aggregates, granites generally have a phaneritic texture [133]. This explains the
trends shown in Figure 5, where the calculated/actual strength ratio of concrete containing granite is
lower than that of the mixes made with other aggregates. The rougher surface of the granite increases
the bond between cement paste and aggregates. Although both basalt and granite have similar chemical
compositions (rich in silicon content) because of their surface texture, the ultimate strength of concrete
with each aggregate and the same cement paste is different. Furthermore, the surface texture of the
aggregates, as well as their chemical composition, shape ratio and regularity, and quality (e.g., WA and
density) also affect the ultimate strength of concrete, as discussed in the following sections.

Figure 6. Factors that affect the influence of aggregates on concrete quality.
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3.2. Effect of the Quality of Natural Aggregates on the Compressive Strength of Concrete

Concrete mixes were classified based on the aggregates’ quality, namely their WA, density, and LA
abrasion (Table 1), according to the study by Silva et al. [7]. As for the geological nature (Section 3.1),
the results show that the relationship between the calculated and actual strength of concrete (without
taking into account the aggregates’ classes, the R2 values for the linear trends were 0.50 and 0.60 for
the Bolomey and Feret formulas, respectively) improved when the mixes were classified based on their
quality (classes A, B, C, and D). Thus, the R2 values for the linear trends were 0.72 and 0.62 for the
Bolomey model and 0.60 and 0.74 for the Feret model when the mix’s aggregates were from classes AI
and AII (specified in Table 1), respectively (Figure 7). This shows that the quality of the aggregates
may significantly affect the ultimate strength of concrete. Therefore, it is important to identify the
quality of the aggregates simultaneously with the other factors shown in Figure 6. According to both
models, the scatter between the results (the k values of the all mixes were 0.6–1.30 and 0.80–1.50 when
the strength was calculated according to the Bolomey and Feret models, respectively) decreases when
the mixes are classified in terms of the quality of their aggregates (Figure 7).

Figure 7. Relationship between the actual and calculated compressive strength of the concrete mixes
made with NA, classified in terms of their quality. The physical quality of A-I aggregates is better than
that of A-II aggregates, followed by B-I aggregates. k1 and k2 are the upper and lower boundaries for
the 95% confidence intervals, respectively, according to the (a) Bolomey and (b) Feret models.

In order to simplify the results, the average of the k1 and k2 values (as seen in Figure 7) was
considered to make Figure 8. According to both models, all other parameters being the same,
the calculated/actual strength ratio of concrete increases as the quality of the aggregates (high WA and
LA abrasion, and low density “Table 1”) decreases. In low-strength concrete, failure normally happens
at the ITZ. Apart from the factors discussed in Section 3.1, namely, the shape ratio and regularity,
and the surface texture and chemical composition of the aggregates, this can be related to the fact
that the w/c of the cement paste around the aggregates is higher than in other parts of the cement
paste [14]. The quality of the aggregates, namely their WA and density, which both affect the capillary
absorption between the aggregates and the cement paste, is a determinant of the ITZ bond strength.
For high strength concrete, failure may not happen in the cement paste (the mechanical properties of
the aggregates control concrete’s ultimate strength). Therefore, again, the quality of the aggregates,
namely their LA abrasion, controls the ultimate strength of concrete. Additionally, relative to the
Feret model, the calculated strength using Bolomey’s model is either close to the line of equality or
below it. This may be related to the aggregates’ production method (rolled or crushed) considered
in the formula, which helps to prevent overestimation of the compressive strength of the aggregates.
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This result also proves the importance of considering the properties of aggregates to calculate the
strength of concrete.

Figure 8. Relationship between the actual and calculated compressive strength of concrete mixes made
with NA, classified in terms of their quality. The physical quality of the A-I aggregates is better than
that of A-II, then followed by B-I. The average k value is the average of k1 and k2 from Figure 7,
according to the (a) Bolomey and (b) Feret models. The standard deviation for the k values was ≈0.25
in both models.

In order to further show the importance of considering the quality of aggregates, the strength
of concrete mixes made with various aggregates qualities (A, B, C, and D, as in Table 1) was drawn
(Figure 9).

The results calculated with Bolomey’s model came from 84 studies [26–79,81–109] of concrete
mixes made with 100% coarse NA and 41 other studies [34–36,42,46–48,50,52–54,57,66,67,70,71,76–78,
81,85,87,90,93–95,100,102–105,107,110–115] of concrete made with 100% coarse RA. The k values show
that, for a 95% confidence interval, the scatter between the mixes made with NA (mostly classed as
A in Table 1) was slightly smaller than that of the mixes made with RA (generally classed as B–D)
(Figure 9a). This big scatter of the NA mixes allows one important conclusion—it is conceptually
established that the quality of RA affects the strength of concrete, and the same is true for NA, but on
a smaller scale, because the differences in quality are also smaller. In other words, the quality of the
NA needs to be considered to understand the performance of concrete made with them (Figure 9a).
Figure 9b was drawn based on the upper and lower boundaries of Figure 9b. This figure confirms
the abovementioned facts demonstrated for concrete mixes made with NA only—as the quality of
the aggregates (regardless of the source, i.e., NA or RA) decreases (A to D), the calculated/actual
strength ratio increases, i.e., existing formulas overestimate the compressive strength the most for
lower quality aggregates.
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Figure 9. Relationship between the actual and calculated compressive strength of concrete mixes made
with 100% NA and RA classified in terms of their quality. The strength was calculated according
to Bolomey’s model. The physical quality of A aggregates is better than B, followed by C and D.
(a) k values for NA and RA concrete mixes, (b) k1 and k2 are the upper and lower boundaries for
the 95% confidence intervals, and (c) the average k value is the average of k1 and k2 from Figure 9b.
The standard deviation for the k values was ≈0.51 in (c).

4. Conclusions

This study allows a better understanding of the compressive strength of concrete made with
aggregates of various geological natures (e.g., limestone, basalt, granite, and quartz) and qualities
(WA, density, and LA abrasion). The following conclusions can be drawn from this study.
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The original (Abrams, Slater, and ACI) and modified (Bolomey and Feret) models cannot
accurately estimate the compressive strength of concrete when the characteristics of aggregates are
neglected. In other words, the estimated strength of concrete based on the quality of cement paste only
is not accurate, and the relationship between the actual and calculated strength for all the original
models is poor when only w/c (with and without considering the volume of aggregates to the cement
content) is considered as an influencing factor.

The scatter between the calculated and experimental compressive strength of concrete, even if
made with 100% NA, is significant. In other words, for the same mix composition (similar cement
paste quality), there are significant differences between the results when various geological natures of
NA (e.g., limestone, basalt, granite, sandstone) are used in concrete. The same is true when various
qualities (WA, density, and LA abrasion) of aggregates are used.

The modified models (Bolomey and Feret) work better than the original models (Abrams, Slater,
and ACI) because they consider the strength class of cement as one of the factors. However, Bolomey’s
model does not consider the ratio of the volume of aggregates to cement paste, and Feret’s model does
not consider how the aggregates are obtained (e.g., rolled or crushed) as influencing factors.

In most cases, the scatter between concrete mixes measured by the difference between the
upper (k1) and lower (k2) boundaries (k = f cm, calculated/f cm, experimental) for a 95% confidence interval
significantly decreased when they were split based on the geological nature of the aggregates used.
The same occurred when the mixes were split based on the quality of their aggregates.

According to both modified models (Bolomey and Ferret), the calculated/actual strength ratio of
the concrete mixes made with basalt is higher than that of the mixes with aggregates of other geological
natures—in descending order, limestone, quartz, and granite. In terms of the physical characteristics
of the aggregates, the calculated/actual strength ratio of concrete increases as the quality (high WA,
low density, and LA abrasion) of the aggregates decreases.

In order to further show the importance of considering the physical characteristics of aggregates,
the strength of a few examples of concrete made with aggregates of various qualities (A, B, C, and D,
according to Table 1), namely incorporating 100% coarse RA or NA, was calculated using Bolomey’s
model. For a 95% confidence interval, the scatter between the mixes made of NA (mostly classed
as A) was slightly smaller than that of the mixes made with RA (generally classed as B–D), but still
significant. This means that to estimate the compressive strength of concrete made with either NA or
RA, the influence of the geological nature and physical quality cannot be ignored, and this should be
included both in the standard formulas and in the codes.
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Abstract: In recent years, the amount of construction waste and recycled aggregate has been increasing
every year in Korea. However, as the recycled aggregate is poor quality, it is not used for concrete,
and the Korean government has strengthened the quality standards for recycled aggregate for concrete.
In this study, research was conducted on the mechanical and durability characteristics of concrete
using recycled aggregate, after developing equipment to improve the quality of recycled aggregate
to increase the use of recycled aggregate for environmental improvements. The results illustrated
improvements in the air volume, slump, compressive strength, freezing and thawing resistance, and
drying shrinkage. Furthermore, this study is expected to contribute to the increased use of recycled
aggregate in the future.

Keywords: recycled aggregate; concrete; construction waste; mechanical characteristics; durable
characteristics

1. Introduction

In the latter part of the 1980s, Korea constructed large-scale housing developments, as well as new
cities for building pleasant residential environments and resolving housing issues. Thereafter, during
the 2010s, with the drastic increase of old housing that caused re-development and re-construction to
become increasingly active, the production of construction waste materials increased yearly. According
to the nationwide waste material volume of 2016, which was reported by the Korea Environment
Corporation in 2017. The volume of construction waste materials has been on the rise every year
(as shown in Figure 1), with the highest value reaching up to approximately 48%. From the figure,
the ratio of waste concrete was 62.8% and the waste asphalt concrete was 17.9%, illustrating that the
recycling of waste concrete has become an urgent matter [1].

In accordance with the provision of Article 35 of the Construction Waste Recycling Promotion Act,
the government established the Recycled Aggregate Quality Standard for promoting the recycling
of waste materials from construction, to recommend a more diversified and broadened facilitation
of waste concrete. Therefore, in terms of applying recycled aggregate for concrete, there have been
a significant number of studies that have been conducted at home and abroad, and recently, there have
been active studies on the addition of diversified mixed materials to the recycled aggregate concrete or
the mixed use of natural aggregate, to provide recycled aggregate concrete with capabilities equivalent
to that of ordinary concrete [2–14]. However, recycled aggregate for use in concrete has not been widely
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employed in Korea, as the aggregates are of poor quality; they have a high absorption rate and low
density, therefore, are mostly used for filling the ground.

 
Figure 1. Changes in the waste material volume in Korea [1].

The recycled aggregates are not used in structural buildings as their quality fluctuation is severe.
It might only be used in buildings if the cement paste on the surface of the recycled aggregate is
removed, but the removal of impurities and fine aggregates is also very important. Previous research,
has studied the removal of cement paste on the surface of recycled aggregates but there have been no
research on the development of impurities and the aggregate fine powder removal facilities. Therefore,
the main purpose of this study was to develop and verify facilities, to activate recycled aggregate for
concrete. Theoretically, there exists a technology that improves the quality of recycled aggregate by
adding wind speed to the impact method, which removes the impurities.

Previous studies that have pursued the improvement of the quality of recycled aggregates, have
mostly been conducted on the removal of surface cement paste, and the removal methods were typified
by impact, chemical, and heating methods. Ogawa and Nawa reported that the impact strength
increased as the number of impacts increased, and that the compressive strength of the recycled
aggregate concrete decreased [15]. Shima and Tatayasiki have reported a technique of removing the
cement paste on the surface of the recycled aggregate, by heating and fracturing [16]. Kim, Kiuchi, Juan,
and Ismail, as a study of chemical methods, focused on the technique of removing the cement paste
adhered to the recycled aggregate, with hydrochloric acid solution [17–20]. Tam also reported cement
paste removal with sulfuric acid solution [12]. However, the heating and fracturing and chemical
methods have not been utilized due to its spatial and temporal constraints.

In order to promote the use of recycled aggregates, the Korean government has presented a new
standard of use with an expanded scope that requires the use of recycled fine aggregate, from the
existing recycled coarse aggregate. This standard was in accordance with the laws and regulations of
the quality standard of the recycled aggregate. In the event that the standard of use for the recycled
aggregate is applied to concrete for a 21–27 MPa structure, the standard to facilitate the use of recycled
fine aggregate has been prepared by revising 30% or less (using only recycled coarse aggregate) of the
total aggregate capacity, as is also the case for non-structure concrete of less than 21 MPa. In the event
that it is used for concrete for a structure of 27 MPa or less, the standard should be used 30% or less
(using recycled coarse aggregate and recycled fine aggregate) of the total aggregate capacity, 60% or less
(using only recycled coarse aggregate) of the total coarse aggregate capacity, and 30% or less (using only
recycled fine aggregate) of the total fine aggregate capacity, and 30% or less (using only recycled coarse
aggregate and recycled fine aggregate) of the total aggregate capacity. In addition, the standard value
for recycled fine aggregates has been improved from the existing density of 2.2 g/cm3 and absorption
rate of 5%, to a density of 2.3 g/cm3 and an absorption rate of 4% [21]. This was intended to minimize
the quality deviation through an enhancement of quality for the recycled fine aggregate, but the current
production technologies for recycled fine aggregates face difficulties in meeting the revised standard.
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In this research, to use recycled aggregate in structural buildings, a facility was developed and
research was conducted to remove the cement paste attached to the surface of the recycled aggregate,
aggregate fine powder, and impurities. The characteristics of concrete using a recycled aggregate type
and ratio were studied.

2. Scope and Method of Research

In this research, the quality improvement of the recycled fine aggregate and the characteristics of
concrete using recycled aggregate have been studied through the following studies.

(1) A study on the quality improvement of recycled fine aggregate

Recycled fine aggregate contains significant amounts of organic and inorganic impurities with
an inconsistent quality, creating concerns about quality decline of the concrete. Therefore, the production
facilities for quality improvement of the recycled fine aggregate were reviewed, and the equipment
used to remove impurities and strip the recycled fine aggregate was developed for stable production
and quality improvement of the recycled fine aggregate.

(2) A study on the quality improvement of mixed aggregate

The recycled and natural aggregates have different specific gravities and are injected separately
when producing concrete. If the mixer efficiency is low, this creates quality deviations in the concrete.
Accordingly, to achieve a stable mixing of the recycled and natural aggregates, aggregate mixture
facilities were developed. The densities, absorption rates, and other properties of the mixed aggregate,
with various compositions were tested. In addition, the characteristics of the quality deviation of the
recycled aggregate concrete, following premixing, were determined, and a premixing facility for the
aggregate was developed.

(3) An empirical study on the mechanical characteristics and durability of concrete using the
recycled aggregate

Before and after modification, the recycled fine aggregates, recycled coarse aggregates, and natural
aggregates that were mixed in accordance with the replacement rate of the physical and mechanical
properties of the concrete that used the recycled fine aggregate, were evaluated. The concrete using
the recycled aggregate was mixed with natural aggregate and the target strength was 24 MPa
(general strength) or 35 MPa (high strength). Slump, air volume, compressive strength, drying
shrinkage, freezing, and thawing resistance and other properties were measured to analyze the
physical, mechanical and durability characteristics of the concrete containing recycled fine aggregate,
before and after modification.

3. Development of the Technology to Improve the Recycled Fine Aggregate Quality

3.1. Outline

Waste materials collected from the construction fields are required by law to be classified, but due
to the difficulty of field management, there is a significant amount of discharge of mixed waste
materials. If the fine aggregate is less than 5 mm, it makes it difficult to separate the foreign matters
on an aggregate surface. Therefore, there is a limit to the application of existing technologies for
improving the density and absorption rate. In order to remove a large amount of impurities, particularly
inflammable impurities, the most frequently used sorting method is separation by an air blower
(as shown in Figure 2). Furthermore, the density and absorption rate of the recycled fine aggregate
change depending on the contents of the mortar attached to the aggregate surface. As the mortar
content increases, the density decreases and the absorption rate increases, diminishing the quality,
as a result. Therefore, to improve the aggregate quality, the mortar attached to the aggregate surface
must be removed as much as possible. In the past, there was no equipment available to remove foreign
materials and mortar attached to the aggregate surface, at the same time.
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Figure 2. The principle of air-blower impurity sorting.

In general, employing the developed equipment, inflammable impurities with diameters >25 mm
are separated through a separate sorting device, such as a trammel. Inflammable impurities in the
10–25 mm range are separated using a screen. Inflammable impurities of 10 mm or less are sorted by
ventilation, during transport of the aggregate. Air-flow-type sorting methods have the advantages
of being efficient in sorting impurities with low specific gravities; they also employ a simple facility
configuration and equipment maintenance method. The purpose of separation selection should be
clearly distinguished by locating at the end of processing. However, air-flow-type sorting, can sort out
all substances with low specific gravities, including aggregates. Furthermore, this process can scatter
well, and if there is a significant flow of aggregate, the sorting efficiency is low. Thus, a method for
sorting impurities and for eliminating dust scattering is required, when there is a large amount of
aggregates flowing.

Furthermore, the density and absorption rate of the recycled fine aggregate change, depending
on the contents of the mortar attached to the aggregate surface. As the mortar content increases,
the density decreases, and the absorption rate increases, diminishing the quality.

3.2. Principle of Technology

Technology is needed to resolve the quality decline, due to impurities, by processing the waste
materials, implementing technology to remove mortar from the surface of the recycled fine aggregate,
and producing recycled fine aggregate with a density of 2.3 g/cm3 or more, an absorption rate of less
than 4%, and organic impurity contents of less than 0.3%. The appearance and perspective drawing of
the equipment for stripping impurities and recycled fine aggregates, and the entire production systems,
are shown in Figures 3 and 4, respectively.

 
Figure 3. Appearance and perspective drawing of stripping the removal equipment for the impurities
of recycled fine aggregate.
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Figure 4. The production process of the technology development scheme.

These facilities are closed and can accommodate a multi-phase flow. The recycled fine aggregate
is stripped by the Speed Adjusting Rotor Hammer, and the wind pressure and direction are varied,
three times, to remove the impurities.

To separate the aggregate and impurities, a knife-type air-speed supply device and an inhaling
device are used to capture the impurities. The wind pressure used to separate the impurities is generated
by a recycling fan, with a capacity of 120 m3/min and the structure between the upper rotation rotor and
final discharge phase is enclosed to prevent the scattering of dust. In addition, by adjusting the wind
velocity and absorption volume, the system can accommodate various impurities. Furthermore, the
Speed Adjusting Rotor Hammer rotational impact device, accelerates the initially supplied aggregate,
and the organic impurity is separated by the absorption device in the upper part, due to the wind
speed of the rotational force. Mortar on the aggregate surface is removed through the stripping plate.
The principle of mortar removal is shown schematically, in Figure 5.

 
Figure 5. The principle of mortar removal.
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3.3. Experiments and Results of the Recycled Fine Aggregate Using Stripping Removal Equipment for the
Impurities of Recycled Fine Aggregate

The equipment developed in this study removed cement paste, aggregate particles, and the
impurities attached to the surface of recycled aggregate. Removal of the cement paste increased the
absolute dry density, decreased the absorption rate, and increased the percentage of the absolute
volume of the particle shape. Additionally, through the removal of aggregate particles, the penetration
rate of 0.08 mm was reduced and the content of organic and inorganic impurities was reduced through
the removal of impurities.

3.3.1. Absolute Dry Density

The absolute dry density could affect the concrete strength if the aggregate density was lower
than the Korean Standard requirement of 2.2 g/cm3 or more. This test was implemented following
the KS F 2504 “Method to Test Density and Absorption Rate of Fine Aggregate.” The absolute dry
density was found to increase by an average of approximately 0.07 g/cm3. The dry density changed
from 2.25→ 2.32 g/cm3 in the first pass, to 2.25→ 2.33 g/cm3 in the second pass, and 2.28→ 2.35 g/cm3

in the third pass.

3.3.2. Absorption Rate

The recycled aggregate had significant amount of mortar attached to the aggregate surface,
compared to the natural aggregate. Thus, the recycled aggregate had a greater absorption rate than that
of the aggregate used for general concrete. If the recycled aggregate that had been air- or oven-dried was
used, the water content of the aggregate was increased, to achieve more loss of slump in the unsolidified
concrete, and the pumpability was worsened. Therefore, the KS required an absorption rate of 5% or
less. This was measured following the KS F 2504 “Method to Test Density and Absorption Rate of Fine
Aggregate.” Before and after penetration, the absorption rate decreased by an average of approximately
0.70%. The absorption rate decreased from 5.42%→ 4.62% in the first test, 5.35%→ 4.68% in the second
test, and 5.38%→ 4.75% in the third test.

3.3.3. Percentage of Absolute Volume of the Particle Shape

The percentage of absolute volume of the particle shape was used to determine the aggregate
particle shape. If the absolute volume percentage was 53% or more, the recycled fine aggregate
particles were considered to be adequate. This was measured following the KS F 2527 “Aggregate
Crushed for Concrete.” Before and after penetration, the absorption rate increased by an average of
approximately 0.64%. In the first, second, and third tests, the absolute volume percentage increased
from 53.05%→ 53.52%, 52.71%→ 53.42%, and 52.88%→ 53.63%, respectively.

3.3.4. Penetration Rate of 0.08 mm

In the event that there was a significant quantity of small particles with a size of 0.08 mm or less,
the quality would be adversely influenced, resulting in, for example, a decline of strength, due to an
increase of the unit quantity, when producing ready-mixed concrete. An increase of laitance and drying
shrinkage when pouring the concrete, and a decrease in adhesion when joint pouring was applied,
which was determined by the Korean Standard to be 7.0% or less. This test was implemented by the
KS F 2511 “Method to test chips included in aggregate (penetrating the 0.08 mm sieve)”, and as a result
of the experiments before and after penetration, it was demonstrated that the chips decreased by an
average of approximately 1.90% of 0.08 mm or less, in the first test, from 3.15%→ 1.83%, in the second
test from 3.65%→ 1.27%, and in the third test from 3.39%→ 1.39%. This was considered to be due to
the air-flow removing the impurity of the development facility that sorted the chips.
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3.3.5. Contents of Organic and Inorganic Impurities

Waste concrete has a variety of impurities that are mixed in the recycled aggregate, which was
produced by crushing them, resulting in a declined quality. Accordingly, the KS F 2527 “Crushed
Aggregate for Concrete”, defined the impurity contents (organic and inorganic impurity) of the recycled
fine aggregate. This test was implemented by the KS F 2576 “Method to Test the Foreign Substance
Contents of Recycled Aggregates”, and as a result of the experiment (as shown in Figure 6), before and
after penetration, the organic impurity experiment demonstrated a decrease in the organic impurity, for
an average of approximately 0.59%, when penetrating in the first test of 1.21%→ 0.58%, the second test
of 1.47%→ 0.82%, and the third test of 1.25%→ 0.77%, and as a result of the experiment, before and
after penetration, in the inorganic impurity experiment, it demonstrated that a decrease in the contents
of the inorganic impurity for an average of approximately 0.46%, in the first test, it showed a decrease
from 0.95%→ 0.48%, in the second test, from 1.05%→ 0.55%, and in the third test, from 0.94%→ 0.54%.

  

  

  

(b) (a) 

(c) (d) 

(e) 
(f) 

Figure 6. (a) Absolute dry density, (b) absorption rate, (c) percentage of absolute volume of the particle
shape, (d) statistical volume of 0.08 mm, (e) contents of organic impurities, and (f) contents of inorganic
impurities of recycled fine aggregate, before and after passing.

109



Appl. Sci. 2019, 9, 1935

4. Development of the Technology to Improve the Quality of the Mixed Aggregates

4.1. Outline

Ready-mixed concrete is produced by weighing raw materials to inject into the mixer, at the time
of production. However, the mixtures could differ depending on the mixer capability of the batch
plant, and if the mixer efficiency is low, it could cause concrete quality deviations. In addition, if the
materials with different densities are mixed by simultaneous injection, sufficient mixing is difficult due
to the density difference. To improve the mixture capabilities, premixing is an option. According to the
literature, if the mixture materials are displaced in a mass of approximately 70% or more, the density
difference of cement, fine powder of the blast furnace slag, and fly ash could cause severe quality
deviations. When the ready-mixed concrete production is conducted through advanced premixing,
the mixing capabilities improve and the quality deviation is moderate [22].

4.2. Principle of Technology

In the Korea Standard, the material age is defined as the aggregate, with a density of 2.5 g/cm3

or more, recycled coarse aggregate is defined as having a density of 2.5 g/cm3 or more, and recycled
fine aggregate is defined as having a density of 2.2 g/cm3 or more. A quality deviation is generated,
when mixing aggregates of different densities at a content of 70% or more, in the ready-mixed concrete.
Technology to appropriately mix such mixtures was developed. The purpose of this was to produce
recycled aggregate concrete with a difference of 0.8% or less, in the unit capacity volume of the mortar,
and 5% or less in the unit coarse aggregate volume, using the hand mixing capability index defined by
KS F 2455 “Test Method of Changes of Mortar and coarse aggregate volume from the Concrete Made
with Mixer.” The perspective drawing and mixing method of the aggregate mixing equipment are
shown in Figure 7.

Figure 7. Perspective schematics of the aggregate mixing equipment and mixing method.

Previous aggregate mixing equipment have primarily used gravity methods. For conical-shaped
mixers, the aggregate is rotated, allowing the cone to fall simply due to gravity. In this process,
the aggregates fall in lumps, while they are attached to the inner wall of the cone-shaped mixer by
centrifugal force. As a result, no mixing occurs.

This equipment uses gravity and forced mixing, with a mixing arm around the injection point, to
mix the material as it is initially injected. A mixing plate is fixed inside the rotating drum, in a C-shape,
for the secondary mixing, to prevent lumping when the material falls due to gravity. In addition,
a counterclockwise rotation direction is used for a conical shape and a clockwise direction is used for
the central axis. The mixing time is 30 s, and the mixing speed is 20 RPM.
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4.3. Experiment and Results of the Mixed Aggregate Quality before and after the Penetration of the Aggregate
Mixing Equipment

The mixed aggregate concrete before and after entering the aggregate mixing equipment was
examined. The recycled coarse and fine aggregates were displaced by 50% of the entire aggregate
volume with ready-mixed concrete after mixing for 45 s. The differences in the unit capacity volume of
mortar in the concrete and differences in the unit coarse aggregate volume from the concrete, and the
compressive strength under the Korea Standard, were investigated.

The experimental results are presented at Table 1.

Table 1. Physical properties of natural aggregate and recycled aggregate.

Division
Unit Volume

Weight
(kg/m3)

Absolute
Dry Density

(g/cm3)

Absorption
Rate
(%)

Assembly
Rate
(%)

Organic
Impurities

(%)

Natural Coarse
Aggregate 1518 2.59 1.01 7.02 -

Recycled Coarse
Aggregate 1485 2.51 5.85 6.26 0.53

Natural Fine Aggregate 1552 2.61 1.03 2.95 -

Before Modified
Recycled Fine Aggregate 1305 2.21 4.89 2.48 0.92

After Modified Recycled
Fine Aggregate 1384 2.33 3.62 2.74 0.49

4.3.1. Difference in Unit Capacity Volume of Mortar and Difference in Unit Coarse Aggregate Volume

The difference in the mortar unit capacity volume and the difference in the concrete before and
after mixing are shown in Table 2. The difference in the unit capacity volume of mortar, before and
after mixing was 16.17 kg at the front part and 15.84 kg at the rear part, for the case before mixing,
demonstrating a difference of approximately 2.04%. After mixing, the unit capacity volume of mortar
was 16.15 kg in the front part and 16.07 kg in the rear part, exhibiting a difference of approximately
0.49%. In addition, the difference in the unit coarse aggregate volume in the front part of 2.89 kg and
the rear part of 2.69 kg was approximately 6.92% before mixing. After mixing, the front part was
2.87 kg and the rear part was 2.75 kg, representing a difference of 4.18%.

Table 2. Experimental results of Unit Volume Weight of Mortar and Unit Coarse Aggregate Amount.

Division

Unit Volume Weight of Mortar Unit Coarse Aggregate Amount

Front
(kg)

Back
(kg)

Difference Rate
(%)

Front
(kg)

Back
(kg)

Difference Rate
(%)

Before 16.17 15.84 2.04 2.89 2.69 6.92
After 16.15 16.07 0.49 2.87 2.75 4.18

4.3.2. Compressive Strength

This concrete compressive strength test was implemented to determine the difference in the
compressive strength, before and after mixing (as shown in Figure 8). Before mixing and with
a three-day material age, the front portion exhibited compressive strengths in the range of 11.1–12.5 Mpa,
with an average of 11.8. In the back portion, the compressive strengths were in the range of 10.4–11.7 Mpa,
with an average of 11.0 MPa. Thus, there was a difference in the compressive strengths of a 0.8 MPa
between the front and back. After mixing, the front portion had a compressive strength range of
11.5–12.4 Mpa, for an average of 11.9 MPa. In the back portion, the range was 11.9–12.4 MPa,
with an average of 12.2 MPa. Thus, there was a 0.3 MPa difference in the compressive strengths,
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between the front and back. For a material with a seven-day age before mixing, the front portion
had a range of 18.1–19.3 Mpa, with an average of 18.6 MPa. In the back portion, the range was
17.1–18.2 MPa, with an average of 17.8 MPa. Thus, there was a 0.8 MPa difference in the compressive
strength, between the front and back. After mixing, the front portion had a range of 18.4–19.2 MPa,
with an average of 18.8 MPa, and the back portion had a range of 17.0–19.2 MPa, with an average of
18.0 MPa.

 

 

 

(a) 

(b) 

(c) 

Figure 8. The (a) 3-day, (b) 7-day, and (c) 28-day concrete strength before and after aggregate mixing.

Thus, there was a 0.8 MPa difference in the compressive strengths between the front and back.
For the material with a 28 day age before mixing, the front portion had a range of 23.3–25.3 Mpa,
with an average of 24.1 MPa, and the back portion had a range of 21.9–23.3 Mpa, with an average of
22.7 MPa.
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Thus, there was a 1.4 MPa difference in the compressive strengths between the front and back.
After the mixture, the front portion had a range of 23.5–24.4 MPa, with an average of 24.1 MPa, and the
back portion had a range of 23.8–24.8 MPa, with an average of 24.2 MPa. Thus, there was a 0.1 MPa
difference in the compressive strengths between the front and back.

The differences in the compressive strengths between the samples with three and seven-day
material ages had a range of approximately 1.1–1.4 Mpa, before mixing, and approximately 0.7–1.5 Mpa,
after mixing. Thus, mixing decreased the difference. The compressive strength was approximately
0.8 Mpa, before mixing, and approximately 0.3 MPa after mixing. However, with a 28-day material
age, the deviation of the compressive strength was in the range of approximately 1.4–2.0 Mpa, before
mixing, and approximately 0.9–1.0 MPa after mixing, The compressive strength was approximately
1.4 Mpa, before mixing, and approximately 0.1 MPa after mixing, and there was a greater difference for
the 28-day material age than for the three-day and seven-day material ages.

5. Mechanical Properties of the Recycled Aggregates Using Concrete and
Durability Characteristics

5.1. Experimental Method

The purpose of this research was to expand the use of the recycled aggregate. The recycled
aggregates, before and after modifications, were mixed in accordance with the replacement ratio,
to evaluate the physical, mechanical, and durability properties of the recycled aggregate concrete.
The slump, air volume, compressive strength, freezing and thawing resistance, drying shrinkage and
other properties of the concrete, following the recycled aggregate replacement ratio were determined.

5.1.1. Aggregate Replacement Rate

When the quality of the recycled fine aggregate was improved for use as a recycled aggregate, the
recycled coarse aggregate was replaced by 0%, 30%, 60%, and 100%, for before and after modifications
of the recycled fine aggregate, in order to find out the change in the capability of the recycled
aggregate concrete.

5.1.2. Experiment Factor, Level, and Combination Selection

The design standard strength had two levels, the general strength territory of 24 MPa and a high
strength territory of 35 MPa, which were generally used for research. Experimental combinations
were selected to satisfy the design standard strength, using the natural aggregate for the ready-mixed
concrete combination in the preliminary experiment phase.

Concrete mix was determined so that the water to cement ratio (W/C) had a general strength
territory of 44.3% and a high strength territory of 39.5%, sand to aggregate ratio (S/A) had a general
strength territory of 47.1%, and a high strength territory of 48.0%.

An increase of the water-cement ratio for the recycled aggregate concrete tended to decrease the
compressive strength. Similar to ordinary concrete, the aggregate quantity and water-cement ratio
were fixed, and a water-reducing agent was used to achieve a target slump of 190 ± 25 mm. In addition,
pre-wetting was implemented, prior to the experiment, to suppress the reduction of unit quantity by
the air-gap on the recycled aggregate surface of the pastes, and the aggregates were implemented into
the experiment under the internal saturation condition of the dried surface. The experiment factor and
level of recycled aggregate concrete are shown in Table 3 and the experiment combinations are shown
in Table 4.
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Table 3. Experimental factors and levels.

Division Factors Levels Symbols

Aggregate Type
Recycled Coarse Aggregate, Recycled Fine

Aggregate before Modify, Recycled Fine
Aggregate after Modify

3 I, II, III

Recycled Aggregate
Replacement Ratio (%) 0, 30, 60, 100 4 1, 2, 3, 4

Target Strength (MPa) 24, 35 2 A, B

Water Cement Ratio (%) 48.5, 44.6 2 -

Fine Aggregate Ratio (%) 47.5, 49.2 2 -

Table 4. Concrete mixing table.

Mix ID
W/C
(%)

S/A
(%)

Unit Weight (kg/m3)

Water Cement
Sand Gravel

N.F. * R.B. ** R.A. *** N.C. **** R.C. *****

I1II1A

44.3 47.1 146.5 330.5

868.4 0

0

974.5 0
I2II1A 682.2 292.4
I3II1A 389.8 584.7
I4II1A 0 974.5
I1II2A 607.9 260.5

974.5 0

I1II3A 347.4 521.0
I1II4A 0 868.4
I1III2A 607.9

0

260.5
I1III3A 347.4 521.0
I1III4A 0 868.4
I1II1B

39.5 48.0 167.9 425.3

825.6

0

895.9
I2II1B 627.1 268.8
I3II1B 358.4 537.5
I4II1B 0 895.9
I1II2B 577.9 247.7

895.9 0

I1II3B 330.2 495.4
I1II4B 0 825.6
I1III2B 577.9

0
247.7

I1III3B 330.2 495.4
I1III4B 0 825.6

* N.F.: Natural fine aggregate; ** R.B.: Recycled fine aggregate before modification; *** R.A.: Recycled fine aggregate
after modification; **** N.C.: Natural coarse aggregate; and ***** R.C.: Recycled coarse aggregate.

5.2. Physical and Mechanical Characteristics

Air volume (as shown in Figure 9), slump (as shown in Figure 10), and compressive strength
(as shown in Figure 11), test results were as follows.

5.2.1. Air Volume

The air volume increased in, both, the general strength territory and the high strength territory,
as the replacement rate of the recycled coarse aggregate increased. The air volume increased slightly
by 0.3%–0.5%, up to a replacement rate of 60%, which was not significant, compared to the air volume
increase of ordinary concrete. However, at a replacement rate of 100%, the air volume increased by
1.1%–1.7%. In addition, during the replacement of the recycled fine aggregates, before modification,
a replacement rate of 30% in the general strength territory and a high strength territory changed the
air volume by −0.3%–0.1%, compared to the ordinary concrete. However, at a replacement rate of
60%, the air volume increased by 0.6%–1.6%. At a replacement rate of 100%, the air volume increased
significantly by 2.0%–2.2%.

In the replacement of the recycled fine aggregate, after modification, both, the general strength
territory and the high strength territory exhibited, decreased in air volume, −1.4% to −0.5%, compared
to that of ordinary concrete, at up to 60% of the replacement rate. A similar air volume to that
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of ordinary concrete was displayed at the replacement rate of 100%. Thus, the recycled aggregate
contained a massive number of air-gaps on the mortar attached to the surface and the finite cracks,
and the air volume increased as the density decreased, or the rate of use of the recycled aggregate
(with a high absorption) rate increased. However, for the recycled fine aggregate, with an oven dried
density of 2.33 g/cm3 and an absorption rate of 4.62%, the air volume did not increase. Therefore, if the
recycled coarse aggregate and the recycled fine aggregate, before modifications are used, it is prudent
to prepare for changes in the air volume, for the design’s standard strength and a continuous concrete
quality management. Appropriate air volume management through an independent improvement of
the recycled aggregate, is required.

Figure 9. Air volume versus the replacement rate for each type of recycled aggregate for the general
strength (24 MPa) and high strength (35 MPa) territory.

5.2.2. Slump

The elapse time of the slump showed that the slump decreased, following the elapse time,
with an increase in the replacement rate for the general strength territory and a high strength territory,
and up to 60% of the replacement rate. The slump decline was 55–75 mm at 60 min of elapse time,
which was not significantly different to that of ordinary concrete at 60 mm. However, at 100% of
the replacement rate, the slump decline was 100 mm at 60 min of elapse time. In addition, from the
replacement of the recycled fine aggregate before modification, the general strength territory and
high strength territory showed slump declines, following the elapse time with an increase in the
replacement rate. Up to a 30% replacement rate, the slump decline was 60–70 mm, at 60 min elapse
time, which was similar to the 60 mm of the slump decline of the ordinary concrete. However, at
a 60% replacement rate, the slump decline was 80–105 mm, and at a 100% replacement rate, it was
115–150 mm. For the replacement of the recycled fine aggregate, after modification, up to 60% of the
replacement rate, the slump decline was 50–55 mm at 60 min of elapse time, similar to that of ordinary
concrete. At a 100% replacement rate, the slump decline was 60–75 mm, corresponding to a slump
reduction of up to 20 mm, from ordinary concrete.

Thus, a replacement rate up to 60% for the recycled coarse aggregate, 30% for the recycled fine
aggregate before modification, and 60% for the recycled fine aggregate after modification, were suitable.
For any replacement of these limits, a slump reduction with elapse time occurred.
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(a) 

(b) 

(c) 

Figure 10. Slump change for strength area and replacement rate. (a) Recycled coarse aggregate
replacement, (b) recycled fine aggregate before modification, and (c) recycled fine aggregate
after modification.

5.2.3. Compressive Strength

Following the replacement of the recycled coarse aggregate and recycled fine aggregate, before and
after modification, the compressive strengths were measured.

As the replacement rate of the recycled coarse aggregate increased, the compressive strength
increased up to a 60% replacement rate, but drastically decreased at a 100% replacement rate.
In particular, in the general strength territory, at a 60% replacement rate, the compressive strength was
26.3 MPa, which was 1.2 MPa greater than that of ordinary concrete (25.1 MPa). However, at a 100%
replacement rate, the compressive strength was 19.8 MPa, which was 5.3 MPa less than that of ordinary
concrete. In the high strength territory, at a 60% replacement rate, the compressive strength was
36.2 MPa, which was 0.3 MPa greater than that of ordinary concrete (35.9 MPa). However, at 100%,
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the compressive strength was 32.2 MPa, which was 3.7 MPa less than that of ordinary concrete.
This finding was similar to that of a previous study [23], in which the recycled coarse aggregate had
a density of 2.51 g/cm3 and an absorption rate of 2.85%. Furthermore, the aggregate was slightly
stabilized so that the air volume following the replacement was minimal, up to a 60% replacement rate,
and increased at 100%. Thus, in their study, there was no decline in the compressive strength for the
recycled coarse aggregate, up to 60% of the replacement rate, but the decline of compressive strength
was shown at 100% of the replacement rate.

Furthermore, the replacement rate of the recycled coarse aggregate had a strength improvement
effect compared to ordinary concrete, by up to 60%, because the compressive strength improved with
the increase of the absolute volume percentage in the concrete. The volume percentage increased
because of the particle shape improvement, as a relatively round particle shape, with 3.93% of the
natural coarse aggregate and 3.48% of the flattening rate of the recycled coarse aggregate. For the use of
the recycled fine aggregate, before modification, the compressive strength decreased as the replacement
rate increased, and at 30% of the replacement rate, there was a small reduction of 1.0 MPa in the general
strength territory and 0.8 MPa in the high strength territory, compared to ordinary concrete. However,
at 60% and 100% of the replacement rate, there was a slight decrease in the general strength territory of
3.8 and 8.3 Mpa and the high strength territory of 3.1 and 7.4 Mpa, compared to the ordinary concrete.

Based on previous studies, when the mortar attachment to the surface of the recycled fine aggregate
was excessive, the replacement rate of the recycled fine aggregate was adequate, for 30% or less,
but in excess of 30%. It was reported that the compressive strength decreased due to interference with
the hydration products, following the excessive injection of the mortar particles, without reaction,
due to the reduction effect of the water–cement ratio. Furthermore, in this study, up to 30% of
the replacement of the recycled fine aggregate, before modification, produced minimal property
changes, such as a reduction in the slump elapse time and increase of the air volume. However, 60%
or more of the replacement produced property changes, and in particular, the air volume increased.
This influenced the compressive strength [24,25]. When recycled fine aggregates after modification
were used, at replacement rates of 0%, 30%, 60%, and 100%, the compressive strengths in the general
strength territory were 25.7, 25.4, 26.5 and 23.8 MPa, respectively, and 36.1, 36.4, 37.3 and 34.8 MPa
in the high strength territory, respectively. In particular, at the replacement rate of 100%, the general
strength territory had a value of 1.9 MPa and the high strength territory had a value of 1.3 Mpa,
compared to the ordinary concrete, showing a tendency of a slight decline, but the difference was
minimal if the recycled fine aggregate with a density of 2.33 g/cm3, absorption rate of 4.62%, and
organic impurity content of 0.49% was used. This material could be used as an alternative material to
natural aggregates.

 
Figure 11. Compressive strength for strength area and replacement rate for recycled coarse aggregate
replacement, recycled fine aggregate before modification, and recycled fine aggregate after modification.
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5.3. Durability Characteristics

5.3.1. Freezing and Thawing Resistance

Freezing and thawing experiments of the recycled aggregate concrete were conducted according
to KS F 2456 “standard test method for resistance of concrete to rapid freezing and thawing” and the
experimental results are shown as Figure 12.

 

(a) 

 

 

(b) 

(c) 

Figure 12. Relative dynamic elastic modulus and number of cycles: (a) Recycled coarse aggregate
replacement, (b) recycled fine aggregate before modification, and (c) recycled fine aggregate
after modification.

The durability index of ordinary concrete was 86, in the general strength territory and high
strength territory. The durability indices of the recycled aggregate concrete that used the recycled coarse
aggregate were 85, 87, and 89, in the general strength territory and 87, 89, and 91, in the high strength
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territory at replacement rates of 30, 60, and 100%, respectively. The durability indices of the recycled
aggregate concrete that used recycled fine aggregate after modification, exhibited slightly higher
durability indices than that of ordinary concrete, with values of 84, 90, and 91, in the general strength
territory and 88, 90, and 92, in the high strength territory for replacement rates of 30, 60, and 100%,
respectively. Furthermore, in the recycled aggregate concrete that used the recycled fine aggregate after
modification, the durability indices were 82, 84, and 87, in the general strength territory and 85, 83,
and 87 in the high strength territory, for replacement rates of 30%, 60%, and 100%, respectively which
were slightly lower than those of the recycled coarse aggregate and recycled fine aggregate, before
modification. The durability index was thought to have increased due to a buffer effect, caused by the
expansion and relaxation of moisture due to freezing and thawing. This is occurs due to a lowering
of the air-spacing in the concrete as a result of the entrained air bubbles attached to the recycled
aggregate. Furthermore, the amount of air entrained in the concrete containing recycled fine aggregate,
after modification, is relatively small. In Figure 13, the relationship between the durability index and
air volume of the recycled aggregate concrete is shown. As a result of the analysis, the significance
probability was 0.856, so it was considered that there was a slightly high significance probability
between the durability index and air volume of the recycled aggregate concrete. Accordingly, to
improve the frost resistance, it was necessary to secure an appropriate air volume through combination
management, through the use of an AE agent and other factors.

 

Figure 13. Relationship between durability and air volume.

5.3.2. Drying Shrinkage

Freezing and thawing experimental results are as Figure 14.
After 12 weeks of material aging, the length variation ratio due to the drying shrinkage of the

ordinary concrete was 682 × 10−6, in the general strength territory, and 526 × 10−6, in the high strength
territory. For the replacement rates of the recycled coarse aggregate of 30%, 60%, and 100%, the general
strength territory exhibited length variations of 619, 652, and 533 × 10−6, respectively, which were
4.4%–21.8% smaller than that of ordinary concrete. In the high strength territory, the length variations
were 510, 476, and 508 × 10−6, respectively, which were 3.0%–9.5% less than that of ordinary concrete.
For the replacement rates of the recycled fine aggregate before modification of 30%, 60%, and 100%,
the length variations in the general strength territory were 658, 417, and 454 × 10−6, respectively, which
were 3.5%–38.9% less than that of ordinary concrete, and in the high strength territory were 498, 371,
and 324× 10−6, respectively, which were 5.3%–41.4% less than the ordinary concrete. In the replacement
of the recycled fine aggregate after modification, for 30%, 60%, and 100% replacement rates, the length
variations in the general strength territory were 697, 624, and 630 × 10−6, respectively, which were
−2.2%–8.5% of that of ordinary concrete. The length variations in the high strength territory were 488,
497, and 424 × 10−6, respectively, which were 5.5%–19.4% smaller than that of ordinary concrete.
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Thus, when the recycled fine aggregate before modification was used, the length variations were
similar to ordinary concrete, up to a replacement of 30%, but when the replacement was 60% and
100%, the length variation ratios were significantly reduced. After modification, the use of the recycled
fine aggregate produced lower length variation ratios if the volume of the recycled aggregate was
increased, but there was no significant decrease up to a difference of approximately 20%. Reducing the
water–cement ratio reduced the amount of water absorbed into the air-gap of the mortar attached to
the recycled aggregate.

 

 

 

(a) 

(b) 

(c) 

Figure 14. Length change rate according to age: (a) Recycled coarse aggregate replacement, (b) recycled
fine aggregate before modification, and (c) recycled fine aggregate after modification.

6. Conclusions

The conclusions of this study are as follows.
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• The quality before and after injecting the recycled fine aggregate using the equipment for impurity
removal and stripping of recycled fine aggregate was examined. As a result, it was confirmed that
the quality of the recycled fine aggregate was improved.

• For the recycled coarse aggregate, the increase in the air volume was minimal up to a replacement
rate of 60%, but the air volume was increased by 1.1%–1.7% at a 100% replacement rate. For the
recycled fine aggregate before modification, the air volume increased by 0.6%–1.6% at 60% of the
replacement rate and 2.0%–2.2% at 100% of the replacement rate. However, there was no change
in the air volume of the modified fine aggregate.

• For the recycled coarse aggregate in the slump tests, a replacement rate of 60% was appropriate. For
the recycled coarse aggregate before modification, a 30% replacement rate was appropriate. For the
recycled fine aggregate, a replacement rate of 60% was appropriate. For higher replacements, the
slump decreased as the slump elapse time increased.

• For the recycled coarse aggregate, the compressive strength increased up to a replacement rate
of 60% but decreased at a replacement rate of 100%. For the recycled fine aggregate before
modification, as the replacement rate increased, the compression strength decreased. For the
recycled fine aggregate after modification, a replacement rate of 100% produced similar results to
those of ordinary concrete.

• Under the freezing and thawing resistance, the recycled coarse aggregate before modification and
recycled fine aggregate before modification, exhibited slightly higher durability indices than that
of the fine aggregate after modification. For the recycled fine aggregate after modification, the
durability index was similar to that of ordinary concrete. In addition, in the mass reduction rate,
the recycled coarse aggregate and the recycled fine aggregate after modification showed similar
results to those of the ordinary concrete, for all combinations. However, the mass reduction rate
of the recirculating fine aggregate, before modification, was increased from the replacement rate
of 60% or more.

• If the recycled fine aggregate was used before modification in the drying shrinkage for up to 30% of
replacement, the results were similar to those of ordinary concrete. However, for replacements of
60% or 100%, the length variation ratio significantly decreased. For the recycled coarse aggregate
and the recycled fine aggregate after modification, the length variation ratio decreased when the
volume of the recycled aggregate increased.

This study was conducted to generate the base data for the stable facilitation and expansion
of recycled aggregate, through a concrete quality evaluation, by using the modified recycled fine
aggregate and facility development for the stable production of recycled fine aggregate, under the
revised quality standards. Recycled fine aggregate can be used with concrete, in an equal mixture,
through aggregate pre-mixing before batch plant mixing, to improve the quality by using impurity
removal and stripping removal equipment. Furthermore, this study is expected to contribute to the use
of recycled aggregate in the future. As a follow-up study, the mechanical and durability characteristics
of recycled aggregate concrete with varying density and various absorption rates should be explored
and CO2 emissions from recycled aggregate production should be studied.
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Featured Application: Recycling of the major by-products from a ready-mix concrete plant within

the plant as concrete aggregates.

Abstract: The waste produced from ready-mixed concrete (RMC) industries poses an environmental
challenge regarding recycling. Three different waste products form RMC plants were investigated
for use as recycled aggregates in construction applications. Crushed hardened concrete from test
specimens of at least 40 MPa compressive strength (HR) and crushed hardened concrete from returned
concrete (CR) were tested for their suitability as concrete aggregates and then used as fine and coarse
aggregate in new concrete mixtures. In addition, cement sludge fines (CSF) originating from the
washing of concrete trucks were tested for their properties as filler for construction applications. Then,
CSF was used at 10% and 20% replacement rates as a cement replacement for mortar production
and as an additive for soil stabilization. The results show that, although there is some reduction in
the properties of the resulting concrete, both HR and CR can be considered good-quality recycled
aggregates, especially when the coarse fraction is used. Furthermore, HR performs considerably
better than CR both as coarse and as fine aggregate. CSF seems to be a fine material with good
properties as a filler, provided that it is properly crushed and sieved through a 75 μm sieve.

Keywords: ready-mixed concrete; recycled concrete aggregates; returned concrete; concrete sludge
fines; soil stabilization

1. Introduction

The construction industry has put considerable effort over the past years into becoming more
sustainable [1]. The sustainability efforts of the industry involve practices such as energy conservation,
waste minimization, and recycling. These practices apply to all aspects of construction activity,
including cement and concrete production, and one important sector of concrete production is
ready-mixed concrete. It is estimated that ready-mixed concrete production accounts for 350 million
tons per year in the EU in 2016 [2], and the waste associated with this production varies greatly
depending on local construction practices and is estimated at about 0.5–2% of the total production [3].
The waste streams generated from the ready-mix concrete plants (RMC) also vary, depending on
the waste management strategies employed. The literature indicates several waste management
strategies for RMC plants: some strategies include the use of the washing-out process for reclaiming
the aggregates from the fresh concrete returns [4], the direct use of the fresh concrete returns in
downgraded concrete products [5], and water reclamation by pressuring the sedimentation tanks [6].
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The main solid wastes generated from RMC are hardened concrete from trial mixes or concrete testing,
returned fresh concrete, and sludge fines from the washing of trucks. All of these materials could be
used, potentially, in new construction products as recycled aggregates [7–9].

The use of recycled aggregates in concrete is of paramount importance for the sustainability
of the construction industry, either seen from the point of view of natural resource scarcity [10] or
from the point of view of waste and landfilling minimization [11]. As in most recycling processes,
it is not an easy task; recycled aggregates originate from various sources and their quality level is
not guaranteed [12]. Typically, they have inferior properties compared to natural aggregates [13,14]
and, furthermore, they pose some technical difficulties (contaminants, higher absorption, etc.) [15,16].
However, a great number of researchers have explored the possibilities of using recycled aggregates
in concrete in a beneficial way, either by suggesting ways of upgrading the product [17–20] or by
categorizing and directing the proper quality of recycling aggregates to a suitable application [21–23].

The present report focuses on three main waste products from RMC, in the form of recycled
aggregates from hardened good quality concrete (HR), recycled aggregates from hardened fresh
concrete returns (CR), and recycled cement sludge fines from the washing of the concrete trucks (CSF).
HR was produced by crushing test concrete specimens, typically used in the quality control of RMC
concrete batches. In order to have a good-quality recycled aggregate, concrete specimens with an
original compressive strength of 40 MPa or higher were selected for crushing, as it is shown from the
literature that the original strength of the concrete influences the properties of the recycled aggregate
and of the new concrete [24,25]. CR was also produced from crushing hardened concrete; however,
prior to unloading the trucks, it is common that a considerable amount of water is used to ease the
placing process. Therefore, CR originated from a lower-strength concrete than HR and was expected to
be of lower quality. Kou et al. (2012) suggest that CR aggregates should be used in concrete mixtures
with a w/c ratio as low as 0.35. HR and CR were tested for their suitability as concrete aggregates
before substituting natural aggregates in test concrete mixtures. CSF has been found to consist mostly
of hardened and unhydrated cement grain and fine aggregate [26]. It is a fine material which can be
easily ground and sieved to a small size and has the potential to be used as a construction material [27].

In the present report, HR and CR were considered as recycled concrete aggregates (both coarse
and fine) and were tested in concrete mixtures. On the other hand, CSF was considered as a filler and
was tested separately. Following an investigation on the use of similar fine materials [28–30], and after
investigating its physicochemical properties, CSF was tested in the present research as a material for
soil stabilization at a 10% and 20% addition rate and as a filler, substituting 10 and 20 wt %. of cement
in mortars.

The recycled aggregates from RMC have the benefit of being recycled concrete aggregates (RCA)
without any mixed construction and demolition waste inclusions, which renders them acceptable
for many standards regarding the use of RCA in concrete [31]. In addition, if they can be recycled
on-site in new concrete products, then two other benefits compared to other RCAs arise; they are
expected to have less fluctuation in properties compared to RCA from various sources, and there are
no transportation costs. The pretreatment required for such aggregates (drying, crushing, sieving and
soaking) can easily be carried out within the RMC plant [32,33]. Therefore, the recycling of considerable
amounts of RMC waste would render the plant more sustainable and environmentally friendly.

2. Materials and Methods

2.1. Recycled Concrete Aggregates (HR and CR)

Crushed limestone (L) was used as a reference aggregate, as it is the most common aggregate used
in concrete production in Greece. Fresh concrete returns (CR) and recycled concrete of high compressive
strength (HR) were crushed and sieved in order to achieve the same gradation as limestone aggregates.

The recycled aggregates (HR and CR) were used as natural coarse aggregate replacements or as
both fine and coarse aggregate replacements in concrete mixtures. The different fractions of recycled

125



Appl. Sci. 2018, 8, 2149

aggregates were examined separately since they typically have different properties, such as different
water absorption and different amounts of adhered mortar [34–36]. The replacement ratio of either the
fine or coarse fraction was selected to be 100%, in order to determine clearly the effect of aggregate
substitution on the properties of the new concrete, although the optimum replacement ratio is usually
less than 100% [37,38]. The aggregates under investigation were tested for their physical and chemical
suitability for use in concrete, as well as for their durability.

2.1.1. Recycled Aggregate Properties Testing

The aggregate tests that were conducted were the sand equivalent test according to EN 933-8
and methylene blue test according to EN 933-9, in order to determine the quantity and quality of
their fines. Grain size distribution was measured according to EN 933-2, in order to simulate similar
aggregate gradation to that of the natural aggregates. Density (bulk, dry, saturated surface dry) and
water absorption for the saturated-surface dry (SSD) condition were determined in order to perform
the concrete mix design. Since water absorption for the recycled aggregates is usually higher than
that of natural aggregates, the recycled aggregates were used in the SSD condition in order to have
the same effective w/c ration in all mixtures. X-ray diffraction analysis (XRD) was used for the
determination of the mineralogical composition, with a PW 1840 Phillips diffractometer (Philips,
Amsterdam, Netherlands) and Ionic Chromatography for the determination of the water-soluble
sulfate salts content (SO3wt %), with Dionex CS-1100, Thermoscientific Instruments (ThermoFisher
Scientific, Waltham, USA). Regarding the assessment of the durability of the recycled aggregates, two
tests were carried out: resistance to fragmentation (Los Angeles test) according to EN 1097-2 and
resistance to freezing and thawing according to EN 1367-1.

2.1.2. Design of Concrete Mixtures

Five concrete mixtures were prepared in the laboratory and their terminology is given in Table 1.
The reference concrete mixture with limestone aggregates (LL) was a standard C25/30 mixture with
maximum aggregate size of 16 mm. All concrete mixtures were produced using 300 kg/m3 cement
CEM II32.5, 0.55 effective water/cement ratio and 1.5 kg/m3 superplasticizer. Limestone coarse
aggregates (4–16 mm fractions) were replaced in mixtures CR55 and HR55 by CR and HR aggregates,
respectively. The total amount of aggregates in mixtures CR100 and HR100 consisted of CR and
HR, respectively. All the aggregates were added in a saturated-surface-dry condition by estimating
the water absorbed by the aggregates and pre-soaking them. Each fraction of each gradation (i.e.,
0.25–0.50 mm, 0.50–1.00 mm, etc.) was separately sieved for the three aggregate types used, so that the
aggregate gradation curve would be the same for all mixtures. These particle-size distribution curves
are shown in Figure 1. The final proportions of all mixtures are presented in Table 2. All specimens
cast were cured at 20 ◦C and 95% RH until testing.

Figure 1. Particle size distribution and aggregate mix gradation curve for all test mixtures.
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Table 1. Terminology for all concrete mixtures.

Mixture Designation

LL Reference (100% of aggregates limestone)
CR55 Recycled fresh concrete returns as coarse aggregates
CR100 100% of aggregates recycled fresh concrete returns
HR55 Recycled concrete of high compressive strength as coarse aggregates
HR100 100% of aggregates recycled concrete of high compressive strength

Table 2. Proportions of all mixtures in kg/m3.

Concrete Composition LL CR55 CR100 HR55 HR100

Cement CEM II32.5 300 300 300 300 300
Tap water 165 165 165 165 165
Fine aggregate 0–4 mm 842 843 528 843 499
Coarse aggregate 4–8 mm 478 478 300 478 283
Coarse aggregate 8–16 mm 576 525 525 542 542
Superplasticizer 1.5 1.5 1.5 1.5 1.5

2.1.3. Fresh and Hardened Concrete Testing

In order to assess the fresh properties of the test mixtures, the air content, bulk density and
consistency by the slump test of fresh concrete were measured according to EN 12350. Hardened
concrete was tested for its mechanical properties and durability with the following tests:

• Open porosity according to RILEM CPC11.3 in water under vacuum;
• Seven and 28-day compressive strength test in 150 mm cubes (at least three for each testing age

and mix);
• Elastic modulus in 150 × 300 mm cylinders (at least three for each testing age and mix);
• Three-point bending strength in 100 × 100 × 400 mm prisms (at least three for each testing age

and mix);
• Drying shrinkage by 100 × 100 × 1000 mm, cured in 20 ◦C and <50% RH;
• Resistance to chloride ion penetration according to ASTM C 1202-97;
• Freeze–thaw resistance with de-icing salts after 10 cycles according to CEN/TS 12390-9.

2.2. Cement Sludge Fines (CSF)

Cement sludge fines (CSF) were obtained from the same RMC plant as the recycled aggregates,
in wet condition. Figures 2 and 3 show the sedimentation tanks and the storage of CSF in the RMC
plant, while Figure 4 shows the CSF as received. The measured moisture in CSF was 42% and, therefore,
it was left to dry in laboratory conditions for 2–3 days and then oven-dried at 100 ◦C until a constant
mass was reached. After drying, it was crushed and sieved in order to obtain a fine material passing
from the 75 μm sieve. The chemical composition of CSF and of the reference CEM I42.5 cement used
were determined using atomic absorption spectroscopy, AAnalyst 400, Perkin Elmer. Additionally,
their water-soluble salts were determined using ionic chromatography, Dionex, while simultaneous
DTA-TGA (differential thermal–thermogravimetric analysis), SDT 2960 TA Instruments, was used for
the determination of the calcium carbonate (CaCO3) content of CSF, under an N2 atmosphere from
10 ◦C to 1000 ◦C. The particle size distribution of CSF was determined with a Malvern Mastersizer 2000
analyzer. Furthermore, strength activity tests with lime according to ASTM C593-95 were performed,
in order to determine its potential pozzolanicity.
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Figure 2. Sedimentation tank for the water-washing of the trucks.

 

Figure 3. Stockpiled cement sludge fines (CSF) within the ready-mixed concrete (RMC) plant.

 

Figure 4. CSF as received (with 42% moisture content).

2.2.1. CSF as a Replacement of Cement in Mortars

CSF was considered as a filler material and it was used as 10 and 20 wt %. Portland cement
CEM I 42.5 replacement in mortars. All mixtures were prepared using a cement/siliceous river sand
ratio of 0.33 and a water/binder ratio of 0.50. The fresh mortars were tested for bulk density and
consistency and were cured at 20 ◦C and 95% RH until testing. Compressive strength was measured
in 40 × 40 × 40 mm cubes (at least three for each testing age and mix) at ages of 3, 7 and 28 days.
Additionally, X-ray diffraction analysis (XRD) was used for the determination of the mineralogical
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composition of the mortar with 20% CSF, and the porosity of hardened mortars was measured
according to RILEM CPC11.3 in water under vacuum, after the completion of 28 days.

2.2.2. CSF as an Additive for Soil Stabilization

A well-known use of filler materials is for the improvement of poor soils, and CSF was also tested
as an additive for soil stabilization. A sample of a low-quality reference soil with a 5% California
Bearing Ratio (CBR) value was taken from a metro station excavation site in Thessaloniki, Greece. Two
addition rates of CSF in soil were examined: 10 and 20 wt %. The maximum dry density and optimum
moisture content according to the modified Proctor test and the CBR coefficient of soils were measured
and compared.

3. Results and Discussion

3.1. Recycled Concrete Aggregates (HR and CR)

3.1.1. Recycled Aggregate Test Results

With the sand equivalent test, the calculation of SE value gives an estimation of the percentage
of fines (aggregate particles that pass the 0.063 mm sieve). For higher SE values, the percentage of
fines decreases. The results of the test are given in Figure 5. The higher concentration of fines was
observed for CR, which can be explained by the high w/c ratio of concrete returns, which reduces the
mechanical properties of the cement paste attached on the aggregates and thus produces more fines
during crushing. On the other hand, in HR aggregates, the fines concentration is relatively low since
the hardened cement paste is of high strength.
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Figure 5. Results of sand equivalent test. L: crushed limestone; CR: crushed hardened concrete
from returned concrete; HR: crushed hardened concrete from test specimens of at least 40 MPa
compressive strength.

After identifying the content of fines in the recycled aggregates, it was considered necessary to
determine if any clay particles exist in these fines and also measure the particle size distribution of
aggregates. The results of the methylene blue test that was conducted for this purpose can be seen in
Figure 6. It was observed that, for CR aggregates, a higher amount of injected dye solution is required,
which is an indication of clay concentration. On the contrary, the concentration of clay in HR fines is
insignificant. Since CR is 100% recycled concrete, the existence of clay can be attributed to storing and
handling these aggregates in the facility of RMC.
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Figure 6. Results of methylene blue test.

Table 3 shows the results of water absorption (WA24), particle bulk density (pa), particle dry
density (prd), particle saturated-surface-dry density (pssd) and Los Angeles coefficient (LA) tests. CR
seems to absorb more water compared to HR, which is an indication of lower quality. However,
the densities of the two aggregates do not differ essentially. The LA coefficient of CR was lower,
but comparable to HR, and both aggregates have acceptable resistance to fragmentation according
to the EN 12620 categorization. The mineralogical compositions of the raw materials CR and HR are
given in Figures 7 and 8. The presence of calcite and quartz in both materials is related to the binder
attached on the aggregates, as well as tri-calcium–silicate compounds (C3S) traces. The C3S in CR was
attributed to unhydrated forms of cement. Additionally, portlandite content (P) originating from the
hydration of cement paste was found in HR.

Table 3. Aggregate test results.

CR Fine CR Coarse HR Fine HR Coarse

WA24 (%) 6.13 5.45 5.88 3.21
pa (kg/m3) 1723 2604 1617 2610
prd (kg/m3) 1558 2281 1477 2409
pssd (kg/m3) 1654 2405 1563 2486
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Figure 7. XRD diagram of CR, where C: calcite, Q: quartz and traces of C3S.
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Figure 8. XRD diagram of HR, where C: calcite, Q: quartz and P: portlandite.

The durability test results for CR and HR regarding mass loss (wt %) after 10 cycles of
freezing–thawing are given in Figure 9. HR aggregates showed better results compared to CR. The
mass loss of both aggregates is less than the upper category limit of 40% according to EN 12620.
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Figure 9. Resistance to freezing and thawing expressed by mass loss.

The sieved representative samples (<0.75 mm) of CR and HR were collected in order to quantify
their water-soluble sulfate salts, utilizing ionic chromatography. Sulfate salts were found in a low
proportion in the mate and HR, respectively.

Although both CR and HR originate from hardened concrete, with a recycled concrete content
of 90% or higher, it seems clear that HR is a higher quality aggregate, as expressed by the water
absorption values, the fines quality characterization and the durability testing.

3.1.2. Concrete Test Results

The results of the fresh concrete tests are shown in Table 4. Slump values increased as the rate of
recycled aggregate increased, which can be attributed to the method of achieving the SSD condition of
the aggregates, with HR aggregates showing better results. The recycled aggregates have been soaked
with the amount of water required to reach the SSD state; however, it is not certain if the aggregates
have actually absorbed all the water in the presoaking process or if they produced free water during
the mixing process, mainly due to their porous nature. It is very probable that they did not remain
completely saturated and that an amount of free water was released from the aggregates, resulting in
an increased w/c ratio and increased workability. Of course, there is a reduction in the strength of
the concrete with recycled aggregates, which is attributable to this excess water. The air content of all
mixtures was around 2%, regardless of the type of aggregates used. The density seemed to decrease as
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the rate of recycled aggregates in the mixture increased, but the reduction is greater, as expected, when
the fine recycled aggregates are used.

Table 4. Fresh concrete properties.

LL CR55 CR100 HR55 HR100

Air content (%) 2 2 2.3 2.2 2
Slump (cm) 6.5 11 17 15 18

Density (kg/m3) 2418 2318 2165 2378 2157

The results of the tests that were conducted on hardened concrete are given in Table 5, while
in Figure 10, various mechanical properties of the recycled-base mixtures (Xi) are compared to the
corresponding ones of reference concrete (XLL). HR-based mixtures showed increased mechanical
properties compared to those with CR aggregates and were lower compared to reference concrete.
The open porosity was similar to that of the reference concrete when coarse recycled aggregates were
used, but it increased considerably when the fine recycled aggregate was used. Compared to LL, HR 55
and HR100 showed a reduction of compressive strength of only 11% and 15%, respectively, which
indicates that even the finer fraction of HR does not reduce the compressive strength of the produced
concrete considerably. The flexural strength and elastic modulus, on the other hand, rely more on the
quality of the interfacial transition zone between the aggregate and the cement paste, and the reduction
in these values is in the range of 9–13% and 28–38% for HR55 and HR100, respectively. This implies
that the bond between the fine aggregates and the cement paste was weaker when fine HR was used.
Regarding CR, however, CR 55 and CR100 showed a reduction of compressive strength by 26% and
47%, respectively, which corresponds with the lower properties of CR measured earlier and the same
trend applied for flexural strength and elastic modulus.

Table 5. Hardened concrete tests.

LL CR55 CR100 HR55 HR100

Open porosity (%) 13 11 21 10 22

Compressive strength
(MPa)

7-day 33 22 18 28 27
28-day 38 28 20 34 33

28-day flexural strength (MPa) 7.03 5.36 4.87 6.10 5.05
28-day elastic Modulus (GPa) 44.7 40.2 25.3 40.8 27.6
28-day drying shrinkage (μstrain) 180 400 590 220 300

Resistance to chloride
Ion penetration

Charge passed 2491 3912 8284 2913 9342
Chloride ion penetrability MODERATE MODERATE HIGH MODERATE HIGH

Freeze–thaw mass loss (wt %) 0.422 0.362 0.845 0.412 0.890
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Figure 10. Comparison of various properties of mixtures (X) with the reference concrete (XLL).
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Regarding the durability tests, as shown in Table 5, the concretes with coarse CR and HR showed
similar chloride ion penetrability to the reference concrete, while the mixtures with both fine and
coarse recycled aggregates showed considerably higher penetrability. This can be attributed to the
increased porosity of CR100 and HR100, which allowed the chloride ions to enter the concrete mass.
Freeze–thaw results serve only as an indication of durability, since more cycles are usually required;
however, the tested concretes with only coarse recycled aggregates seem to perform in a similar way to
the reference concrete. The drying shrinkage results, as shown in Figure 11, show that HR aggregates,
regardless of size, perform better than CR aggregates. In particular, concrete HR55 was closer to the
reference concrete, while CR100 showed a distinct increase in shrinkage and, hence, reduced durability,
which corresponds to the previous tests.
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Figure 11. Drying shrinkage of test concretes.

In general, the mechanical properties of concrete decreased as the rate of recycled aggregates
increased. However, the mixtures with coarse recycled aggregates (CR55 and HR55) showed only
a minimal decrease in both mechanical and durability properties when compared to the reference
concrete. Furthermore, there is a clear distinction between the two types of recycled aggregates, as HR
performed better than CR in all cases. In the cases of compressive strength and drying shrinkage,
concrete with both fine and coarse HR showed better results than concrete with only coarse CR. These
results, along with the initial test results on the materials, imply that HR aggregates are of better
quality than CR aggregates and should be managed separately within the RMC plant and directed at
different applications.

3.2. Cement Sludge Fines (CSF)

The chemical composition of the CSF, OPC (CEM I42.5 N) and soil used are shown in Table 6, while
their particle size distribution in comparison to that of CEM I42.5 is shown in Figure 12. CSF consists
mostly of hardened cement paste and fine limestone aggregates; therefore, its CaO and SiO2 contents
were not expected to be reactive. The high value of loss on ignition can be attributed to the bonded
water proportion and CO2 quantity that was emitted from the sample, while the DTA-TG results
(Figure 13) indicated a small amount portlandite (0.18 wt %) and the presence of a high amount of
CaCO3 (67.77 wt %).

Table 6. Chemical composition of CSF and cement I42.5 N.

(wt %) Na2O K2O CaO MgO Fe2O3 Al2O3 SiO2 L.I.% Cl− NO3
− SO3

CSF 0.19 0.21 32.09 1.05 1.26 2.45 36.51 25.22 0.01 <0.01 0.05
CEM I42.5 N 0.57 1.08 66.84 3.91 2.40 3.74 19.55 1.91 0.03 0.02 1.49

Soil 0.90 0.98 8.67 5.39 3.79 6.88 63.14 10.25 0.08 0.02 0.02
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Figure 13. Differential thermal–thermogravimetric analysis (DTA-TGA) analysis of CSF and
quantification of calcite content as a percentage by mass of sample.

The XRD diagram (Figure 14) shows that the mineralogical composition of CSF was mainly calcite.
Also, an absence of C3S and traces of C2S peaks were observed. The latter may indicate full hydration
of sludge. Also, a strength development test with lime according to ASTM C593-95 showed minimal
strength development at 28 days (<0.50 MPa), which implies that there is no significant pozzolanic
activity from CSF. The results of the analytical tests imply that CSF is probably a fine material without
any hydraulic or pozzolanic properties. The fact that it can be easily crushed and sieved through the
75 μm implies that CSF could be used as a filler material. Regarding handling and processing, it would
be preferable to use CSF in its original wet condition in order to avoid the drying process; however,
further research is required in this direction.
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3.2.1. CSF as a Cement Replacement in Mortars

The results of compressive strength testing are displayed in Figure 15. Mortar with a 10%
replacement of cement by CSF reached almost the same strength levels as the reference. The early
strength was slightly lower than the reference; however, the 28-day strength was slightly higher
compared to reference. The mortar with 20% CSF showed a 7% reduction of strength compared to the
reference. These results can be attributed to the filler effect [39], while the XRD results (Figure 16) on
28-day mortar samples with 20% CSF confirm the absence of ettringite. When a filler is added in a
certain percentage, it influences the pH value of the binders in the pore solution. If the pH is reduced,
this affects the hydration and as a result the compressive strength [40].
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The decrease of compressive strength when 20% CSF was added can be related to the calcite
content of CSF and its behavior as filler. Similar results have been observed by Nehdi et al. when
limestone filler was used for cement substitution in mortars [41]. The porosity of mortar with 10%
CSF was 6.6% and of mortar with 20% CSF was 10.3%, showing an increase compared to the reference
mortar with no CSF inclusion, which had 3.5% porosity. This increase can be attributed to the porous
nature of the hydrated cement mortar present in CSF, in a similar manner to the porous nature of fine
recycled aggregates.

3.2.2. CSF for Soil Stabilization

The soil used as a reference had the chemical composition shown in Table 6, while its Atterberg
limits were as follows: liquid limit LL: 56, plastic limit PL: 29.4 and plasticity Index PI: 26.6. Overall,
it was categorized as poor for subgrade. Figure 17 shows the dry density versus moisture content
for soil with 0%, 10% and 20% soil addition. As shown in Table 7, the dry density increased as the
CSF rate increased while the required moisture in order to reach the maximum dry density reduced.
Both of these properties are desirable for soil stabilization, but the most significant increase is that
of the load-bearing capacity of soils, expressed by the CBR value. Furthermore, a higher percentage
of CSF increased the CBR value even more. A similar strength increase has been reported (at lower
addition percentages) when using lime for soil improvement [42,43].
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Figure 17. Dry density versus moisture content for soil stabilized with various CSF additions.
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Table 7. Soil stabilization test results.

0% CSF 10% CSF 20% CSF

Maximum dry density (g/cm3) 1.73 1.78 1.81
Optimum moisture content (%) 14.0 12.4 10.6
CBR (%) 5 12 33

The considerable increase in the CBR value of the soil treated with CSF implies that it can serve as a
potential soil stabilization material, provided that it is primarily tested for micropollutants. The higher
addition rate required compared to other possible additions (lime, cement) is not a great disadvantage,
as CSF is a low-value industrial by-product. Also, Figure 17 shows that that soil with 20% CSF addition
was more sensitive to water variation compared to soil without CSF, which needs to be taken account
at the design stage.

4. Conclusions

The main conclusions drawn from the research can be summarized as follows:

• The properties of the recycled aggregates produced within a single RMC plant vary greatly, despite
the fact that they are recycled concrete aggregates, without any mixed construction materials.
Therefore, they should be managed separately and directed to suitable applications;

• All three recycled aggregates tested can be potentially be used in construction applications, after
simple processing (crushing, sieving and pre-soaking), indicating that they do not require the
energy and cost for transportation outside the RMC plant;

• The recycled aggregates from hardened concrete specimens (HR) had better properties compared
to recycled aggregates from concrete returns (CR) and the use of their fine fraction could also be
considered for structural concrete production;

• The durability properties of concrete with HR and CR were slightly reduced when 100% of the
coarse fraction was used and considerably reduced when 100% of the fine and coarse fraction was
used. Future research could determine the optimum amount of natural aggregate replacement,
as in all recycled aggregates;

• CSF seems to be a good-quality fine material, provided that it is crushed and sieved through the
75 μm sieve;

• CSF could potentially be used as a filler material in cement mortar production and as an additive
for soil stabilization.
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Featured Application: Use of coarse RCA produced from old PC concrete is promising for

structural concrete mix, which is proportioned by the modified equivalent mortar volume

method, especially for a bottom layer of two-lift paving concrete. This concrete mix exhibits

equivalent strength and drying shrinkage properties.

Abstract: Residual mortar attached to recycled concrete aggregate (RCA) always leads to a decrease
in Young’s modulus and an increase in the drying shrinkage of RCA concrete, mainly due to an
increase of total mortar volume. To overcome this inherent problem, the modified and equivalent
mortar volume (EMV) methods were proposed by researchers. Despite the comparable test results,
both models are still subject to the slump loss problem. Thus, under the same W/C (water to cement
ratio) ratio and slump condition, this study assessed the influence of the modified EMV mix method
on RCA concrete properties. A total of six mixes were proportioned using the modified EMV method
with three different RCAs. Test results show that the concrete mixed with RCA produced from
old PC concrete sleepers exhibited compressive strength, Young’s modulus, and flexural strength
values within 2% variation, equivalent to those values of the companion natural aggregate concrete.
In other mixes, compressive strength was found to decrease to 11–20%. It was observed that for
100% replacement of RCA mix, Young’s modulus increased to 10% and drying shrinkage increased
to 8% only, while for 50% replacement of RCA mix, Young’s modulus decreased to 8% and drying
shrinkage dropped to 4%.

Keywords: recycled concrete; aggregate; mixture proportioning

1. Introduction

There is a general consensus in the literature that recycled concrete aggregate (RCA) is more porous
and heterogeneous than natural aggregate. High-quality RCA can be obtained from waste concrete
via a crushing process. This usually entails three to seven steps, including the elimination of foreign
substances, rebar, and residual mortar (RM). During the crushing process, the RM quantity adhering
to the RCA is altered. The primary properties adversely influenced by the adhered RM are density,
absorption, etc. [1]. In particular, adhering RM in RCA results in greater porosity and consequently
greater water absorption of RCAs [2], where the porosity is represented by the water absorption [3].
Usually, RCA with lower strength resulted in higher porosity in the aggregate and a newly made
interfacial transition zone (ITZ). This, in turn, influences the properties of the concrete that is produced
afterward. As a result of the increase in the RM, the physical concrete characteristics are impacted,
including the compressive strength, Young’s modulus, flexural strength, drying shrinkage, thermal
expansion coefficient, freeze-thaw resistance, etc. [4–7]. Thus, many researchers have carried out various
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experimental studies on the use of RCA, such as using RCA source derived from precast concretes,
the two-lift paving method, modification of mixing processes, new mix design approaches, etc. [8–12].

One ideal way of acquiring high-quality RCA is to derive it from precast concrete [13–15]
or concrete sleepers. The main advantage of retaining RCA from sleepers is the possibility of
producing reliable products and reducing sorting costs. Furthermore, several research groups have
investigated the material properties of high performance RCA concrete railway sleepers and found that,
in comparison to the use of ordinary concrete, adequate material properties could be obtained [16–18].

According to Federal Highway Administration (FHWA) data [7], the use of RCA on bases
of new pavements is currently allowed in 41 state departments of transportation (DOT) in the
USA. Among these states, 11 states use RCA for paving concrete mix. Moreover, two-lift concrete
pavements have been successfully constructed in the USA with the bottom layer containing low-quality
recycled aggregate concrete [19–21]. It was pointed out by Shi et al. [22] that two-lift construction
using recycled materials in the bottom lift can have the highest positive impacts from a social and
environmental perspective.

Tam and Tam [23] proposed a two-stage mixing approach (TSMA), while Sicakova and Urban [24]
suggested a triple- mixing procedure to manufacture strong and durable RCA concrete. TSMA divides
the mixing process into two parts: initial mixing of all the aggregates and half of the required water and
final concrete mixing with the other half of the required water and cement. It was observed that the
strength, shrinkage, creep and permeability properties of RCA concrete were enhanced by adopting
TSMA [23,25]. The triple-mixing process divides the mixing process into three parts: coating coarse
aggregates mixed by application of additive and a certain amount of the water required for coating,
adding cement with fine aggregate, and final concrete mixing with the remaining water and plasticizer.
It was observed that the density, compressive and splitting tensile strength, and water absorption
capacity properties were improved.

New modified mix proportioning methods for producing RCA concrete have been proposed by
a few researchers [4,5,26]. The equivalent coarse aggregate mass (ECAM) method was proposed by
Gupta et al. [26]. The main concept is that the attached mortar is treated as part of the sand. Test results
show that the compressive strength values of the RAC mixes (up to 50% of RCA replacement ratios)
were comparable with the compressive strength of the control natural concrete mixes, while slump
decreased with the addition of RCAs. The original equivalent mortar volume (EMV) method proposed
by Abbas [4] and Fathifazl [5] is considered effective for structural concrete mixes, typically with
about 800 kg/m3 of fine aggregate. However, the characteristics of the EMV method lead to lower
fine aggregate amounts, resulting in a rough mix and slump loss [5,13], but these are acceptable for
paving concrete. The low slump problem may be overcome in paving concrete by forcibly vibrating
the pavement surface with a slipform paver to finish it [13]. In response to these issues, Kim et al. [27]
proposed a revised EMV method. It was assumed that some part of the RM volume fraction may
be arithmetically considered as that of the original virgin aggregate (OVA), whereas the other part
is considered as total mortar (TM). Figure 1 shows the concepts of different mix designs such as
the modified EMV as well as traditional mixture designs. Note that TCA denotes the total coarse
aggregate volume. Looking at the conventional mix design in Figure 1b, it can be seen that the TM
volume of RCA concrete is greater than the TM volume of natural aggregate (NA) concrete, shown in
Figure 1a. It is shown in Figure 1b that RCA is the sum of RM and OVA (equal to TCA). Therefore,
the traditional RCA concrete mix design yields TM volume increase, which successively influences
material properties. Figure 1c illustrates the unique characteristics of the EMV method. As explained
before, the TM volume in the RCA concrete shown in Figure 1c, which is considered as the sum of
the new mortar (NM) and RM volumes, is equal to the TM volume of NA in the traditional concrete
shown in Figure 1a [8]. The NM volume in Figure 1c decreased in proportion to the RM amount. In the
modified EMV model shown in Figure 1d, RM adhering to RCA acts as aggregate in the fresh state
concrete, and later hardens as mortar. Now, the volume of RM of RCA concrete is treated by the mortar
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volume fraction (RMa) and the other aggregate volume fraction (RMb). Additional explanation of the
revised EMV concept can be found in the reference [13].

 
(a) Traditional NA mix (b) Conventional RCA mix (c) Original EMV mix (d) Modified EMV mix 

Figure 1. Schematic diagrams of different mix designs; TM: Total Mortar; TCA: Total Coarse Aggregate;
NA: Natural Aggregate; NM: New Mortar; RM: Residual Mortar; OVA: Original Virgin Aggregate;
RCA: Recycled Concrete Aggregate.

Previous studies have mainly focused on obtaining test results for the elastic modulus [5,8,12,13,27,28]
and drying shrinkage [28–30] of RCA concrete mixes with EMV mixes, similar to those of mixes made
with NCA or RCA by the traditional mix proportioning method. It should be noted that previous
studies on mixes made using the revised EMV method did not consider improvement in compressive
strength. Test results illustrated that RCA concretes made with the revised EMV mix method did not
always yield compressive strengths that were similar to those of the control mixes [5,8,12,13,27,28].

Despite test results comparable to those for the modified EMV mix designs, the model is still
subject to the slump loss problem. It should be noted that previous test results were obtained from
EMV mixes, which showed lower slump values with variation of air content, in comparison to the
control NA concrete mix proportioned from the ACI mix design. Therefore, this study sought to assess
the influence of the revised EMV mix proportion method on the mechanical strength and drying
shrinkage properties of RCA concretes, where the same W/C ratio, and slump and air content were
applied. This experimental study used three grades of RCAs with different water absorption ratios,
where two different RCAs (with water absorption ratio of 3.82% and 6.61%) were crushed from the
same source of old concrete. The third RCA was produced from old PC concrete sleepers.

2. Experimental Program

This experimental study used recycled concrete aggregates (RCAs) produced from two different
sources in South Korea. The ‘RA’ aggregate and ‘RB’ aggregate were crushed with a maximum size of
20 mm RCA from the same source of old concrete at ‘I’ recycling plant in South Korea. Meanwhile,
the ‘RR’ aggregate was produced with a maximum size of 20 mm RCA from old railway concrete
sleepers. The specific gravity [31], absorption ratio [31], LA abrasion coefficient [32], and residual
mortar content (RMC) of the RCAs properties were tested [33,34] and are presented in Table 1.
Test results showed that the average absorption ratio of ‘RA’, ‘RB’, and ‘RR’ was 3.82%, 6.61%,
and 4.53%, respectively. It should be noted that all RCAs did not meet the specified Korean standards
(KS) for concrete with respect to 2.5 as the specific gravity and 3.0% as water absorption, except for the
‘RA’ aggregate, which marginally satisfied the specific gravity standard with a value of 2.52 [35–38].

The RMC values for three RCAs were determined by the thermal treatment suggested by Juan
and Gutierrez. [33]. Recycled aggregate samples were prepared and dried in a muffle furnace (DF-5
model made from Daeheung Science in South Korea) at 500 ◦C for two hours. The sample was then
immersed in cold water. Extra mortar that still remained may be removed by the sudden cooling.
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Table 1. RCA material properties; RA: Type A recycled aggregate; RB: Type B recycled aggregate; RR:
Recycled aggregate derived from Railway concrete sleepers; KS: Korean standards.

Test Items RA RB RR KS Specification [38]

Specific gravity 2.52 2.34 2.48 >2.5
Absorption ratio (%) 3.82 6.61 4.53 <3.0

LA abrasion coef. (%) 1 - - 32.2 <25(paving), 40(others)
RMC 2,3 25.0 2 46.8 2 39.9 2 (40.1 3) -

1 tested by reference [32], 2 RMC test results from thermal treatment of reference [33], 3 RMC test results from
chemical treatment of reference [34].

In addition, for the ‘RR’ aggregate, the RMC value was evaluated by the chemical treatment
method recommended by Akbarnezhad et al. [34]. Recycled specimens are prepared in a 2 L beaker
and a 3 M H2SO4 solution was added, where the volume was five times higher than the RCA sample
volume. Finally, the samples were washed with a 4-mm sieve to detach the tangled mortar, and the
washed and oven-dried RCA sample weights were weighed to evaluate RMC contents.

The RMC was evaluated by using the following equation [8]:

RMC (%) = (WRCA − WOVA)/WRCA (1)

where WRCA is the first oven-dried RCA sample weight and WOVA is the final oven-dried OVA weight
after removal of the RM. It is surprising from the test results of the ‘RR’ sample in Table 1 that the
average RMC value of 39.9% acquired from the thermal treatment method was very close to the RMC
value of 40.1% obtained from the chemical treatment method.

Natural river sand was incorporated as fine aggregate. Aggregate test results showed specific
gravity with a value of 2.60 and absorption ratio with a value of 0.95%. Figure 2a shows that the
particle size of the river sand is well distributed along the midpoint of the lower and upper limit of the
gradation test requirement in Korean standards. Crushed granite was used as natural coarse aggregate
(NA) with the specific gravity of 2.71 and the water absorption ratio of 0.37. Table 2 tabulates the
material properties of natural aggregates. Figure 2b shows the aggregate gradation results, satisfying
Korean standards.

 
(a) (b) 

Figure 2. Aggregate gradation: (a) fine aggregate and (b) coarse aggregates.

Table 2. Material properties of natural aggregate.

Test Items Specific Gravity Absorption Ratio (%)

Fine aggregate 2.60 0.95
Natural coarse aggregate 2.71 0.37
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3. Experimental Tests

3.1. Mix Design

Six mixtures of 35 MPa grade concrete have been studied. The notations are footnoted in Table 3.
Based on the traditional mix design (CNC mix) as the reference mix, five other concrete mixtures were
mixed with the modified EMV. Figure 3 shows cement and sand reductions, and coarse aggregate
additions in the modified EMV mix designs, compared to those of the reference mix design with
NCA. The ERA1 mix proportioned according to the modified EMV method with S = 1 (the original
EMV method) results in a 28.3% decrease of cement and 28.2% of sand, but an increase of total coarse
aggregate of 25.0%.

Table 3. Mix proportion of concrete per 1 m3; W/C: Water to cement ratio; FA: Fine aggregate; NCA:
Natural coarse aggregate, a: Total aggregate (FA+NCA+RCA).

Number Mix-ID 1 W/C FA/a RCA, % S
Materials (kg)

W C FA NCA RCA Admixture 2 (%)

I CNC 0.39 45.0 0 - 187 480 742 907 0 0.5
II ERA1 0.39 32.4 100 1 146 374 579 0 1210 0.7
III ERA2 0.39 38.7 100 2 165 424 656 0 1037 0.5
IV ERB1 0.39 34.3 50 1 152 390 604 622 537 0.65
V ERB2 0.39 39.5 50 2 168 431 666 546 472 0.5
VI ERR3 0.39 38.2 100 3 163 418 646 0 1046 0.5

1 Firstly, C represent conventional mix and E as EMV mix. Secondly, N denotes natural coarse aggregate and RA,
RB, and RR denote RCAs explained in Table 1. Thirdly, 1–3 is calculate from RMa/RM. 2 Superplasticizer was
adopted as admixture.

  
(a) (b) 

Figure 3. Material quantity change: (a) savings in cement and fine aggregate and (b) additions in total
coarse aggregate.

Sixty-liter volume capacity of pan mixer was utilized at the laboratory located in Hongik
University of South Korea. The superplasticizer in the mixing water was thoroughly dispersed,
before the addition of water. Portland Type I cement was subsequently added and the mixer was
operated for approximately one minute and thirty seconds. Then, the remaining water was added
while the pan mixer was operating and the concrete was mixed for another two minutes.

3.2. Test Preparation

All mechanical strengths were the average of three specimens. The compressive strength and
Young’s modulus were tested according to ASTM C 39 [38] and ASTM C 469 [39], respectively, at 7 and
28 days. The flexural strength and split tensile strength of each mixture were tested at 28 days only.

Drying shrinkage tests were measured with a dial gauge suggested by the KS standard [40],
which is similar to ASTM C 157 [41]. Rectangular samples of 100 × 100 × 400 mm were used.
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The shrinkage strain was evaluated by an absolute digimatic indicator (ID-S112 model made from
Mitutoyo in Japan) with an 0.001 mm resolution. The samples were maintained in an environmental
chamber (20 ◦C and 60% Relative Humidity).

4. Experimental Test Results

4.1. Results of Slump, Air Content and Density

Figure 4 shows the test results of concrete properties at the fresh state such as slump, air content.
The mixtures slumps ranged between 140–155 mm and are depicted in Figure 4a. It was explained by
Fathifazl [5] that, primarily because of higher water content, concrete mix with NCA resulted in bigger
slump, comparing to the EMV mixture, and this usually results in slump loss. In this study, however,
the slump loss was adjusted by the superplasticizer.

  
(a) slump (b) air content 

Figure 4. Test values of slump and air content by different mix design methods.

The air contents values of the mixtures ranged between 3.7–5.8% depicted in Figure 4b. Air content
of the control mix was 3.9%, whereas that of the modified EMV mixtures ranged from 5.0 to 5.8%,
except for the ERA2 mix. It was noted in a previous study [28] that higher air content in the modified
EMV mixes may be a result of entrapped air because of its rough mixture and smaller mortar amount.
Nonetheless, it appears that the ERA2 mix with a smaller admixture amount, compared to the ERA1
mix, results in the lowest air content value.

Figure 5 shows the density variation of each mixture at the fresh state and hardened states,
compared to the CNC mixture. Figure 5 shows that as concrete hardened, its density showed little
gain. Figure 5 indicates that the relative densities at the hardened state of the EMV mixtures (excluding
92.8% of ERA2) ranged from 95.6–97.6, compared to the CNC mix. The density of the ERA2 mix
dropped about 3% more in both the fresh and hardened states. It is suspected that specimens of the
ERA2 were inappropriately made.

Figure 5. Test values of density by different mix design methods.
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4.2. Compressive Strength

Figure 6a presents the average compressive strengths of concrete samples at 7 days and 28 days.
In addition, the relative strength ratio of the ERA series, ERB series, and ERR mix are shown in
Figure 6b–d, compared to the compressive strength of the control specimens (CNC).

  
(a) (b) 

  
(c) (d) 

Figure 6. Compressive strength results of concrete samples (a) strength, (b) relative value of ERA series,
(c) relative value of ERB series, and (d) relative value of ERR mix.

In Figure 6b,c, the relative strengths of the ERA concrete series and ERB concrete series are
compared to the CNC concrete, respectively. Test results showed that the compressive strengths
decreased by 24% in the ERA2 mix (S = 2), compared to the control CNC mix and ERA1 mix (S = 1).
It should be noted that the water-cement ratio, slump, and air content were kept to be almost the same
in these mixes in Table 3 and Figure 4a,b, thus not affecting compressive strengths. However, the FA/a
ratio (see Table 3) of ERA1 and ERA2 is 32.4% and 38.7%, respectively, whereas that of ERB1 and ERB2
is 34.3% and 39.5%. Because of variation of the FA/a ratio, the compressive strength was ERA1 > ERA2
and ERB1 > ERB2. Obviously, poor water absorption of the RA (3.82%) and RB (6.61%) aggregates
resulted in a decrease in the compressive strength, whereas the NA aggregate showed good water
absorption (0.37%).

Comparing the test results between the ERA series and ERB series in ‘S = 1’, the compressive
strength was ERA1 > ERB1. Once again, the same water-cement ratio, slump, and air content
were employed. A lower FA/a ratio of ERA1 might account for greater compressive strength gain.
Ho et al. [42] found an increase of compressive strength of RCA concrete at early ages of 3 days and
7 days with greater replacement of RCA up to 100%. They asserted that the mortar strength of this
concrete was likely superior to that of the control mixes, due to the reduction of the effective W/C ratio
in the RCA mixes. An increase of compressive strength of RCA concrete with up to 30% replacement
of RCA was also reported by Paul et al. [43], while equivalent compressive strength of RCA concrete
was attained with 50% replacement and 100% replacement of RCA by Paul [44].
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Next, in ‘S = 2’, however, the compressive strength was ERA2 < ERB2. Very poor density of ERA2
in Figure 6, which might be ascribed to it having the lowest density (see Figure 5), yielded the converse
test result.

Test results in Figure 6d indicates that the compressive strength of the ERR mix is superior to that
of the control CNC mix. It is due to the high quality of the RCA manufactured from the PC concrete
sleepers. This was explained in the author’s former study [28]: RCA produced from wastes of precast
structural concrete is of high quality and clean.

4.3. Young’s Modulus

Figure 7 shows the average Young’s modulus of concrete samples at 7 days and 28 days with the
traditional mixture and the modified EMV mixtures.

Figure 7. Young’s modulus results of concrete samples.

Figure 7 shows that all the other RCA mixes, regardless of having different mix designs, yielded
2–7% decreases in the Young’s modulus value at seven days. At 28 days, this gap is enlarged to range
from 6–10%. Comparing the relative compressive strength drop of 11–20% in Figure 6b,c, the 6–10%
decrease in the relative modulus of the modified EMV concrete mixes might be the result of the
characteristic in the modified EMV method. It was explained by Fathifazl et al. [8] that modulus is
proportional to the volume of total mortar; however, strength is mostly dependent on the strength
of the mortar and the ITZ. Ho et al. [42] reported equivalent modulus test results of RCA concretes
with replacement levels of 30%, 50%, and 100% of RCAs. It was pointed out that the modulus of
RCA is lower than that of NA and, consequently, due to the porous nature of RCA, the difference
in the modulus of RCA and hardened cement paste will be smaller than that of NA and hardened
cement paste.

Meanwhile, the ERR mix, which contained high-quality RCA produced from PC concrete sleepers,
resulted in only a 2% decrease in the elastic modulus value, compared to the control CNC mix. It is
very clear that the strength decrease of concrete produced with RCA is due to the porous interface
transition zone (ITZ) surface. Further studies are needed to enhance the strengthening of ITZs and
their surroundings by using minerals such as silica fume, slag or ashes.

4.4. Flexural Strength

Figure 8a presents the average flexural strength of concrete samples at 28 days with the traditional
mixture and the modified EMV mixtures. In addition, the relative strength ratios of the ERA series,
ERB series, and ERR mix are depicted in Figure 8b–d, respectively, compared to the flexural strength
of the control specimens (CNC). Compared to the remarkable drop in the compressive strength of as
much as 24% in the ERA2 mix, the difference in the flexural strength was reduced to 16% in the ERA2
mix. Two studies explained [45,46] that the flexural strength of RCA concrete is not greatly affected by
the presence of RCA, compared to flexural behavior of NA concrete because of the interfacial bond and
better mechanical interlocking resulting from rough-textured as well as angular RCA. This trend also
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can be explained by the relation between flexural strength (modulus of rupture: MOR) and compressive
strength. Price [47] suggested from his tests that the MOR of concrete to compressive strength is 14.5%
with a compressive strength of 27.6 MPa and 12.8% with 41.4 MPa. However, test results in the ERB
series show that the MOR to compression is about 18%, as shown in Table 4. Therefore, either ERB1 or
ERB2 mix may be preferred for concrete pavements, where the pavement is loaded in bending.

  
(a) (b) 

  
(c) (d) 

Figure 8. Flexural strength results of concrete samples (a) strength, (b) relative value of ERA series,
(c) relative value of ERB series, and (d) relative value of ERR mix.

Table 4. Relation between compressive, flexural, and split tensile strength of concrete; Mix-Id:
mixture identification.

Mix-Id
Average Strength of Concrete (MPa) Ratio (%)

Compression Flexure Split Tension Flexure to Compression Split Tension to Compression

CNC 38.7 5.36 3.72 13.9 9.6
ERA1 34.4 4.95 3.40 14.4 9.9
ERA2 29.3 4.50 3.05 15.3 10.4
ERB1 32.4 5.91 3.47 18.3 10.7
ERB2 31.0 5.55 3.31 17.9 10.7
ERR3 39.5 5.27 3.30 13.4 8.4

It is seen in Figure 8b,c that at the same water-cement ratio, slump, and air content, EMV mixtures
with S = 1 (ERA1 and ERB1) have higher flexural strength than those with S = 2 (ERA2 and ERB2).
The lower FA/a ratio of the ERA1 and ERB1 mixes, compared to the ERA2 and ERB2 mixes, contributed
to higher flexural strength.

Next, comparing test results between the ERA series (Figure 8b) and ERB series (Figure 8c), it
was observed that flexural strength is decreased as RCA replacement content is increased. Hundred
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percent of RCA was replaced in the ERA series, while only 50% RCA was replaced in the ERB series.
Thus, the relative strength value of the ERB series (104–110%) is far greater than the ERA series
(84–92%). It was pointed out by Tripura et al. [48] that failure through old residual mortar (here in
ERA series) might result in lower flexural strength and a more irregular failure pattern.

Test results in Figure 8d indicates that the flexural strength of the ERR mix is similar to that of
the control CNC mix. The high quality of the RCA, which was produced from PC concrete sleepers,
may be one of the main reasons for this.

4.5. Split Tensile Strength

Figure 9a shows the average split tensile strength of concrete samples at 28 days. In addition,
the relative strength ratios of the ERA series, ERB series, and ERR mix are shown in Figure 9b–d,
respectively, compared to the split tensile strength of the control specimens (CNC). In contrast with the
relation of the MOR to compressive strength, the split tension to compressive strength lineally follows
the compressive strength trend. In Price’s study [47], the split tension of concrete to compressive
strength was suggested to be 8.5% with a compressive strength of 4000 psi (27.6 MPa) and 7.7% with
6000 psi (41.4 MPa). Test results in Table 4 shows that the split tension to compression ranges from
9.6–10.7%, except for the ERR3 with a value of 8.4%. Overall, except for the ERR3 mix, a slightly higher
split tensile strength values than expected were obtained.

  
(a) (b) 

  
(c) (d) 

Figure 9. Split tensile strength results of concrete samples (a) strength, (b) relative value of ERA series,
(c) relative value of ERB series, and (d) relative value of ERR mix.

From Figure 9b,c, the relative split tensile strengths of the ERA concrete series and ERB concrete
series were compared to the CNC concrete, respectively. As discussed before, due to variation in the
FA/a ratio, split tensile strength was ERA1 > ERA2 and ERB1 > ERB2. Poor water absorption of the RA
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(3.82%) and RB (6.61%) aggregates resulted in a decrease of 9–11% (except for 18% of the ERA2) in the
split tensile strength results, in contrast to the good water absorption of the NA aggregate (0.37%). It is
plainly seen that the strength gap in the split tension narrowed relative to the reference mix, compared
to the values of 11–20% (except for 24% of the ERA2) in the compressive strength results.

Comparing the test results between the ERA series and ERB series, except for the ERA2 mix,
very similar tensile strength trends were observed. Once again, very poor density of ERA2 in Figure 9
might result in it having the lowest tensile strength.

Test results in Figure 9d shows that the ERR3 mix exhibited 90% of the relative tensile strength
to the control mix. According to Price’s interpretation of the relation between the tensile strength
of concrete to compression, other mixes (9.6–10.7%) had somewhat greater tensile strength gains,
in comparison to the compressive strength gains, than the ERR3 mix (8.4%), as tabulated in Table 4.

4.6. Drying Shrinkage

Test results of drying shrinkage are shown in Figure 10a, and their relative drying shrinkage to
that of the reference specimen CNC is shown in Figure 10. Finally, at 50 days, the shrinkage strain of
the control specimen CNC was 851 μ m/m. Compared to that of the control mix, the drying shrinkage
values of the ERA1, ERA2, ERB1, ERB2, and ERR mix were 814 μ m/m, 922 μ mm/mm, 919 μ mm/mm,
1057 μ mm/mm, and 871 μ mm/mm, respectively, indicating roughly a 4% decrease, 8% increase,
8% increase, 24% increase, and 2% increase.

  
(a) (b) 

Figure 10. Test results of drying shrinkage of concrete samples (a) shrinkage, (b) relative value.

Using the ACI equation [49], the drying shrinkage difference between the ERA1 and ERA2 mixes
can be analyzed. Influencing factors are air content, slump, cement contents, and fine aggregate ratio.
Due to the very similar test results for the slump and air content in all mixes, it can be inferred by
the ACI 209 equation that combined correction factors from slump and air content do not affect the
final drying shrinkage values of all mixes. However, correction factors for fine aggregate ratios of
ERA1, ERA2, ERB1, ERB2, and ERR3 dramatically varied at 0.75, 0.84, 0.78, 0.85, and 0.83, respectively.
Similarly, cement content changes the correction factor but only slightly. Thus, the drying shrinkage
values by the ACI equation were expected to range in the order of ERA1 < ERB1 < ERR3 < ERA2 <
ERB2. In a very similar manner, the test results were ERA1 < ERR3 < (ERB1, ERA2) < ERB2. The second
best drying shrinkage value from the ERR3 mix may be attributed to be the good quality of the RCAs
manufactured from the PC concrete sleepers. Except for the ERB2 mix, the modified EMV mixes are
viable against the drying shrinkage, compared to the reference CNC mix.

5. Conclusions

This study assessed the influence of the revised EMV mix proportion method on mechanical
strength and drying shrinkage properties of RCA concretes, which are proportioned to have the
same W/C ratio, slump and air content. This experimental study used three grades of RCAs with
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different water absorption ratios, where two different RCAs (water absorption ratio of 3.82% and
6.61%) were crushed from the same source of old concrete. The third RCA was produced from old PC
concrete sleepers.

Six mixes were studied for typical structural concrete where the control concrete contained natural
coarse aggregate mixed according to the traditional ACI method and the others were prepared with the
revised EMV method. From this study, the following conclusions are drawn. Here the test results of
ERA2 mix were excluded in the concluding discussion due to low mechanical strength values, which
may be ascribed to its low density.

(1) Due to the nature of a lower slump problem that often occurs in the modified EMV method, all the
mixture slump values were controlled by using a superplasticizer to range between 140–155 mm
and air contents values with 3.7–5.8%.

(2) Except for the split tensile strength, test results showed that the ERR mix with 100% RCA
replacement, which was produced from old PC sleepers mixed by the revised EMV mix method,
exhibited equivalent compressive strength, Young’s modulus, and flexural strength values to
the companion reference mix of natural aggregate. In addition, the relative drying shrinkage
increased only 2% to the companion control mix.

(3) In other mixes (except for ERR mix), compared to the drop of 11–20% of the compressive strength,
the modulus of the modified EMV mixes resulted in only a 6–10% decrease to the companion
control mix, which is the result of the characteristic in the revised EMV method.

(4) In the modified EMV mixes with RCA replacement of 100%, the flexural strength of concretes
decreased by 8–16%. However, with 50% replacement of RCA mixes, the strength increased by
4–10% and thus may be preferred for concrete pavements, which are loaded in bending.

(5) Although a 7–11% decrease was observed in the modified EMV mixes, the split tension to
compressive strength of concrete lineally follows the compressive strength trend.

(6) At 50 days, test results revealed that drying shrinkage of the modified RMV mixes with RCA
exhibited a 4% drop to only an 8% increase. There was one, except for the ERB2 mix with a 24%
increase, and this might be affected by relatively higher fine aggregate ratio and cement content,
compared to the other EMV mixes.

Further studies should be carried out to enhance strengthening ITZs of RCA and their
surroundings by using minerals such as silica fume, slag, or bottom ashes. The equivalency of
mechanical strength properties then may be more clearly acquired by the revised EMV proportioning
method with any RCA source.
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Abstract: The objective of this study was to examine the shrinkage and creep of reactive power
concrete (RPC) with different steel fibre contents (0%, 1% and 2% by volume). A total of 37 RPC
specimens were prepared and tested for compression strength, elastic modulus, shrinkage, and creep.
In addition, different axial stress ratios (0.2, 0.3 and 0.4) were used in the creep tests. Furthermore,
the accuracy of the ACI 209-82 model, CEB-FIP 90 model, B3 model, and GL 2000 model for predicting
the shrinkage and creep of RPC was evaluated and new numerical shrinkage and creep models were
developed. The experimental results revealed that the compressive strength and elastic modulus
increase with increasing steel fibre content. The shrinkage and creep decreased with increasing
addition of steel fibre from 0% to 2%. A good linear relationship was found between the axial stress
ratios and creep strain. All four existing models were unable to accurately predict the shrinkage and
creep of RPC. A good agreement between the experimental results and proposed shrinkage and creep
numerical models was observed. Therefore, it is suggested that the proposed shrinkage and creep
models can be used to calculate the shrinkage and creep of RPC.

Keywords: reactive power concrete; shrinkage; creep; steel fibre; model

1. Introduction

Reactive powder concrete (RPC) is a type of ultra-high performance concrete which has been
developed in the last two decades [1,2]. RPC has superior compressive and tensile strengths, which can
significantly reduce the dead load of structures [3,4]. Thus, it is especially suitable for long-span bridge
decks, thin-plate structures, and field-cast joints for precast bridge decks [5]. It possesses superior
energy absorption owing to the addition of steel fibre [6], provides good structural reliability, and has
excellent durability, leading to a long service life. It is also almost impermeable, which almost entirely
prevents carbonation and penetration of chlorides and sulphates, thereby making it suitable for use in
harsh climatic conditions such as freeze-thaw or coastal areas [7]. However, the high cement content
(usually as high as 800–1000 kg/m3) affects production costs and increases the risk of shrinkage [8–12].
Furthermore, the addition of silica fume increases the risk of shrinkage and creep of RPC [13–16].

Shrinkage and creep can significantly affect the long-term characteristics of concrete. In large
scale structures, shrinkage and creep can increase the width of cracks and structural deformation.
It can also cause stress loss in the prestressed reinforcement of prestressed components [17]. Therefore,
it is important to predict and monitor the shrinkage and creep of concrete. In recent years, many studies
on the shrinkage and creep of normal strength concrete have been carried out, and mature theories
and models have been developed [18–20]. However, there are relatively few studies on the shrinkage

Appl. Sci. 2018, 8, 732; doi:10.3390/app8050732 www.mdpi.com/journal/applsci154



Appl. Sci. 2018, 8, 732

and creep of RPC. To produce RPC, it is necessary to minimize the aggregate size, increase the
paste/aggregate ratio, decrease the water/binder ratio, add silica fume and steel fibre, and use
steam-heat curing. All these measures make the shrinkage and creep characteristics of RPC different
from those of normal strength concrete.

Peiliang Shen et al. investigated the autogenous shrinkage of steam-heat cured RPC [21],
and the results showed that three factors (i.e., steel fibre, silica fume, and aggregate size) have
significant effects on the autogenous shrinkage of RPC. Furthermore, the autogenous shrinkage
mainly occurred during the stream-heat curing period. Ehsan Ghafari et al. studied the effects of
different supplementary cementitious materials (i.e., silica fume, fly ash, and ground granulated blast
furnace slag) on the autogenous shrinkage of RPC, and developed an autogenous shrinkage model
for RPC [16]. Shamsad Ahmad et al. conducted studies on the shrinkage of RPC with water curing
for 3 days, and observed that the shrinkage increases with increasing water/binder ratio, cement
content, and silica fume content [22]. Nguyen found that adding rice husk ash to RPC can reduce
the autogenous shrinkage of RPC significantly [23]. Moreover, several other measures such as using
expansive additives, shrinkage reducing admixtures, or coarser cement particles, and improving
curing conditions were identified to decrease the autogenous shrinkage of RPC [24–27]. Mo Jinchuan
et al. demonstrated that both the autogenous and drying shrinkage of RPC increase with raising
granulated blast furnace slag (GBFS) [28]. C.M. Tam et al. studied the dry shrinkage of RPC with
water curing for 28 days, and found drying shrinkage increases with increasing water/binder ratio
and superplasticizer dosage [6]. A. Cwirzen suggested that adding coarse aggregate to RPC can reduce
its drying shrinkage and creep [29]. A. Graybeal found that high compressive stress (axial stress of
higher than 0.60) on relatively low strength RPC cause significant short-term creep [30].

To the best of the authors’ knowledge, previous studies on the shrinkage and creep of RPC have
mainly focused on the autogenous shrinkage of RPC. The effects of RPC components on autogenous
shrinkage have been investigated. In addition, some measures have been purposed to decrease the
autogenous shrinkage of RPC. In present times, RPC is widely used in prefabricated components.
For commercial RPC, steam-heat curing is typically used in order to accelerate the hydration process
and strength development [31], but there are relatively few studies on the shrinkage of RPC after
steam-heat curing and creep in RPC. Furthermore, there is no RPC shrinkage and creep model to
predict shrinkage and creep of RPC at present, most of the existing shrinkage and creep models were
developed from experimental data fitting, and the results of these models are mostly compared to data
related to normal strength concrete. Hence, these models are suitable for normal strength concrete
rather than RPC [32]. The applicability of the existing shrinkage and creep models for RPC needs to be
further verified.

In this study, the shrinkage after steam-heat curing and creep of RPC have been investigated.
To this end, a total of 18 samples were prepared for compressive strength and elastic modulus tests,
9 samples for shrinkage tests, and 10 samples for creep tests. In addition, the influence of steel fibre on
the compressive strength, elastic modulus, shrinkage, and creep of RPC was investigated. The effect of
axial stress on the creep of RPC was also examined. Finally, the shrinkage and creep of RPC predicted
by widely used models were compared with the experimental data to verify the applicability of the
models for RPC, and new shrinkage and creep numerical models were developed for RPC.

2. Materials and Mix Proportions

2.1. Raw Materials

Type I Portland cement (PC), silica fume (SF), water, quartz sand, quartz powder, steel fibre (ST),
and superplasticizer (SP) were used to produce the RPC samples. The Type I cement conforms to
Chinese National Standard GB175-2007 [33], and has a specific gravity of 3.20. The silica fume is
an extremely fine material with a particle size smaller than 0.1 μm. The specific surface area and dry
bulk density of the silica fume are 18.4 m2/g and 0.65 kg, respectively. The chemical components of
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the cement and silica fume are given in Table 1. Quartz sand with a particle size distribution in the
range of 0.01–0.50 mm was used as an aggregate, and quartz powder with particle sizes from 10–45 μm
was used as a micro-filler. The superplasticizer is a polycarboxylic acid water reducer with a specific
gravity of 1.20, allowing for water reduction of up to 25% to achieve the target workability. The mixing
water is tap water from Harbin, China. The diameter and length of the steel fibre are 0.22 mm and
13 mm, respectively. The tensile strength of the steel fibre is greater than 2850 MPa. The steel fibre
used in this study is shown in Figure 1.

Figure 1. Steel fibre used in this study.

Table 1. Chemical composition of cement and silica fume.

Constituent Cement (%) Silica Fume (%)

CaO 63.37 0.39
SiO2 22.08 95.11

Al2O3 5.72 0.43
Fe2O3 3.05 0.42
K2O 0.43 0.48
MgO 2.02 0.17
Na2O 0.19 0.19

Equivalent alkalis (Na2O + 0.658K2O) 0.33 0.64
SO3 2.10 0.28

Loss on ignition 0.71 1.89

2.2. RPC Mixtures and Curing Conditions

37 RPC samples were prepared for tests of the compressive strength, elastic modulus, shrinkage,
and creep. The W/B (water-binder ratio) for all RPC specimens is 0.20. Steel fibre contents of 0%,
1% and 2% by volume of mixture were used. The specific mix proportions are listed in Table 2.
The numbers in Table 2 represent mass ratios of the RPC mixtures.

Table 2. RPC sample mixtures for experiments.

W/B Cement SF Quartz Sand Quartz Powder SP ST 1 (%)

0.20 1.00 0.30 0.70 0.35 0.024 0
0.20 1.00 0.30 0.70 0.35 0.024 1
0.20 1.00 0.30 0.70 0.35 0.024 2

1 Volume percentage.

The mixing procedure affects the material properties of RPC [34], and the manufacturing method
for RPC is different from that of normal strength concrete. To minimize the impact of the mixing
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process, all the mixtures were made using the same planetary mixer. Based on previous studies [28,35],
the mixing procedure is as follows:

(I) The cement, silica fume, quartz sand, and quartz powder are mixed in a dry state for approximately
2 min at a low speed of approximately 140 rpm. During this dry mixing process, steel fibre was
added to the mixtures.

(II) 50% of the water and 50% of the superplasticizer were gradually added to the mixtures, and the
mixtures were stirred for 3 min at a high speed of approximately 280 rpm.

(III) The remaining 50% of the water and the superplasticizer were added to the mixtures, which were
then stirred again for 3 min at a high speed of approximately 280 rpm.

(IV) After mixing, the RPC was poured into moulds and vibrated until fully consolidated.

After 24 h, the RPC samples were removed from the moulds, and the samples were cured in
a special curing box at a temperature of 90 ◦C and relative humidity (RH) of greater than 95% for 48 h.
The samples were then moved to a testing room with a temperature of 20 ◦C and a relative humidity
(RH) of 60% until the experiments were performed.

3. Experiments

3.1. Compressive Strength and Elastic Modulus Tests

The compressive strength and elastic modulus of RPC samples after 28 days were determined
experimentally. According to Chinese standard test methods for mechanical properties of concrete [36],
100 × 100 × 300 mm prisms were loaded uniaxially. The tests were conducted at a loading rate of
approximately 0.5 MPa/s. Three samples for the compressive strength test and an additional three
samples for the elastic modulus test were tested at each steel fibre content.

3.2. Shrinkage Tests of RPC

For the shrinkage test, 100 × 100 × 400 mm prisms of RPC were cast. After steam-heat curing,
all the RPC samples were placed in the testing room at a controlled temperature of 20 ◦C and a relative
humidity of 60%, and the shrinkage tests were conducted immediately. The shrinkage test was
designed according to the Chinese standard for test methods of long-term performance and durability
of concrete [37]. Two dial gauges with a gauge length of 200 mm were placed on opposite sides of
the sample, as shown in Figure 2. For each steel fibre content, the shrinkage was measured for three
samples, and the average of the three measured shrinkage strains was reported.

Figure 2. Shrinkage tests of RPC.
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3.3. Creep Tests of RPC

For the creep tests, RPC samples were cast in 100 × 100 × 400 mm prisms. After curing the
RPC, the samples were all placed in the testing room for 25 days before beginning the creep tests.
A total of 10 RPC specimens (in 5 groups) were tested, and the experimental parameters are outlined
in Table 3. Self-resisting loading frames were used to conduct the tests, as shown in Figure 3. In each
group, two of the same specimens were stacked one on top of the other. A load was applied using
an oil-pressure jack at the scheduled loading time, monitored with a pressure sensor, and sustained
with the bolts of the pressing rods for the scheduled load duration to determine the compressive creep
strain. Two dial gauges were set on opposite sides of the sample with a gauge length of 200 mm.
For each self-resisting loading frame, the total strains of the two samples were measured, and their
average was reported. The creep strain was determined by subtracting the instantaneous strain and
the shrinkage strain from the total strain.

Figure 3. Creep tests of RPC.

Table 3. RPC creep experiment parameters.

Group t0 (day) Δt (day) f c (MPa) η ST%

I

28

330 120 0.2 0
II 329 120 0.3 0
III 329 120 0.4 0
IV 329 134 0.3 1
V 329 142 0.3 2

Note: t0 is the RPC age at loading, Δt is the load duration, f c is the compressive strength at loading, and η is the
axial stress ratio, defined as the ratio of the loading stress to the compressive strength.

4. Results and Discussion

4.1. Compressive Strength and Elastic Modulus of RPC

The compressive strength and elastic modulus were determined for RPC samples after 28 days of
aging. As shown in Figure 4, the compressive strength and elastic modulus of the RPC samples increase
with increasing steel fibre content. The compressive strength increases from 120 MPa to 142 MPa,
and the elastic modulus increases from 44.7 GPa to 48.0 GPa as the steel fibre content increases
from 0% to 2%. The compressive strengths of the RPC samples with 1% and 2% steel fibre content
are 11.9% and 18.3% higher, respectively, than that of RPC samples without steel fibre. The elastic
modulus of the RPC samples with 1% and 2% steel fibre content are 4.4% and 7.3% greater, respectively,
than that of RPC samples without steel fibre. The strength of RPC is far greater than that of normal
strength concrete, which is usually in the range of 20–80 MPa. RPC has a dense structure, which is
attributed to the low W/B, hydration of the cement, and the pozzolanic effect of the SF [38]. As a result,
the RPC has an ultra-high strength. The steel fibre plays the role of a bridge and dowel in the RPC
samples. Increasing steel fibre content can make more fibres to sustain the load, which decreases
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the stress between fibres and matrix and restricts the development of microcracks and transverse
deformation. Thus, the compressive strength and the elastic modulus increase with increasing steel
fibre content [39,40].

Figure 4. Compressive strength and elastic modulus of the RPC samples: (a) Compressive strength; (b)
Elastic modulus.

4.2. Shrinkage of RPC

Figure 5 shows the variation in the shrinkage strain of the RPC samples with age. At the early ages,
the shrinkage strain increases at a fast rate, and the shrinkage reaches a steady state at approximately
200 days. However, the shrinkage of RPC is much smaller than that of normal strength concrete,
which is usually on the order of several hundred micro strain or more. With the improved uniformity
and minimized pore size of the RPC, the escape of moisture is inhibited, capillary stress is reduced,
and as a result, the shrinkage is also reduced. The shrinkage decreases with increasing steel fibre
content. The final shrinkage of the RPC samples with 1% and 2% steel fibre content is 10.6% and 15.0%
less, respectively, than that of the RPC samples without steel fibre. This is similar to the effect of steel
fibre on shrinkage in normal strength concrete [41,42]. The positive effect of steel fibre for reducing the
shrinkage of RPC can be explained as follows:

(I) During the process of mixing the steel fibre into the RPC matrix, some micron-scale water films
are formed on the steel fibre surface. As a result, calcium hydroxide crystals form directly on the
surface of the fibre and grow with no constraints, which forms a loose reticular structure at the
interface of the steel fibre and RPC matrix, thereby reducing shrinkage [43].

(II) The distribution of steel fibres presents a three-dimensional random state. The steel fibres cross
and overlap to form a skeleton, which can hinder the development of free shrinkage owing to the
high elastic modulus of the steel fibre [44,45].

Figure 5. Shrinkage strain of the RPC samples with age.
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4.3. Creep of RPC

4.3.1. Effect of the Axial Stress Ratio on the Creep of RPC

The stress-dependent strain is the sum of the instantaneous strain and the creep strain, the specific
creep is the creep strain caused by unit stress, and the creep coefficient is the ratio of the creep
strain to instantaneous strain at loading time. Figure 6 shows the variations in the stress-dependent
strain, specific creep, and creep coefficient of the RPC samples subjected to different stress ratios with
time. The stress-dependent strain and its growth rate both increase with increasing axial stress ratio.
However, the specific creep and the creep coefficient of RPC samples subjected to different axial stress
ratios are almost the same. This indicates that the creep of RPC is linear when the axial stress ratio is
less than 0.4, which is consistent with the behaviour of normal strength concrete.

Figure 6. Effect of the axial stress ratio on the stress dependent strain, specific creep, and creep
coefficient of RPC: (a) Stress-dependent strain; (b) Specific creep; (c) Creep coefficient.
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4.3.2. Effect of Steel Fibre on Creep of RPC

Figure 7 shows variations in the stress-dependent strain, specific creep, and creep coefficient of
RPC samples containing different steel fibre contents with time. In Figure 7a, the stress-dependent
strain increases with increasing steel fibre content. This is because at the same axial stress ratio,
the samples with more steel fibre content bear greater stress, causing more stress-dependent strain.
As shown in Figure 7b,c, during the later period after loading, the specific creep and creep coefficient
of the RPC samples decrease with increasing steel fibre content. For the samples without steel fibre,
the ultimate specific creep is 8.95 με/MPa. However, for the samples with 1% and 2% steel fibre
content, the ultimate specific creep is 7.37 and 6.65 με/MPa, respectively. The ultimate specific creep
of the RPC samples with 1% and 2% steel fibre content are thus 17.7% and 25.7% less, respectively,
than that of the RPC samples without steel fibre. For the samples without steel fibre, the ultimate
creep coefficient is 0.40. However, for the samples with 1% and 2% steel fibre content, the ultimate
creep coefficients are 0.35 and 0.32, respectively. This means that the ultimate creep coefficients of RPC
samples with 1% and 2% steel fibre content are 12.5% and 20.0% smaller, respectively, than that of
the RPC samples without steel fibre. The positive effect of steel fibre for reducing creep, particularly
during the later period after loading, can be explained as follows:

(I) Even within the linear creep range, when the RPC carries a compressive load, microcracks can
form and develop gradually inside the RPC due to the inhomogeneity of the RPC matrix. As the
microcracks emerge during the later stage, the steel fibres passing through the microcracks can
prevent the microcracks from developing further. Hence, the creep strain is reduced.

(II) During the early period after loading, the steel fibre and RPC matrix produce a section slip.
As a result, the inhibition effect of the steel fibre on creep is not significant. On the other hand,
during the later period after loading, the slip between the steel fibre and RPC matrix tends to be
stable. Hence, the ability of steel fibre to inhibit creep gradually appears.

Figure 7. Cont.
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Figure 7. Effect of the steel fibre content on the stress-dependent strain, specific creep, and creep
coefficient of RPC: (a) Stress-dependent strain; (b) Specific creep; (c) Creep coefficient.

4.4. Comparison of Shrinkage and Creep of RPC with Existing Models

Shrinkage and creep have complex mechanisms involving many interrelated factors, and there is
no single theory which can fully explain these mechanisms. Thus, experimental studies are essential
as a basis for shrinkage and creep models. The ACI 209-82 model [46] is the current standard code
model recommended by the American Concrete Institute, and is accepted by building codes in
the United States. The CEB-FIP 90 model [47] is recommended by the CEB-FIP model code 1990
(Euro-International Committee for Concrete and the International Federation for Prestressing). The B3
model [20] is based on consolidation, has a clear physical background, and considers most of the
internal and external factors that affect shrinkage and creep, and thus has a greater accuracy. The GL
2000 model [48] is a modified Atlanta 97 model, influenced by the CEB-FIP 90 model, and was
developed to correct the negative relaxation at early loading ages. These four models are the most
commonly used shrinkage and creep models for normal strength concrete.

The experimental shrinkage and creep results for RPC in this study were compared with the
predicted values from the four models, as shown in Figures 8 and 9. The CEB-FIP 90 model [48]
underestimates the shrinkage strain of RPC. However, the ACI 209-82 model [47], B3 model [20], and
GL 2000 model [48] overestimate the shrinkage strain of RPC. Moreover, all four models overestimate
the creep strain of RPC. From Figures 8 and 9, it can be seen that the shrinkage and creep strain
predicted by all four models are inconsistent with the experimental results. The application scopes of
the four models are listed in Table 4, from which it can be seen that the four models are mainly focused
on compressive strengths at 28 days from 16–90 MPa, water-binder ratios greater than 0.35, and cement
contents of less than 719 kg/m3. They also ignore the influence of the silica fume. However, RPC has
an ultra-high strength and dense microstructure due to its low water-binder ratio (often less than 0.2),
high cementitious material content compared to normal strength concrete, replacement of aggregate
with quartz sand and quartz powder, addition of steel fibre to improve the strength and ductility,
and replacement of a portion of the cement with silica fume, which can act as a filler material and
participate in the pozzolanic reaction, leading to the production of additional C-S-H gel. Therefore,
the four models have errors when predicting the shrinkage and creep of RPC.
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Table 4. Application scope of the existing models.

Parameters ACI 209-82 CEB-FIP 90 B3 GL 2000

f c28 (MPa) - 20–90 17.2–69 16–82
Cement content (kg/m3) - - 160–719 -

W/B - - 0.35–0.85 0.40–0.60
Relative humidity (%) 40–100 40–100 40–100 20–100

tc (Moist cured) ≥7 days ≤14 days - ≥1 day
tc (Steam cured) ≥1 day ≤14 days - ≥1 day

η ≤0.4 ≤0.4 ≤0.45 ≤0.4

Note: f c28 is the compressive strength at 28 days, tc is the curing age.

Figure 8. Comparison of the experimental shrinkage strain results for RPC with shrinkage
model predictions.

Figure 9. Comparison of the experimental creep strain results for RPC with creep model predictions.

4.5. Shrinkage and Creep Model of RPC

The existing shrinkage and creep models cannot accurately predict the shrinkage and creep of
RPC, so it is necessary to develop new simple numerical models to predict the shrinkage and creep of
RPC. Based on the ACI 209-82 shrinkage model [46], the general equations for predicting shrinkage of
concrete are as follows:

εsh,c(t, tc) = Fsh(t)εshu,c (1)

Fsh(t) =
t − tc

b + t − tc
(2)

In these equations, εsh,c(t, tc) is the shrinkage strain of concrete at time, t (days), with curing
time tc (days); Fsh(t) is the time function of shrinkage; εshu,c is the ultimate shrinkage strain; and
b is constant which influences the rate of shrinkage with time. By applying regression fitting to the
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shrinkage experimental data, a simple shrinkage model (Equations (3) and (4)) for RPC have been
developed. In Equation (3), the ultimate shrinkage strain is 246 με corresponding to 780 με in normal
strength concrete. The effects of steel fibre content on the ultimate value of shrinkage is considered
by introducing coefficient kss. A comparison of the proposed shrinkage model predictions and the
experimental shrinkage results is shown in Figure 11. The correlation coefficients (R2) for all the
shrinkage samples are greater than 0.991. Therefore, the new shrinkage model can be used to predict
the shrinkage of RPC after steam-heat curing with steel fibre content less than 2%.

εsh(t, tc) = 246kss
(t − tc)

(t − tc) + 47
(3)

kss = 0.025ρ2
s − 0.115ρs + 1 (4)

where εsh(t, tc) is the shrinkage strain at time, t, with curing time, tc; ρs is the volume fraction of
steel fibre.

Based on the ACI 209-82 creep model [47], the general equations for predicting creep of concrete
can be written as:

ϕ(t, t0) = Fc(t)ϕcu,c (5)

Fc(t) =
(t − t0)

A

B + (t − t0)A (6)

In these equations, ϕc(t, tc) is the creep coefficient of concrete at time, t (days), loading at time
t0 (days); Fc(t) is the time function of creep; ϕcu,c is the ultimate creep strain; A and B are constant.
By applying regression fitting to the creep experimental data, a simple creep model (Equations (7)–(9))
for RPC have been developed. In Equation (7), the ultimate creep coefficient is 0.82 corresponding
to 2.35 in normal strength concrete. The steel fibre can influence both the ultimate value and the
rate of creep. Therefore, the effects of fiber content on the ultimate value and development rate of
creep are considered by coefficients ksc and α, respectively. A comparison between the predictions of
the proposed creep model and the experimental creep results is shown in Figure 10. The correlation
coefficients (R2) for all the creep samples are greater than 0.986. Therefore, it can be inferred that the
new creep model agrees well with the experimental data, and the new model can be used to predict
the creep of RPC after steam-heat curing, with the volume fraction of steel fibre below 2% and axial
stress ratio less than 0.4.

ϕ(t, t0) = 0.82ksc
(t − t0)

0.61

(t − t0)
0.61 + 36α

(7)

ksc = 0.045ρ2
s − 0.28ρs + 1 (8)

α = 1 − 0.25ρs (9)

Figure 10. Comparison of the proposed creep model predictions with experimental creep coefficient
results for the RPC samples.
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Figure 11. Comparison of the proposed shrinkage model predictions with experimental shrinkage
strain results for the RPC samples.

5. Conclusions

In this study, the compressive strength and the elastic modulus of RPC were tested. The shrinkage
after steam-heat curing and the creep of RPC were investigated. The effect of steel fibre on shrinkage
and creep, and the influence of the axial stress ratio on creep were discussed. Then, a comparison was
made between the experimental results and predictions obtained from existing shrinkage and creep
models. Finally, a regression analysis of the experimental shrinkage and creep results for RPC was
carried out. The conclusions of this study are as follows:

(1) The compressive strength of RPC is obviously higher than normal strength concrete due to
its dense microstructure. The compressive strength and the modulus elastic increase with
increasing steel fibre content, as the streel fibre restricts the development of microcracks and
transverse deformation.

(2) The shrinkage of RPC is much smaller than normal strength concrete with the improved
uniformity and the narrowed pore size. The shrinkage decreases with increasing steel fibre
content due to the micro-scale water films formed on the steel fibre surface and skeleton formed
by the cross and overlap of steel fibre.

(3) The creep of RPC decreases with increasing steel fibre content which is obvious during the later
period after loading, as steel fibre can prevent the development of microcracks (emerging mainly
during the later stage). Besides, the slip between the steel fibre and RPC matrix tends to be stable
in the later period, the ability of steel fibre to inhibit creep gradually appears.

(4) For axial stress ratios of less than 0.4, the creep strain of RPC varies linearly with the axial stress
(RPC is in the linear creep stage).

(5) The shrinkage strains of RPC predicted by the ACI 209-82 model, B3 model, and GL 2000 model
are significantly greater than the corresponding experimental results. However, the shrinkage
strains of RPC predicted by the CEB-FIP 90 model are significantly smaller than the experimental
results. Moreover, all four models overestimate the creep strain of RPC. Thus, these models
cannot be used for predicting the shrinkage and creep of RPC.

(6) Simple shrinkage and creep models for RPC which consider the influence of steel fibre have
been developed.
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Abstract: The application of recycled aggregate concrete (RAC) has developed rapidly in recent years.
But how to evaluate the residual properties of RAC after the fires is more beneficial to the further
popularization and application of RAC. This paper presents the residual properties of RAC and steel
reinforced recycled aggregate concrete (SRRAC) components after exposure to elevated temperature.
A total of 176 specimens (120 rectangular prisms specimens, 24 SRRAC short columns and 32 SRRAC
beams) were designed and tested after exposure to elevated temperature. The parameters were
considered in the test, including replacement percentage of recycled coarse aggregate (0%, 30%, 50%,
70% and 100%) and exposure to different temperatures (20, 200, 400, 600 and 800 degrees centigrade).
According to the test results, heat damage and residual properties of specimens were analyzed in
detail, such as surface change, mass loss, bearing capacity degradation, stiffness degradation, ductility
and energy dissipation of specimens under the elevated temperature. The results showed that a series
of significant physical phenomena occurred on the surface of RAC and SRRAC components after
exposure to elevated temperature, such as the color changed from green-grey to gray-white, chapped
on the concrete surface after 400 degrees centigrade and the mass loss of concrete is less than 10%.
The degradation of mechanical properties degenerated significantly with the increase of temperature,
such as the strength of RAC, and compressive capacity, bending capacity, shear capacity and stiffness
of SRRAC components, among that, the degradation of the strength of RAC was most obvious, up
to 26%. The ductility and energy dissipation of SRRAC components were insignificant affected by
the elevated temperature. Mass loss ratio, peak deformation and bearing capacity showed a slight
increase trend with the increase of replacement percentage. But the stiffness showed significant
fluctuation when replacement percentage was 70% to 100%. And the ductility and energy dissipation
showed significant fluctuation when replacement percentage was 30% to 70%.

Keywords: recycled aggregate concrete (RAC); steel reinforced recycled aggregate concrete (SRRAC);
elevated temperature; residual properties

1. Introduction

Demolished concrete is used to make RAC, which has the advantages of being energy-saving and
environment-friendly. Moreover, the steel reinforced concrete (SRC) structure has the advantages of
high bearing load capacity and good seismic performance. And SRC can combined with the RAC [1–3]
to form the SRRAC structure. SRRAC meets the development direction of modern architecture,
which has many advantages, such as being energy-saving and environment-friendly, sustainable
development, having good mechanical performance. Therefore, SRRAC has broad application
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prospects. However, the porosity of recycled aggregate is higher than that of natural aggregate [4]. And
the coarse aggregate surface in RAC attaches the cement-based or mortar, and its initial defects are more
than natural aggregate, thus, those will affect the mechanical properties of RAC [5,6]. Therefore, many
studies were carried out by scholars for RAC. The results show that inferior waste concrete reduces the
quality of recycled coarse aggregate and consequently reduces the strength of RAC [7]. The mechanical
properties of RAC can be improved by Polyvinyl alcohol (PVA) after soaking in polyvinyl alcohol
solution, which the optimum concentration of PVA solution is 10% [8]. The compressive strength
of RAC increases when cement is replaced by fly ash [9]. Recycled fine aggregate with demolished
concrete has little effect on the mechanical properties of RAC, when the replacement percentage is less
than 30% [10]. Meanwhile, Choi, Won Chang et al. [11] conclude that the compressive strength of RAC
columns meets the American Certification Institute (ACI) design criteria. Butler, L. et al. [12] consider
that the bond strength of RAC is 9 to 19% lower than natural aggregate concrete. Xiao, J. et al. [13]
conclude that the seismic performance of recycled concrete frame structure is reduced with the increase
of replacement percentage.

Reis, Nuno et al. [14] suggest that the stiffness and cracking load of RAC slabs are slightly
lower than those of natural aggregate concrete. According to the literature [15–17], the content
of recycled coarse aggregate has an insignificant effect on the flexural or shear properties of RAC
beams. Secondly, in order to improve the utilization ratio of RAC in high-rise and super-high-rise
buildings, a large number of scholars pay attention to the structure of SRRAC. The results show that
the flexural strength [18,19] and shear strength [20] of SRRAC beams are similar to those of SRC beams.
SRRAC frame has good seismic performance [21], and the seismic performance of SRRAC components
decreases in varying degrees with the replacement percentage of recycled aggregate increases [22–24].
The seismic performance of three beam–column joints with ordinary concrete is similar to the RAC, for
which the replacement percentage of the specimens is 30% [25]. The SRRAC structure can be used in
high-rise and super-high-rise buildings after reasonable preparation and design.

Fire is one of the major hazards that can affect engineering structures. It is necessary to study the
fire behavior of RAC structures. The results show that the residual performance of RAC after exposure
to elevated temperature is optimal level when replacement percentage is 50% [26]. The performance
of RAC is similar to ordinary concrete after exposure to elevated temperature [27,28]. With the
increase of elevated temperature, the elastic modulus of RAC decreases [29]. And its compressive
strength increases slightly at first under the temperature of 400 degrees centigrade and then decreases
with the temperature increases [30]. The ductility and cracking performance of RAC are improved
after exposure to elevated temperature when the steel fibers are added [31]. Meanwhile, the energy
dissipation and anti-spalling properties of RAC can improve by the rubber powder [32]. The increase
of RAC strength can improve its impact behaviors when the temperature is lower than 500 degrees
centigrade. RAC strength has an insignificant effect on the impact behaviors when the temperature is
greater than 500 degrees centigrade [33].

In conclusion, research on the residual properties of SRRAC components after exposure to elevated
temperature is limited. So that it needs to be further studied. A total of 176 specimens (120 rectangular
prisms specimens, 24 SRRAC short columns and 32 SRRAC beams) were designed and tested after
exposure to elevated temperature. The parameters were considered in the test, like replacement
percentage of recycled coarse aggregate (0%, 30%, 50%, 70% and 100%) and exposure to different
temperatures (20, 200, 400, 600 and 800 degrees centigrade). Residual properties of RAC and SRRAC
were analyzed to provide reference for further research and the engineering application of SRRAC.

2. Experimental Work

A total of 176 recycled concrete specimens were designed and fabricated, including 120 rectangular
prisms specimens (40 groups, three in each group), 24 SRRAC short columns and 32 SRRAC beams.
The beam specimens were divided into the bending beam and the shear beam, and the corresponding
shear span-to-depth ratios were 2 and 1.2, respectively. The dimensions of rectangular prisms
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specimens were 150 mm × 150 mm × 300 mm. Section size of SRRAC beams and columns was
shown in Figure 1.

Figure 1. The section of steel reinforced recycled aggregate concrete (SRRAC) beam and column.
(a) Beam section; (b) Column section.

2.1. Test Materials

All of the test materials are from Nanning, Guangxi, China. The materials were used in the test,
such as 32.5R Portland cement of Guangxi conch brand, natural river sand, urban water, recycled coarse
aggregate and natural gravel. Recycled coarse aggregate is derived from waste concrete specimens in
laboratory, and it can be obtained after mechanical crushing, cleaning and sieving of waste concrete.
Recycled and natural coarse aggregate were screened under the same conditions. Particle sizes range
from 5 mm to 20 mm and continuously graded. The bulk density and water absorption ratio are
1432 kg/m3 and 3.27%, respectively. The reference value of mix proportion design is to be r = 0%. Total
mass of coarse aggregate remains constant, and only changes the ratio of recycled and natural coarse
aggregate. Meanwhile, other materials remain constant. The mix proportion of concrete is shown in
Table 1. Section steel is I10 of Q235. And the diameter of the stirrup bar of the columns and beams is
6 mm, and the steel bars is HPB300. The diameter of longitudinal bar (HRB335) of the columns and
beams is 12 mm and 14 mm, respectively. And the detail of SRRAC beam section and column section
was showed in Figure 1.

Table 1. Mix proportions of recycled concrete.

r/% Cement/kg Water/kg Sand/kg Natural Gravel/kg Recycled Coarse Aggregate/kg

0 500 215 532 1129 0
30 500 215 532 790.3 338.7
50 500 215 532 564.5 564.5
70 500 215 532 338.7 790.3
100 500 215 532 0 1129

2.2. High-Temperature Installation and Loading System

As showed in Figure 2, RX-45-9 industrial box-type resistance furnace (Detianli Electric Furnace
Manufacturer Co., Ltd., Jinan, China) was used for the high-temperature installation. And its maximum
temperature can reach 950 degrees centigrade. The target temperature was set separately for batch
heating based on the design of the specimen. In order to uniformly distribute the temperature inside
the specimen, the temperature in high-temperature installation was constant for one hour when the
furnace temperature raised to the target temperature. And then, open the furnace door and let the
specimens fall to room temperature under natural conditions. The temperature in the test furnace
was recorded during the test. The heating curves was showed in Figure 3. After the specimens fall
to room temperature, the test block and column specimens were loaded by RMT-201 test machine
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(Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China) which is showed
in Figure 4a. Displacement control loading was adopted in the test. And the loading ratio was about
0.01 mm/s. The load-deformation curve was obtained by the acquisition system of installation. On
the other hand, beam specimens were loaded by two points symmetrically. And the specimens were
tested under the displacement–force mixed control. Before the pre-estimation of the ultimate load,
force control was used in the test, and its step length and holding time for each level are 10 kN and 5
min, respectively. Then, when the specimen was approaching the ultimate load, displacement control
loading was applied until the specimen was destroyed. And its displacement gradient was 0.5 mm.
The loading installation was showed in Figure 4b.

Figure 2. High-temperature installation.

Figure 3. Heating curves.

Figure 4. Loading installation. (a) Loading installation for block and column; (b) Loading installation
for beam.
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3. Test Results

3.1. Surface Change

A series of physical and chemical reactions had occurred in recycled concrete under elevated
temperature. The phenomenon (color change, cracking and spalling on concrete surface) appeared
in rectangular prisms specimens, SRRAC columns and SRRAC beams. The physical phenomena of
different specimens are basically similar. The color on the concrete surface changes from shallow
to deeper as the temperature rises. When T is at 200 degrees centigrade to 400 degrees centigrade,
the color on the concrete surface is green-grey and there are no visible cracks. And when T is at 600
degrees centigrade, the color on the concrete surface is brown-grey, and irregular micro-cracks can be
found on the concrete surface. When T is at 800 degrees centigrade, the color on the concrete surface
is gray-white, and the spalling phenomenon can be seen on the concrete surface. Concrete surface is
green-grey due to the hydration reaction to form a little Ca(OH)2. And then, the hydration products
of concrete (C3S2H3) decompose into CaO as the temperature rises, and CaO is gray-white when it
contains impurities [34]. Figure 5 shows apparent morphology of rectangular prisms specimens after
exposure to elevated temperature.

Figure 5. Apparent morphology of specimen after elevated temperature.

3.2. Mass Loss

The mass loss of concrete can be found at specimens after exposure to elevated temperature. Mass
loss ratio (βm) is defined to reflect this physical change. Mass loss ratio is to be βm = (M − MT)/M ×
100%. And M is the mass of specimens before exposure to elevated temperature; MT is the mass of
specimens after exposure to elevated temperature.

Mass loss ratio of specimens after exposure to different elevated temperature is shown in Figure 6.
As showed in Figure 6, the βm increase as the elevated temperature increases. The βm increases
fastest when T is at 200 degrees centigrade to 400 degrees centigrade. Because the amount of water
in the concrete evaporates and most of the combustible are burned at the ignition point, when the
temperature reaches 200 degrees centigrade. Meanwhile, a large amount of white fog leaks out
of the resistance furnace when the temperature reaches at 200 degrees centigrade to 400 degrees
centigrade. This phenomenon shows that the moisture in the concrete evaporates most significant at
200 degrees centigrade to 400 degrees centigrade. Mass loss ratio of specimens grows slowly when
the temperature is greater than 600 degrees centigrade. Because the moisture and combustible are
completely evaporated or burned when the temperature rises to a certain extent. Therefore, mass loss
ratio of specimens tends to be stable.

Figure 6d shows that the mean of βm in each group at the same elevated temperature. According
to the Figure 6d, mass loss ratio of rectangular prisms specimens increases the most significant. Mass
loss ratio of SRRAC beams increase the least. Figure 6e shows that the mean of mass loss ratio of similar
specimens at the same replacement percentage. According to the Figure 6e, mass loss ratio increases
with replacement percentage increases. Meanwhile, mass loss ratio of replacement percentage at 100%
is about 1.4 times that of the replacement percentage at 0%. Because a lot of old cement paste attach on
the surface of recycled coarse aggregate. And then, more water is absorbed by the old cement paste
during the stirring process. Therefore, the more recycled coarse aggregate has, the more the moisture
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of recycled concrete absorbs. Thus, water evaporation increased in recycled concrete after exposure to
elevated temperature, and its mass loss ratio increases.

Figure 6. Mass loss ratio of specimens. (a) rectangular prisms specimens; (b) columns; (c) beams;
(d) The influence of temperature on different components; (e) The influence of replacement percentage
on different components

3.3. Failure Mode

3.3.1. Failure Mode of Rectangular Prisms Specimens

The interior of RAC has changed after exposure to elevated temperature, so that the failure
process and mode of RAC are also different. The difference is more obvious with the temperature
increases. The failure modes of the specimens before 400 degrees centigrade are similar to those at
room temperature. These show that a few short vertical micro-cracks can be found in the middle of the
specimen. As the development of stress, the cracks extend gradually toward the slope. Finally, one
or two obvious oblique edge crack or crack zone is formed when the oblique edge crack penetrated
specimen. After 400 degrees centigrade, the initial damage of concrete is serious due to the effect of
high temperature. After the action of external force, many cracks appeared and accompanied debris
falling, and a wider cracks zone is clearly visible. Typical failure modes of the specimen are shown in
Figure 7 after exposure to different temperatures.

Figure 7. Typical failure mode of recycled aggregate concrete (RAC).

3.3.2. Failure Mode of SRRAC Columns

It is found that the failure process and failure mode of SRRAC columns are mainly related to the
highest temperature after observing the loading process of SRRAC columns under axial compression.
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The failure process and mode of specimens at different replacement percentage are similar to each other
at the same temperature. The failure process of specimens presents elastic stage, crack stage and failure
stage. The mode and failure process of specimens after exposure to elevated temperature are as follows:
The higher the temperature is, the earlier the crack appears and penetrates. The failure mechanism
of the specimen is different from that of the room temperature specimen when the temperature is
higher than 500 degrees centigrade. It is not the crushing failure of edge concrete. But the concrete
cover falls off, then SRRAC columns damage in advance before reaching the peak load. The higher
the temperature is, the earlier the concrete falls off. The failure modes of the specimen are shown in
Figure 8.

Figure 8. The failure modes of column specimen.

3.3.3. Failure Mode of SRRAC Beams

Failure modes of SRRAC beams after exposure to elevated temperature is the same as those at
room temperature, which reflects shear-baroclinic failure, bond failure and bending failure. SRRAC
beams with shear span-to-depth ratios of 1.2 show shear-baroclinic failure. SRRAC beams with shear
span-to-depth ratios of 2.0 show shear-baroclinic, bond failure and bending failure.

Shear-baroclinic failure is as follows: Vertical cracks can be seen in the mid span and develop
slowly upward when the external load is between 0.13 Pu and 0.35 Pu. The oblique crack appears
between the loading point and the support when the external load is between 0.3 Pu and 0.6 Pu. And
then, oblique cracks increase and widen, the oblique concrete zones crushed, then the specimens
were destroyed.

The bending failure process is as follows: Vertical cracks can be seen in the mid span when the
external load is between 0.23 Pu and 0.3 Pu. And vertical cracks increase and developed when the
external load is between 0.45 Pu and 0.5 Pu. The oblique crack appears between the loading point and
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the support when the external load is between 0.5 Pu and 0.6 Pu. Vertical cracks develop faster when
the external load is at 0.75 Pu. Finally, the concrete is crushed, then the specimen is destroyed.

Bond failure process is as follows: Longitudinal bonding crack was found near the compressive
zone of section steel on the outside flange when the external load is at 0.65 Pu. Finally, the concrete
to the outside of the bonding crack is split, then the specimen is destroyed. The failure modes of
some specimens are shown in Figure 9. The BBi-j, SAi-j and SBi-j are used to represent corresponding
pictures. And SA is shearing beam, and its span-to-depth ratio is 2.0; BB mean bending beam, and its
span-to-depth ratio is 1.2. And i and j are replacement percentage and temperature, respectively.

Figure 9. The failure modes of beam specimens.

3.4. Load-Displacement Curve Analysis

3.4.1. Load-Displacement Curve of Rectangular Prisms Specimens

Load-displacement curves of RAC test block was showed in Figure 10. The data in Figure 10
are the mean values of three identical test blocks in each group. According to Figure 10, the shape of
the load-displacement curve of RAC exposure to elevated temperature is similar to that of ordinary
concrete. And with the increase of temperature, the peak load of the curve decreases gradually, the
peak displacement increases gradually, the descending stage of the curve becomes gentle and the
whole curve becomes more and more flat. The effect of temperature on peak load is more and more
significant when replacement percentage increases. Specimens in the elastic stage are no crack in
the concrete surface, then, the specimens were brittle failure after the load exceeds the elastic limit.
The peak displacement gradually increases as the temperature rises. The maximum peak displacement
of RAC reaches 3.5 mm when the temperature is 800 degrees centigrade.
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Figure 10. Load-displacement curve of rectangular prisms specimens.

3.4.2. Load-Displacement Curve of SRRAC Columns

According to Figure 11, as the temperature increase, the axial load-displacement curve of the
SRRAC columns tends to be flat, and the value of the peak point gradually decreases. Loading process
of SRRAC columns mainly includes elastic stage, elastic–plastic stage, stiffness strengthening stage,
descending stage and residual stage. The characteristics of each stage are as follows:

During the elastic stage, the elastic deformation of the section steel and concrete is coordinated,
and there is no crack in the concrete surface.

The elastic–plastic stage of specimens is as follows: The cracks on the concrete surface emerge and
develop continuously after the load exceeds the elastic limit. And then, section steel and longitudinal
reinforcement yield gradually. The load-displacement curve at this stage is nonlinear. And bond cracks
appear at this stage, therefore, the bond slip between section steel and concrete is more obvious.

The stiffness strengthening stage of specimens is as follows: The load-displacement curve of the
specimen appears obvious curvature rising stage before reaching the elastic limit when the exposure
temperature of specimen is greater than 600 degrees centigrade. Because the evaporation of free water
in the internal void of concrete makes the concrete loose. The loose concrete becomes dense with the
increase of compressive load during the loading process. Therefore, the stiffness of the specimen has
been improved.

During the descending stage of specimens, the bearing capacity of the specimen decreases
obviously after exceeding the limit load.

The residual stage of specimens is as follows: The load decreases gently with the increase of
displacement. The longitudinal reinforcement and concrete cover have basically not provided bearing
capacity at all. Residual strength is provided by section steel and core-concrete.
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Figure 11. Load-displacement curve of SRRAC columns.

3.4.3. Load-Deflection Curve of SRRAC Beams

The measured load-deflection curve of SRRAC beams is showed in Figure 12. According to the
Figure 12, SRRAC beams have undergone three stages: elastic stage, elastic–plastic stage and failure
stage. Early loading of SRRAC beams is elastic stage. And it is elastic–plastic stage after cracking.
Then, the specimen experienced the failure stage after the peak load.

Figure 12. Load–deflection curves.

4. Residual Properties Analysis

In order to analyze the residual properties of RAC and SRRAC components after exposure
to elevated temperature, many mechanical performance parameters can be obtained by the
load-displacement curve of RAC and SRRAC components, such as bearing capacity, peak deformation,
secant stiffness, displacement ductility factors and energy dissipation factor.
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The mean performance index of all specimens is obtained at the same temperature and different
replacement percentage for comparative analysis the residual properties of different components. And
residual properties coefficient (βN, βΔ, βK, βμ and βη) can be calculated by normalization based on a
performance index at room temperature. Similarly, replacement percentage coefficient (αN, αΔ, αK, αμ

and αη) can be calculated by normalization based on replacement percentage at 0%.

4.1. Bearing Capacity Degradation

Figure 13 shows the degradation on bearing capacity of specimens after exposure to different
elevated temperature. As seen from Figure 13a–d, compressive strength of test blocks after high
temperature is deeply downtrend as the temperature ascend. The bearing capacity decreases by
about 18% in the scope from 200 degrees centigrade to 400 degrees centigrade. And bearing capacity
decreases by 48% when exposure to elevated temperature is at 600 degrees centigrade. Meanwhile,
bearing capacity decreased by 74% when exposure to elevated temperature is at 800 degrees centigrade.

Figure 13. Bearing capacity degradation. (a) rectangular prisms specimens; (b) columns; (c) bending
beams; (d) shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

After exposure to elevated temperature, the evaporation of free water and bound water in concrete
leads to internal cracks. And then, the structure of hardened cement paste is crisp pine. The thermal
performance of the coarse aggregate and concrete is inconsistent. Therefore, internal cracks continue
to develop due to uncoordinated thermal expansion and syneresis micro-deformation. And then, the
interface between aggregate and cement paste is further loosened when the temperature is above
700 degrees centigrade. Then, the pore size of cement slurry increases further. The crack between
aggregate and slurry expands rapidly, the crack width increases. Therefore, the strength of concrete
decreases. It can be proved by the scanning electron microscope (SEM) test in the literature [35].

As seen from Figure 13e, the bearing capacity of SRRAC components decreases significantly,
especially with higher exposure to elevated temperature. However, the amplitude of reduction is
slower than the test block. The law of bearing capacity degradation of the bending beam and the shear
beam is basically the same. The bearing capacity is degraded slowly when T is less than 400 degrees
centigrade. The degradation rate speeds up when T is greater than 400 degrees centigrade. Bearing
capacity degradation rate is about 30% when T is 600 degrees centigrade. Its value is equaled to 50% of
the rectangular prism specimens. The law of bearing capacity degradation of SRRAC columns under
compression is similar to the prism block. And the degradation rate of SRRAC column is slower than
that of rectangular prisms specimens, when T is greater than 400 degrees centigrade. The bearing
capacity degradation of compression components is more serious than that of flexural components
after exposure to the same elevated temperature. The βN of compressive components is about 11%
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to 22% smaller than that of flexural components in the scope from 200 degrees centigrade to 600
degrees centigrade.

As seen from Figure 13f, the replacement percentage of recycled coarse aggregate has an
insignificant effect on RAC test blocks and SRRAC components after exposure to elevated temperature.
As the increase of replacement percentage, the variation ranges of the bearing capacity of prism
test block, compression column, bending beam and shear beam are 1~16%, 1~4%, 2~1% and 6~10%,
respectively. Generally speaking, the bearing capacity of specimens increases slightly with the increase
in the replacement percentage. Free water in concrete evaporates at elevated temperature action to
form pore. And then, the bearing capacity of concrete falls. However, the surface of recycled coarse
aggregate is rough and porous, which can hold water firmly and reduce the evaporation of free water.
So bearing capacity of RAC degenerates slower than ordinary concrete. In conclusion, after exposure
to elevated temperature, the bearing capacity of SRRAC components is slightly better than that of
ordinary steel reinforced concrete components.

4.2. Stiffness Degradation

The law of secant stiffness degradation of specimens is shown in Figure 14. And secant stiffness
is the secant modulus at 0.4 Np. As seen from Figure 14a–e, the laws of stiffness degradation of the
specimens are similar to that of bearing capacity. But the degradation of stiffness is larger than that
of bearing capacity. The bending stiffness of the beam deteriorated most slowly. Bending stiffness
degradation rate is about 49%, when T is 600 degrees centigrade. The axial compressive stiffness of the
prism test block deteriorated most rapidly. The axial compressive stiffness degradation rate is about
70% when T is 600 degrees centigrade. And the axial compressive stiffness degradation rate is about
88% when T is 800 degrees centigrade. According to the degradation trend, the stiffness degradation
rate of SRRAC components under axial compression is larger than that of the flexural components after
exposure to elevated temperature. Stiffness degradation coefficient (βK) of compression components
is about 5~21% less than that of the flexural member when T is at 200 degrees centigrade to 600
degrees centigrade.

Figure 14. Stiffness degradation. (a) rectangular prisms specimens; (b) columns; (c) bending beams; (d)
shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

As seen in Figure 14f, the stiffness of each component after exposure to elevated temperature is
an insignificantly affected by the replacement percentage. As replacement percentage increases, the
variation ranges of the axial compression stiffness of prism test block and column, flexural rigidity and
shear rigidity of beams are −5~8%, −7~−3%, −3~2% and −14~−2%, respectively. In general, stiffness
of a component has a slight descent trend after exposure to elevated temperature with replacement
percentage increases. The cause of stiffness degradation of RAC and SRRAC is similar to that of
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bearing capacity degradation. Both are caused by the evaporation of free water in RAC and bond
failure between the cement slurry and aggregate. And the failure mechanism of the RAC after exposure
to elevated temperature is basically similar to that of ordinary concrete.

4.3. Peak Deformation

The law of peak deformation of specimens is shown in Figure 15. The peak deformation is
the axial deformation corresponding to the peak load for test blocks and columns or the mid span
deflection corresponding to the peak load for beams. As seen from Figure 15, peak deformation is
insignificant affected by high temperature when T is less than or equal to 400 degrees centigrade.
The peak deformation of the test block, column and shear beam increases rapidly with temperature
increases when T is higher than 400 degrees centigrade. The peak deformation of the test block is about
2.26 times that of the room temperature. But the peak deformation of bending beams is less affected by
temperature. Its peak deformation is approximately 1.24 times that of the room temperature when T is
equal to 600 degrees centigrade. The increase of peak deformation is related to the increase of porosity
inside concrete after exposure to elevated temperature.

Figure 15. Deformation corresponding to the peak load. (a) rectangular prisms specimens; (b)
columns; (c) bending beams; (d) shear beams; (e) The influence of temperature; (f) The influence
of replacement percentage.

According to Figure 15f, the effect of replacement percentage on peak deformation of different
components is different. The peak deformation linearly increases as the replacement percentage
increases for a test block. And when the replacement percentage is 100%, the peak deformation is
about 1.22 times that of replacement percentage at 0%. The peak deformation of the bending beams
and shear beams increases first and then decreases. And those maximum increment is 39% and 32%,
respectively. However, the replacement percentage has an insignificant effect on the peak deformation
of axial compression column. And its peak deformation only decreases by 4% when the replacement
percentage is 70%.

4.4. Ductility

Ductility (μ = Δu/Δy) is calculated according to the load-deformation curve. And Δu is the value
of deflection at 0.85 times Np, and the maximum deformation is taken to be Δu when the load falls
below 0.85 Np. Δy is the value of initial yield deformation and calculated by the equivalent energy
method. As shown in Figure 16, the dimension of OAB is equal to the dimension of YUB.
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Figure 16. The sketch of energy equivalent method.

Figure 17 shows the displacement ductility factor of each component after exposure to different
elevated temperature. As seen from Figure 17a–e, the displacement ductility coefficient of each
component fluctuated slightly up or down as exposure to elevated temperature rises. Generally
speaking, the ductility factor of the four types specimens decreases with increasing temperature when
T is between 200 degrees centigrade and 400 degrees centigrade. When T is equal to 400 degrees
centigrade, the displacement ductility factor of test block, column, bending beam and shear beam
decrease by 10%, 28%, 44% and 31%, respectively. The displacement ductility factor of each component
varies from −25% to 4% when T is higher than 400 degrees centigrade.

Figure 17. Ductility. (a) rectangular prisms specimens; (b) columns; (c) bending beams; (d) shear
beams; (e) The influence of temperature; (f) The influence of replacement percentage.

As seen from Figure 17f, the displacement ductility factor of the bending beam increases first
and then decreases. And the displacement ductility factor of bending beam increases 63% when the
replacement percentage is 70%. And the displacement ductility factor of bending beam decreases 24%
when replacement percentage is 100%. Then, the displacement ductility factor of the other three types
of components varies slightly with replacement percentage varies.

4.5. Energy Dissipation

Energy dissipation factors (η = SOUYC/SOABC) are calculated according to the load-deformation
curve. As showed in the Figure 18, the SOUYC is equal to the shadow area surrounded by the load
deflection curve. The SOABC is equal to the rectangle area, which is passes through the peak point (U)
and the limit deformation point (Y).
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Figure 18. The sketch of energy consumption coefficient.

Figure 19 shows the energy dissipation factors of each component after exposure to different
elevated temperature. As seen from Figure 19a–e, the law of energy dissipation factors of each
component is similar to that of ductility factor. Energy dissipation factor decreases with the increase of
temperature when T is lower than or equal to 400 degrees centigrade. When T is equal to 400 degrees
centigrade, the energy dissipation factor of test block, column, bending beam and shear beam decrease
by 13%, 11%, 7% and 10%, respectively. The energy dissipation factor increases slightly when T is from
400 degrees centigrade to 600 degrees centigrade. The energy dissipation factor decreases steeply when
T is above 600 degrees centigrade. When T is equal to 800 degrees centigrade, the energy dissipation
factor of test block and column decreases 36% and 10%, respectively. As seen from Figure 19f, the
energy dissipation factor of each component is not obviously affected by the replacement percentage.
The energy dissipation factor varies from −10% to 16% with replacement percentage increases.

Figure 19. Energy dissipation. (a) rectangular prisms specimens; (b) columns; (c) bending beams;
(d) shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

5. Conclusions

(1) Significant physical changes occurred on RAC surface after exposure to elevated temperature.
Firstly, color on RAC surface changed from green-grey to gray-white. And then, chapped
phenomenon occurs on the RAC surface when the temperature reached 600 degrees centigrade.
Finally, the spalling phenomenon occurs on RAC surface when the temperature reaches 800
degrees centigrade. The phenomenon of mass loss can be found in the RAC after exposure to
elevated temperature, and the phenomenon is more significant when the temperature and the
replacement percentage increase.

(2) Mechanical properties of RAC test blocks and SRRAC components are significantly degraded
after exposure to elevated temperature. And its bearing capacity and stiffness degrade most
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obviously. And the performance of the prism test block degraded faster than SRRAC components.
Performance degradation of SRRAC beams is slower than RAC test blocks and SRRAC columns.

(3) The bearing capacity, stiffness and peak deformation vary slightly with temperature changes
when the temperature is below 400 degrees centigrade. When the temperature exceeds
400 degrees centigrade, the bearing capacity and stiffness decrease steeply, and the peak
deformation increases steeply. And ductility and energy dissipation are insignificant affected by
elevated temperature.

(4) Loss on ignition of specimen mass, the peak deformation and bearing capacity increase slightly
with replacement percentage increases. The stiffness was significant fluctuation when replacement
percentage was 70% to 100%. The ductility and energy dissipation were significant fluctuation
when replacement percentage was 30% to 70%.

6. Future Research

At present, research on residual properties of SRRAC after exposure to elevated temperature
is still in the initial stage. In order to further promote the application of SRRAC components, the
following focuses should be further studied or discussed.

(1) This research focuses on the influence of the parameters (replacement percentage of recycled
coarse aggregate and exposure to different temperatures) on the residual properties of SRRAC
components. However, the coverage of steel bars or steel profiles can be influence on the
mechanical properties of SRRAC components according to the regulations. Therefore, the
influence of concrete cover and the coverage of steel bars or steel profiles on the residual properties
of SRRAC components should be further discussed.

(2) In this research, in order to ensure the same water–cement ratio of natural aggregate concrete
and recycled aggregate concrete, the same amounts of water were used in the mix proportion.
However, the porosity of recycled aggregate is higher than that of natural aggregate. So that
the water absorption of recycled aggregate is higher than that of natural aggregate. Therefore,
in order to get more accurate test results, it is necessary to further consider the influence of the
water absorption of recycled coarse aggregate on effective water cement ratio.

(3) In order to obtain more comprehensive laws of residual properties of SRRAC components after
exposure to elevated temperature, the X-ray diffraction (XRD), thermogravimetric analysis (TGA)
and SEM tests should be carried out for further research. Because XRD and TGA tests can reveal
the chemical changes produced by the high temperatures in the concrete. And SEM tests and
image analysis can identify on a microscopic scale the original, difference and failure procedures
presented by the different samples.
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Abstract: It has been proved that artificial neural networks (ANN) can be used to predict the
compressive strength and elastic modulus of recycled aggregate concrete (RAC) made with recycled
aggregates from different sources. This paper is a further study of the use of ANN to analyze the
significance of each aggregate characteristic and determine the best combinations of factors that
would affect the compressive strength and elastic modulus of RAC. The experiments were carried out
with 46 mixes with several types of recycled aggregates. The experimental results were used to build
ANN models for compressive strength and elastic modulus, respectively. Different combinations
of factors were selected as input variables until the minimum error was reached. The results show
that water absorption has the most important effect on aggregate characteristics, further affecting
the compressive strength of RAC, and that combined factors including concrete mixes, curing age,
specific gravity, water absorption and impurity content can reduce the prediction error of ANN to
5.43%. Moreover, for elastic modulus, water absorption and specific gravity are the most influential,
and the network error with a combination of mixes, curing age, specific gravity and water absorption
is only 3.89%.

Keywords: recycled aggregate; recycled aggregate concrete; artificial neural networks; aggregate
characteristic; input variable

1. Introduction

There is no doubt that the utilization of recycled aggregate concrete (RAC) has been the best
way to resolve the problem of the increasing amount of construction and demolition (C&D) waste
and further attain sustainable development. The improved environmental performance of recycled
aggregate concrete (RAC) [1–3] has led to research on recycled aggregate (RA) and RAC, a popular
topic in the last decades [4–7]. Recycled coarse aggregate and recycled fine aggregate were both used
in concrete to make full use of C&D wastes; meanwhile, the cementitious materials supplied, such as
fly ash and silica fume, were used together with RA for high-performance RAC [8–11]. Though there
has been a large amount of research on the properties of RAC, the results have been varied because
the properties of RAs from different sources (such as the demolition of bridges, buildings and airport
pavements) and produced using different recycling methods (e.g., the type and effort of the crushers
used) vary greatly [12]. It is generally accepted that the properties of RA and the hardened properties
of RAC made with such RA are both largely affected by the nature of the attached old mortar [13–17].
However, it is difficult to establish an accurate relationship between the two, since at present there is
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no established method for accurately measuring the quantity and quality of the attached mortar in
RA. On the other hand, RAs may also contain impurities, such as bricks, glass, tiles, asphalt, plastics,
gypsum, wood and clay, etc. In small amounts, however, their presence may seriously deteriorate the
quality of RA. The presence of other impurities makes it more complicated to predict the properties
of RAC.

Therefore, there are at least two major difficulties in building a model that can predict the
performance of hardened RAC made with RAs from different sources: (1) the model should act as
an expert system covering the factors that may affect the properties of RAC, such as cement content,
water to cement ratio, aggregate to cement ratio, cement type and particle size of aggregates, etc.; (2) an
optimal combination of RA characteristics should be included in the model so that it can be applicable
to the majority of RAs from different sources. A previous study [18] used regression analysis to propose
a number of equations relating the hardened properties (compressive strength) of RAC with the water
absorption or density of different types and combinations of aggregates obtained from different sources.
However, the accuracy of the prediction is limited since the properties of RA cannot be completely
represented by the density or water absorption values of RA. Tam and Tam [19] suggested that there
were six main factors that characterize the properties of RA: (1) particle size distribution; (2) particle
density; (3) porosity and absorption; (4) particle shape; (5) strength and toughness; and (6) chloride
and sulphate contents. Through a comparison and analysis of ten sources of RAs and one type of
natural aggregate (NA), they constructed relationships among these factors and indicated that the
RA properties could be assessed by only measuring three of the six parameters mentioned. However,
whether the model is suitable for RAs obtained from other sources has not been verified.

As a modeling tool, artificial neural networks (ANN) have been widely used since the mid-1980s,
and have also been demonstrated to have superior capacities in modeling more complex relationships.
Among all the ANN structures, the back-propagation network (BPN) is generally regarded as one
of the simplest and most applicable networks used in simulating concrete properties. As shown in
Figure 1, a typical BPN model consists of an input layer, one or more hidden layers and an output
layer, and each layer consists of numerous neurons. During the training set, feed-forward propagation
and back-propagation propagation run in turn to reach the required criteria. The former propagation
can first transform the input mode onto the hidden layer, and then pass the weighted sum of inputs
to the output layer through an activation function, resulting in one output value. In this stage,
the sigmoidal function (f (.)) is generally used, and the output can be calculated according to Equation
(1). Immediately after that, the back-propagation propagation works by passing the error of network
backwards from the output layer to the input layer, with the weights adjusted based on some learning
strategies to reduce the network error.

fj =
1

1 + exp(−∑ wjioi + b)
(1)

where wji is the connection weight from neuron i in the lower layer to neuron j in the upper layer and
an initially small random value, oi is the output of neuron i, and b is the bias value.
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Figure 1. A typical artificial neural networks (ANN) model.

Duan et al. [20] carried out a study on predicting the compressive strength of RAC at the curing
time of 28 days using an ANN model. The authors collected a large amount of published data on the
28-day compressive strength of RAC, which came from previous research. The RA used was derived
from different countries and sources. The data were used for the construction of the ANN model,
and the predicted results of the ANN model were quite accurate. Moreover, the same author also
established another ANN model for predicting the elastic modulus of RAC [21]. This model was built
based on regression analysis and performed better predictions. Sensitivity analysis, an uncertainty
analysis technique in relation to quantitative analysis, is a study to assess the sensitivity of the
prediction results of the model to the change in the selected input variables [22]. It also determines
the significance of these uncertain factors on the results [23–25]. Therefore, it is of interest to apply
the sensitivity analysis to the constructed ANN model to further study the influence of each input
variable on the output. By conducting a sensitivity analysis, Jain et al. [26] determined the effect of the
constituents of concrete mixes on the desired workability.

To predict the compressive strength of NAC (natural aggregate concrete) using ANN, the concrete
mix proportions used [27–30] and the time of testing of the compressive strength [31–33] were generally
selected as the input variables. For concrete made with RAs from different sources, the difference
between the properties of different RAs should be taken into account. The aggregate characteristics,
such as water absorption, specific gravity, and aggregate crush value are closely related to the properties
of the old mortar attached, which can affect the properties of RAC by different levels. In theory,
the more factors are taken into consideration, the more accurate the model is. However, in practice
it is unsuitable to use all the affected factors due to the complicated calculation and the measuring
error. Therefore, it is important to determine the significance of each RA characteristic and the optimal
combination of factors, which aims to ensure the factors can be applicable to the majority of RAs from
different sources. In other words, how to fully represent the aggregate properties in the ANN model is
an important issue.

The purpose of this study is to examine the relative importance of the different characteristics
of RA in affecting RAC properties. Moreover, it also aims to determine which factor or combination
of factors is most suitable for representing RA properties when used in ANN model for compressive
strength and elastic modulus prediction. In this study, the following steps were used for this purpose.

2. Methodologies

2.1. Building the ANN Models and the Sensitivity Analysis

First, experiments on the mechanical properties of RAC with different RAs were carried out in the
laboratory, which had 46 concrete mixes and were divided into 3 groups. The RAs were categorized
into 3 groups according to their sources: (1) RAs derived from 3 different sources and crushed
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using different methods; (2) RAs derived from concrete cubes made in the laboratory with different
compressive strengths (35–85 MPa); (3) RAs contained different amounts of masonry added (clay bricks
or tiles). As many sources of natural and recycled aggregates were used in these mixes, 8 aggregate
characteristics, including fineness modulus of the fine aggregate (FM), residual mortar content (MC),
10% fines value (TFV), aggregate crushing value (ACV), water absorption value (Wa), specific gravity
(SGSSD), impurity content (δ) and masonry content (m) of the coarse aggregate, were comprehensively
measured and quantified. These factors, together with the mix proportions and concrete curing time,
were selected as the input variables of the ANN for modeling the compressive strength and elastic
modulus. To facilitate the analysis, factors including the mix proportions (5 variables) and curing
time (1 variable) were designated as “certainties”, while the other factors (8 variables) were named
“uncertainties”.

The experimental results obtained from the above mixes at different ages were divided into
three groups, acting as: (i) the training set; (ii) the validation set; and (iii) the testing set, respectively.
The corresponding ANN model could be established using the procedures described previously [20].
For each model, the ANN network parameters were determined when the error values reached the
minimum. Based on the comparison of the error of integral testing set after a series of trials, the initial
network architecture and parameters used in this study were as follows:

• Number of input layer units = 14
• Number of hidden layers = 1
• Number of hidden layer units = 40
• Number of output layer units = 1
• Momentum rate = 0.9
• Learning rate = 0.01
• Learning cycle = 15,000

In this study, the mean absolute percentage error (MAPE), root-mean-squared error (RMS) and
absolute fraction of variance (R2) computed using Equations (2)–(4) were used to access the accuracy
of the ANN model developed.

MAPE =

(
oj − tj

oj

)
(2)

RMS =

√
1
p
× ∑j

∣∣∣tj − oj
∣∣2 (3)

R2 = 1 −
⎛
⎝∑j

∣∣∣tj − oj
∣∣2

∑j (oj)
2

⎞
⎠ (4)

where t: the predicted output of the network; o: the actual output of the network; p: the total number
of training and testing patterns; tj: the predicted output of jth pattern of the network; oj: the actual
output of jth pattern of the network.

After the construction of the ANN models, the sensitivity analysis was then conducted according
to Figure 2.
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Figure 2. Flow chart of the sensitivity analysis

Step 1: A comparison of the performance between the models (ANN14) with all variables
(14 variables) and that (ANN6) with certainties (only 6 variables) was first made, while keeping
the other networks parameters constant.

Step 2: Various combinations of the uncertainties (aggregate characteristics) together with the
“certainties” were used as the inputs of each model to find the best model with the minimum error.
However, it would take a huge amount of time if all the combinations were tried out one by one.
Considering the interaction and constraints among the aggregate characteristics, a simple method
developed to determine the best combination of variables is shown in Figure 3.

Figure 3. The determination of the best combination of input variables.

• At Stage a, the resulted error of ANN6 was compared with that of the networks (ANN7) when
each “uncertainty” was sequentially added as an input variable. If the error could not be reduced,
then the “uncertainty” added was regarded as negative for the output and would not be further
studied in the next stages. The larger the reduction in the error value, the more important the
respective “uncertainty”, and vice versa.

• At Stage b, the variables that could reduce the error of ANN6 were retained. Sequentially, each
variable was paired with the others as the added inputs of ANN6 to build a new model (ANN8),
and the resulted error values were compared with those of the networks (ANN7) when only
one variable was added to ANN6. If the resulted error of the ANN8 was not less than that of
each ANN7, the pair of variables was not further studied. For example, as shown in Figure 3,
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in the further right column, items 3 and 4 represent two aggregate characteristics, respectively.
Accordingly, C3 and C4 (in the second right column) represent a combination of “certainty”
variables with items 3 and 4, respectively. Assuming that the addition of either item 3 or item
4 to the certainties could reduce the network error of ANN6, C3 and C4 would be both retained
and used to form a new combination C34, which contained 8 input variables (items 3, 4 and
certainties). When comparing the MAPE values of the networks using C34, C3 and C4 as inputs,
respectively, and if the first one was lower than both the latter two values, C34 would be retained
for the next stage. Otherwise, it would be discarded.

• This above approach was continued until the networks error could not be further reduced. In this
way, after trying out all the possible combinations, the most influential factor or a combination of
factors to the compressive strength and elastic modulus of RAC could be identified.

Considering that the predicted results of the networks would change slightly even when using
the same model, each of the networks was trained 5 times and the average value of the MAPEs of the
testing set and validation set was used as the final indicator of the network error.

2.2. Experimental Program

It is not necessary to use ANN to model the effect of RA on the properties of RAC when only one
type of RA is used, since in this case the complexity of RA cannot be reflected and the predictive ability
of ANN is generally no better than that of traditional methods like regression analysis.

When RAs from different sources were used, ANN models, which are more capable of modeling
complex non-linear relationships, may be more suitable for predicting the hardened properties of
RAC. The published data of RAs used can be divided into two cases: (1) several types of RAs used
by a single researcher; (2) the data of RAs from different literature sources. The factors that influence
the properties of RAC and used as the input variables of the networks in the two cases are quite
different. For the former case, the types of materials other than aggregate, specimen size and operator
error are essentially the same, so only the mix proportions and RA characteristics are chosen as the
input variables; for the latter case, on the other hand, in addition to the mix proportions and RA
characteristics, more factors such as cement type, specimen size, etc. should be included to establish a
generalized model. In this paper, only the first case is considered. The second case will be dealt with in
a separate paper.

(1) The source of the data

As introduced above, experiments on the mechanical properties of RAC with different RAs
were carried out in the laboratory, which had 46 concrete mixes and were divided into 3 groups.
The properties of these aggregates are shown in Table 1. Except for the chosen aggregate characteristics,
the particle size was also listed in Table 1 for different aggregate types. The details of the mixes and the
corresponding hardened properties of the concrete prepared are shown in Tables 2 and 3, respectively.

Table 1. Properties of aggregates.

Sources
Aggregate Particle Size SGSSD Wa Mc ACV (%) TFV (KN) m δ

FM
Type mm g/cm3 % % 10–14 mm 10–14 mm % %

Source 1

NA1 20 2.6 1.01 0 21.7 155 0 0 /
RA1 20 2.48 3.36 21 22.5 143 1.4 0.4 /
RA2 20 2.36 6.14 35.1 23.4 133 2.9 1.1 /
RA3 20 2.36 6.44 62 23.9 127 1 0 /

FNA1 5 2.63 0.94 0 / / 0 0 2.19
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Table 1. Cont.

Sources
Aggregate Particle Size SGSSD Wa Mc ACV (%) TFV (KN) m δ

FM
Type mm g/cm3 % % 10–14 mm 10–14 mm % %

Source 2

NA2 20 2.66 0.71 0 15.8 259 0 0 /
RA4 20 2.41 6.38 0 19.3 131 0 0 /
RA5 20 2.42 5.18 0 19.7 154 0 0 /
RA6 20 2.44 5.36 0 19.5 151 0 0 /
RA7 20 2.45 5.3 0 20.3 147 0 0 /
RA8 20 2.46 5.36 0 20.4 155 0 0 /

FNA2 5 2.62 0.76 0 / / 0 0 3.28

Source 3

NA1 20 2.6 1.01 0 21.7 155 0 0 /
NA2 20 2.66 0.71 0 15.8 259 0 0 /
RA9 20 2.49 3.85 22 21.5 149 2 1.1 /
brick 20 1.99 21.74 0 27.1 44 100 100 /
tile 10 2.03 14.82 0 19.1 105 100 100 /

FNA2 5 2.62 0.76 0 / / 0 0 3.28
FNA3 5 2.61 0.44 0 / / 0 0 2.94

NA1-NA2, RA1-RA9, FNA1-FNA3 represent natural coarse aggregate, recycled coarse aggregate, and natural fine
aggregate from different sources or batches, respectively. SGSSD: specific gravity; Wa: water absorption value; Mc:
residual mortar content; ACV: aggregate crushing value; TFV: 10% fines value; FM: fineness modulus.

Table 2. Mix proportions of recycled aggregate concrete (RAC) made with aggregates from different
sources (kg/m3).

Sources Mixes W Cement Sand NA RA Aggregate Used

Source 1

NA30 205 300 697 1143 0 NA1
RC30-1 205 300 697 0 1075 RA1
RC30-2 205 300 697 0 1027 RA2
RC30-3 205 300 697 0 1027 RA3
NC45 180 350 706 1158 0 NA1

RC45-1 180 350 706 0 1089 RA1
RC45-2 180 350 706 0 1041 RA2
RC45-3 180 350 706 0 1041 RA3
NA60 185 425 696 1092 0 NA1

RC60-1 185 425 696 0 1028 RA1
RC60-2 185 425 696 0 982 RA2
RC60-3 185 425 696 0 982 RA3
NA80 165 485 685 1089 0 NA1

RC80-1 165 485 685 0 1039 RA1
RC80-2 165 485 685 0 979 RA2
RC80-3 165 485 685 0 982 RA3
MC45-2 180 350 675 0 1089 RA2
MC45-3 180 350 654 0 1041 RA3
MC60-2 185 425 637 0 1028 RA2
MC60-3 185 425 618 0 982 RA3

Source 2

NAC 155 440 666 1166 0 NA2
R30 155 440 666 0 1070 RA4
R45 155 440 666 0 1077 RA5
R60 155 440 666 0 1083 RA6
R80 155 440 666 0 1090 RA7

R100 155 440 666 0 1094 RA8

Source 3

Control 190 380 710 1110 0 NA2 + FNA3
T5 190 380 710 1055 44 NA2 + FNA3 + tile

T10 190 380 710 999 88 NA2 + FNA3 + tile
T15 190 380 710 944 132 NA2 + FNA3 + tile
b5 190 380 710 1055 43 NA2 + FNA3 + brick

b10 190 380 710 999 86 NA2 + FNA3 + brick
b15 190 380 710 944 129 NA2 + FNA3 + brick

b5r50 185 370 732 545 481 NA1 + RA9 + FNA2 + brick
b5r100 185 370 732 0 961 RA9 + FNA2 + brick
b10r50 185 370 732 545 475 NA1 + RA9 + FNA2 + brick

b10r100 185 370 732 0 948 RA9 + FNA2 + brick
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Table 2. Cont.

Sources Mixes W Cement Sand NA RA Aggregate Used

b15r50 185 370 732 545 526 NA1 + RA9 + FNA2 + brick
b15r100 185 370 732 0 1049 RA9 + FNA2 + brick
T5r50 185 370 732 545 486 NA1 + RA9 + FNA2 + tile

T5r100 185 370 732 0 970 RA9 + FNA2 + tile
T10r50 185 370 732 545 511 NA1 + RA9 + FNA2 + tile
T10r100 185 370 732 0 1018 RA9 + FNA2 + tile

ro 185 370 732 1090 0 NA1 + FNA2
r50 185 370 732 545 463 NA1 + RA9 + FNA2
r100 185 370 732 0 924 RA9 + FNA2

NA: natural aggregate; RA: recycled aggregate.

Table 3. Mechanical properties of RAC.

Sources Mixes
fc (MPa) Ec (GPa)

1 Day 4 Days 7 Days 28 Days 90 Days 28 Days 90 Days

Source 1

NA30 34.5 39.4 25.1 26.6
RC30-1 35 39.8 20.85 25.18
RC30-2 29.2 34 21.9 22.83
RC30-3 27.7 28.4 20.49 21.5
NC45 48.3 53 30.68 31.1

RC45-1 47.6 51.3 28.86 30.68
RC45-2 42 47 24.46 25.91
RC45-3 42.9 46.3 26.55 27.22
NA60 61.6 69.6 32.36 34.5

RC60-1 60 67.7 29.42 33.42
RC60-2 53.7 55.5 24.61 26.3
RC60-3 53.2 58.6 28.5 27.94
NA80 80.5 88.3 35.43 36.88

RC80-1 78.2 84.1 34.76 35.49
RC80-2 71.2 74.3 29.52 29.92
RC80-3 65.4 73.3 30.62 30.74
RC45-1 49.2 51.5 29.5 31.2
RC45-2 43.6 50.1 25.48 26.35
RC60-1 60.4 68 30.7 33.6
RC60-2 57.3 62.7 26.99 27.3

Source 2

NAC 29.3 54.8 59.7 69.6 75.3 32.3 36.1
R30 24 50.7 54.1 59.4 63 27.43 28.67
R45 31 56 60.2 69.8 76.3 27.26 30.9
R60 22.9 50.1 57.6 67.8 74.8 27.02 30.98
R80 24.8 52.6 59.4 68.7 72.7 26.85 30
R100 20.1 46.5 55.2 62.1 66.3 26.79 28.48

Source 3

Control 54.4 60.5 29.85 31.51
T5 54.4 59.9 28.42 30.94
T10 54.9 60 27.44 29.14
T15 52.5 57.6 27.09 28.08
b5 54.2 59.4 27.49 30.27
b10 52.3 57.6 25.46 28.05
b15 46.9 54.8 23.18 24.24

b5r50 18.6 38.2 a 41.7 48.4 54.1 29.03 30
b5r100 15.9 34.7 a 35 44 45.9 27.1 27.9
b10r50 25.3 b 39.1 47.5 54 27 28.26

b10r100 23.9 b 34.6 42.4 45.4 26.69 27.85
b15r50 21.6 37.5 38.8 46.7 50.5 24.42 26.14
b15r100 17.5 31.5 33.9 41.1 42.1 24.15 25.58
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Table 3. Cont.

Sources Mixes
fc (MPa) Ec (GPa)

1 Day 4 Days 7 Days 28 Days 90 Days 28 Days 90 Days

T5r50 20 34.9 c 41.4 49.1 54 27.39 30.13
T5r100 18.5 36.5 44.7 47.4 25.69 26.15
T10r50 19.2 37.6 42.5 50.7 52.8 26.72 28.87

T10r100 14.4 28.6 34.4 39.9 42 24.55 25.55
r0 21.3 42.1 48.2 51.3 30.45 33.86
r50 20 40.2 44.1 50.3 53.6 29.58 30.35

r100 18 40.1 43 49.2 51.3 26.78 27.86
a, b, c measured at the age of 5 days, 2 days and 3 days, respectively.

(2) Construction of the ANN models

As shown in Table 3, the experiment had a total of 145 and 92 results for compressive strength
and elastic modulus, respectively, which were divided randomly into 3 groups used to construct
the ANN models. The 3 groups were used as the training, testing and validation sets, respectively.
The testing and validation sets were intended to establish the model with the generalization ability.
After training, the optimal models for simulating the compressive strength (ANN14-fc) and elastic
modulus (ANN14-Ec) using all 14 variables were constructed (Figure 4), and the network architecture
and parameters selected were as follows, in line with the similar procedure previously established [15].

• Number of input layer units = 16
• Number of hidden layers = 1
• Number of hidden layer units = 40
• Number of output layer units = 1
• Momentum rate = 0.9
• Learning rate = 0.01
• Learning cycle = 10,000

Figure 4. ANN model constructed for compressive strength or elastic modulus.

3. Results and Discussion

The performance of the constructed ANN models (ANN14-fc, ANN14-Ec) in predicting the
compressive strength and elastic modulus of RAC with all 14 variables and compared to the models
(ANN6-fc, ANN6-Ec) using only the “certainties” as input variables is shown in Table 4 and Figure 5.
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Table 4. Performance of ANN models. MAPE: the mean absolute percentage error; RMS: root-mean-
squared error.

Sets Model R2 RMS MAPE (%) Model R2 RMS MAPE (%)

Training
ANN14-fc

0.9984 2.067 3.531
ANN14-Ec

0.9999 0.2825 0.73
Testing 0.9952 3.445 5.859 0.9965 1.6986 4.72

Validation 0.9949 3.562 6.032 0.9968 1.563 4.399

Training
ANN6-fc

0.997 2.764 4.743
ANN6-Ec

0.9941 0.9558 2.641
Testing 0.987 5.234 8.67 0.9931 2.3066 6.437

Validation 0.992 4.41 7.557 0.9913 2.5234 7.264

 
Figure 5. Performance of the ANN models constructed. MAPE: the mean absolute percentage error;
RMS: root-mean-squared error.

The correlation coefficient R2 of the networks in modeling the compressive strength and
elastic modulus reached 0.9984 and 0.9999, respectively, indicating that the correlations between
the predictions and the true results were very good. The R2 values of both models were all above 0.994
in the testing and validation sets and these further proved that the constructed models, ANN14-fc and
ANN14-Ec, had not only good simulating abilities, but also good generalization capabilities.

When only the mix proportions and the curing ages were used as the inputs of the networks,
the R2 values of ANN6-fc and ANN6-Ec in the training sets were still up to 0.997 and 0.9941. However,
the generalization performance (testing and validation sets) of both networks were significantly poorer,
with the R2 values reduced to the range of 0.987–0.9931 and the predicted errors MAPE increased by
about 50% in both the validation and testing sets. This might explain why many established formulae
(based on regression analysis) could not be used for practical applications although they had good
correlation coefficients.

For compressive strength, Figure 6 shows that the predicted error of the networks (ANN6-fc) using
only “certainties” as inputs was about 8.11%, and the performance of the networks could be enhanced
with the addition of each aggregate characteristic to the inputs. It can be found that the predicted
error of compressive strength was lower when the water absorption or masonry content of the coarse
aggregate were taken into consideration, which was almost close to the model (ANN14-fc) with all
variables as inputs.
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Figure 6. Influence of each uncertainty on the properties of RAC relative to models (ANN6) with only
“certainties” as inputs—Stage a.

As shown in Table 5, the performance of the networks (ANN8) with the combinations of two
aggregate characteristics added as inputs of ANN6-fc was not necessarily better than those with only
one aggregate characteristic added to the inputs. This was mainly due to the fact that the degrees
of influence related to these aggregate characteristics were inconsistent, which may have misled
the correlation of the inputs and outputs. However, the results demonstrated that the use of seven
combinations (italics) of aggregate characteristics as inputs to ANN6-fc could improve the predicted
capability of the networks; these combinations were SGSSD and Wa, SGSSD and TFV, Wa and δ, Wa and
TFV, FM and TFV, m and δ, and m and Mc.

Table 5. The errors of networks for compressive strength with different input variables—Stage b (%).

Factors SGSSD Wa FM Mc δ m TFV ACV

SGSSD 6.44 5.94 6.95 7.12 6.8 7.63 6.11 6.54
Wa 6.03 6.6 6.99 5.76 6.89 5.92 6.55
FM 7.36 7.34 7.48 6.91 6.55 8.02
Mc 7.7 5.84 5.99 6.99 7.25
δ 7.07 6.88 8.09 7.23
m 6.16 8.32 6.64

TFV 6.94 6.87
ACV 6.42

For Tables 5–8, each figure represents the mean absolute percentage error (MAPE) value of the networks with
“certainties” and the uncertain factors indicated in the 1st row and 1st column as inputs; the bold figures represent
the MAPE value of the networks with “certainties” and the uncertain factors indicated either in the 1st row or 1st
column as inputs; the underlined figures are MAPE values lower than those of the corresponding bold letters.

Then, these combinations of two characteristics were used to examine whether they could form
new combinations of three or four characteristics that could further improve the prediction of the
networks. The results listed in Table 6 show that the error of networks could be reduced to 5.43–5.91
when the following combinations of aggregate characteristics, together with “certainties”, were adopted
as the inputs of networks: SGSSD + Wa + δ, SGSSD + m + TFV + Mc, SGSSD + Wa + TFV and FM + m +
TFV + Mc. Moreover, the further combinations of these factors was no longer useful to reduce the error
of prediction of the networks (Table 7).

196



Appl. Sci. 2018, 8, 2171

Table 6. The errors of networks for compressive strength with different input variables—Stage c (%).

Factors SGSSD + Wa SGSSD + TFV Wa + δ Wa + TFV FM + TFV m + δ m + Mc

SGSSD + Wa 5.94 5.61 5.43 5.61 6.26 6.93 6.55
SGSSD + TFV 6.11 6.4 5.61 6.67 6.85 5.53

Wa + δ 5.76 5.81 6.33 6.52 6.16
Wa + TFV 5.92 5.96 5.96 7.87
FM + TFV 6.55 6.8 5.91

m + δ 5.84 6.95
m + Mc 5.99

Table 7. The errors of networks for compressive strength with different input variables—Stage d (%).

Factors SGSSD + Wa + TFV SGSSD + Wa + δ SGSSD + m + TFV + Mc FM + m + TFV + MC

SGSSD + Wa + TFV 5.61 5.91 5.93 6.07
SGSSD + Wa + δ 5.43 5.94 6.28

SGSSD + m + TFV + Mc 5.53 6.19
FM + m + TFV + Mc 5.91

To sum up, the addition of any one of the eight aggregate characteristics to ANN6-fc could help
achieve a better prediction of the compressive strength of RAC. When these characteristics were
added to the input variables of ANN6-fc alone, water absorption contributed to the largest reduction
in the error of networks, from about 8.11% to only 6.03%. The use of some combinations of these
eight characteristics could further decrease the error of networks, even lower than that of ANN14-fc.
The network error was only 5.43% when a combination of SGSSD, Wa, δ, and the “certainties” (mix
proportions and curing ages) were used as the input variables.

The case was slightly different for the elastic modulus. As shown in Figure 5, the error of the
networks (ANN6-Ec) with only the mix proportions and the curing ages as inputs was about 6.73%.
When each one of the eight aggregate characteristics was added to the input variables alone, the results
showed that three characteristics (viz mortar content, aggregate crushing value and 10% fines value)
could not improve the prediction, while the other five characteristics could help to optimize the model;
among the eight aggregate characteristics, the SGSSD and Wa played the most significant influence,
being capable of reducing the error to about 4.84% and 4.83%, respectively.

However, only the combination of SGSSD and Wa could further decrease the network error to
about 3.89%, as shown in Table 8. Therefore, in this study the best combination of parameters for
modeling the elastic modulus of RAC was mix proportions, curing ages, and the specific gravity and
water absorption values of the RA.

Table 8. The errors of networks for elastic modulus with different input variables—Stage b (%).

Factors Mc FM δ SGSSD Wa

Mc 6.43 6.93 6.76 5.5 5.15
FM 6.35 6.98 5.01 4.94
δ 5.58 5.76 5.52

SGSSD 4.84 3.89
Wa 4.83

4. Conclusions

The purpose of this paper was to analyze the significance of each aggregate characteristic and
determine the best combinations of factors which further influence the compressive strength and
elastic modulus of RAC using the ANN model. The ANN model was trained and built on the basis
of a series of experimental results including 46 concrete mixes. The research took eight factors into
consideration as the inputs of the ANN model. The results are as follows.
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(1) The predicted results of RAC prepared with different sources of RAs were not satisfactory using
the ANN models (ANN6-fc and ANN6-Ec), although the learning abilities of these models were
still good. This was because these ANN models only adopted the mix proportions and curing
age as the input variables, without considering the aggregate characteristics of RA, which were
quite different from the natural aggregate.

(2) The water absorption of RA played a most important role in affecting the compressive strength
of RAC, the addition of which could reduce the error of ANN6-fc from 8.11% to 6.03%.
The combination of specific gravity, water absorption and impurity content could further decrease
the error to only about 5.43%.

(3) As regards elastic modulus, characteristics like mortar content, aggregate crushing value and
10% fines value were proved to be not important in affecting the prediction. In addition to the
mix proportions and curing ages, water absorption and specific gravity were the most significant
aggregate characteristics. The addition of each of them as networks inputs could decrease the
error to less than 4.85%, and the network error could even be reduced to only about 3.89%
when the inputs were a combination of mix proportions, curing time, specific gravity and water
absorption of the coarse aggregate.
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Abstract: This study assessed the influence of matter discharged during the production (dry/wet)
of recycled aggregate on global warming potential (GWP) and acidification potential (AP),
eutrophication potential (EP), ozone depletion potential (ODP), biotic resource depletion potential
(ADP), photochemical ozone creation potential (POCP) using the ISO 14044 (LCA) standard.
The LCIA of dry recycled aggregate was 2.94 × 10−2 kg-CO2eq/kg, 2.93 × 10−5 kg-SO2eq/kg,
5.44 × 10−6 kg-PO4

3
eq/kg, 4.70 × 10−10 kg-CFC11eq/kg, 1.25 × 10−5 kg-C2H4eq/kg, and

1.60 × 10−5 kg-Antimonyeq/kg, respectively. The environmental impact of recycled aggregate (wet)
was up to 16~40% higher compared with recycled aggregate (dry); the amount of energy used by
impact crushers while producing wet recycled aggregate was the main cause for this result. The
environmental impact of using recycled aggregate was found to be up to twice as high as that of using
natural aggregate, largely due to the greater simplicity of production of natural aggregate requiring
less energy. However, ADP was approximately 20 times higher in the use of natural aggregate
because doing so depletes natural resources, whereas recycled aggregate is recycled from existing
construction waste. Among the life cycle impacts assessment of recycled aggregate, GWP was lower
than for artificial light-weight aggregate but greater than for slag aggregate.

Keywords: recycled aggregate; concrete; life cycle assessment; environmental impact

1. Introduction

In South Korea, redevelopment and reconstruction are being actively performed due to the
economic and functional service-life expiry of older constructed structures. Such development
inevitably generates a rapidly increasing quantity of construction waste. Waste concrete accounts for
approximately 60% of the waste produced in redevelopment and reconstruction projects, and is not
being effectively recycled despite attempts underway in countries such as the United States and Japan.
Technology is currently under development to utilize recycled aggregate, obtained by crushing waste
concrete, as a high-value-add material with applications such as aggregate for road construction and
concrete. The field application of concrete using recycled aggregate is being performed with slowly
increasing frequency in a variety of areas, including road construction.

The construction industry has been making efforts to become an economically and
environmentally sustainable industry, while continuing to face social problems such as an increase
in industrial and construction waste and the measures devised to process the waste cause further
environmental problems, such as pollution and resource depletion [1].
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Moreover, the use of natural aggregate is gradually decreasing due to changes in environmental
awareness and the depletion of resources. The use of crushed stone aggregate and marine sand is
increasingly replacing natural aggregate, but these materials also cause various problems, such as
ecosystem destruction and transportation-distance challenges [2].

Recycled aggregates are alternative resources to river or forest aggregates. Their supply proportion
is continuously increasing and will continue to play an important role as a recycled resource. If natural
aggregates are consumed at the current level without promoting the usage of recycled aggregates
at a rate of 30 million tons per year, all natural aggregates are expected to be exhausted in the next
20 years [3].

However, the process of producing recycled aggregate generates large environmental loads
because it requires more processing than the collection of natural aggregate. In addition, the reliability
of the quality of recycled aggregate is low, making it most suitable for utilization in landfill or
embankments. Studies have been conducted on the quality of recycled aggregate, but there remains
a paucity of research on the reduction of the environmental load generated by the production of
recycled aggregate. Although the use of recycled aggregate that utilizes construction waste is
being recognized as a positive phenomenon in terms of the efficient utilization of resources and
the positive environmental aspects, minimizing the environmental loads inevitably generated by
aggregate production remains an important issue.

Accordingly, a number of studies on the emissions and the reduction in the environmental impact
of concretes that are mixed with recycled aggregates have been conducted overseas. A quantitative
evaluation of concretes mixed with recycled and general aggregates is required to assess the various
environmental impact categories (global warming potential (GWP), ozone depletion potential (ODP),
photochemical ozone creation potential (POCP), eutrophication potential (EP), acidification potential
(AP), and biotic resource depletion potential (ADP)).

This study assessed the life cycle environmental impact of recycled aggregate using life cycle
assessment (LCA). It divided the process into raw materials, transport, and manufacturing of recycled
aggregate, and identified the materials used in each stage and energy consumption amount in order to
assess environmental impact. The study also compared and analyzed the environmental impact of
recycled aggregate with artificial light-weight and slag aggregate.

2. Literature Review

Stefania Butera et al. [4] demonstrated that the utilization of construction and demolition waste in
road construction as a replacement material for natural gravel was preferable to landfilling for most
environmental-impact categories.

Laís Peixoto Rosado et al. [5] compared the natural and mixed recycled aggregate production for
use as road base through a life cycle assessment. The primary data have been collected in a natural
aggregate production facility and in a recycling facility of mixed aggregate in Southeast Brazil.

Vivian W. Y. Tam et al. [6] reviewed the literature on the production and utilization of recycled
aggregate in concrete, concrete pavements, roadway construction, and other civil engineering works
and some discussion on the savings on CO2 emissions have been included.

Md. Uzzal Hossain et al. [7] assessed the environmental impacts of aggregate production from
these waste materials, and compared them with the aggregate production from virgin materials that
can be utilized for the production of lower grade concrete products. Ardavan Yazdanbakhsh et al. [8]
studied the influence of the choice of geographic boundaries on the results of regional LCA studies in
a large and dense metropolitan area. Specifically, the study incorporates an LCA on the construction
and demolition waste (CDW) produced, processed, and used in concrete.

Patrizia Ghisellini et al. [9] reviewed the recent literature within the framework of the circular
economy to explore how its key principles (reduce, reuse, and recycle) apply to the management of
construction and demolition waste.
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A. Julliena et al. [10] have assessed the energy consumption and impacts due to aggregate
production within the LCA framework. Towards this end, a methodology has been presented that is
specific to the impacts of aggregate production for various quarries.

Rawaz Kurda et al. [11] compared the environmental impacts of concrete mixes, which
contain different incorporation ratios of fly ash and recycled concrete aggregates, with and without
Superplasticizer. Mayuri Wijayasundara et al. [12] attempted to simulate the manufacturing set
up to produce RAC by integrating processes involved in concrete waste recycling and concrete
production environments.

S. Marinkovic et al. [13] determined the potentials of recycled aggregate concrete for structural
applications and compared the environmental impact of the production of ready-mixed concrete:
natural aggregate concrete made entirely with river aggregate and recycled aggregate concrete.

Rawaz Kurda et al. [14] mainly focused on the effect of high incorporation ratios of fly ash and
recycled concrete aggregates on the carbonation resistance of concrete. Francesco Colangelo et al. [15]
applied the standard protocol of LCA to three different concrete mixtures composed of wastes
from construction and demolition, marble sludge, and cement kiln dust in order to compare the
environmental and energy impacts.

Hossain, MU et al. [16] developed a social sustainability assessment tool based on the established
standards and guidelines. The case study showed that four subcategories are crucial social concerns
for construction materials. S.B.Marinković et al. [17] focused on the LCA of aggregates obtained
by recycling of demolished concrete–recycled concrete aggregates, and concrete made with such
aggregates–recycled aggregate concrete.

Desirée Rodríguez-Robles et al. [18] presented a literature review on expected environmental
impacts inherent to the production and use of recycled aggregates and other common concrete
constituents, as well as a LCA concerning some key issues when dealing with recycled aggregate
concrete. Nikola Tošić et al. [19] determined the optimal choice of aggregate type and transport
scenario in concrete production, employing a multicriteria optimization method taking into account
technical, economic, and environmental limits and constraints.

Mayuri W. et al. [20] evaluated “cradle-to-gate” embodied energy of recycled concrete
aggregate received at a construction site, in comparison to natural aggregate concrete.
G.M. Cuenca-Moyano et al. [21] developed the life cycle inventory of masonry mortars made of natural
fine aggregate and recycled fine aggregate. In order to create the inventory, the data used were those
provided by producers [22].

Nicolas Serres et al. [23] evaluated environmental impacts associated with mixing compositions of
concrete made of waste materials by using LCA. Environmental performances of natural formulation
with the same mechanical strength regarding the functional unit, were evaluated.

Xin Shan et al. [24] presented LCA of a base case building in Singapore as well as material
LCA with customized life cycle inventory datasets by considering importation and transportation of
material in particular, and by considering the effects of adopting locally recycled aggregates.

F. Colangelo et al. investigate the physical and mechanical characteristics of different kind of
construction and demolition waste obtained from selective and traditional demolition techniques [25].

3. Analysis of Life Cycle Impact Assessment (LCIA)

3.1. Method

This study assessed the environmental impact of recycled aggregate using LCA as defined by
ISO standards. As environmental impact categories for life cycle impact assessment (LCIA), global
warming, acidification, eutrophication, abiotic resource depletion, ozone layer destruction, and the
production of photochemical oxides were chosen [26].

The functional unit for the life cycle impact assessment of recycled aggregate was 1 kg, and the
system boundary was product stage of concrete (Cradle to Gate) [27].
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The production stage of recycled aggregate was divided into the raw material, transport, and
manufacturing stage, and the environmental impact of all input and output matter on atmospheric
and water systems was assessed for each stage [28]. The Life Cycle Index Database (LCI DB) of Korea
was examined and applied as shown in Table 1 [29].

Table 1. The Life Cycle Index (LCI) Database.

Division Reference Country

Raw material Waste concrete National LCI Korea

Energy
Electric National LCI Korea
Diesel National LCI Korea

Kerosene National LCI Korea

Transportation Truck National LCI Korea

3.2. Process of LCIA

Life cycle impact assessment is divided into the following [30,31]: classification, which
collects substances drawn from inventory analysis into their relevant environmental impact
categories; characterization, which quantifies the impact of items classified as environmental impact
categories; normalization, which divides the impact on environmental impact categories by the total
environmental impact of a certain region or period; and weighting which determines the relative
importance of impact categories [32]. This study assessed all stages up to characterization since the
normalization and weighting factors of recycled aggregates that fit the current situation of Korea have
not been developed [33,34].

The substances discharged from recycled aggregate production impact the atmosphere and
water quality, and the resulting environmental issues include global warming potential (GWP),
ozone depletion potential (ODP), photo-chemical oxidant creation potential (POCP), abiotic depletion
potential (ADP), eutrophication potential (EP), and acidification potential (AP) [35].

CIi = ∑CIi,j = ∑ (Loadj × eqvi,j) (1)

Here, CIi is the value of the impact by all inventory items (j) included in impact category i in the
belonging impact categories; CIi,j is the impact size by inventory item j on impact category i; Loadj

is the environmental load of inventory item j; and eqvi,j is the characterization coefficient value of
inventory item j in impact category i.

3.2.1. Raw Material Stage

This study assessed the environmental impact according to the production process of waste
concrete, a raw material for recycled aggregate [36]. Recycling breaks and separates waste concrete
into small pieces and recycled aggregate are produced for use. Waste concrete is generated during
the demolition and deconstruction of structures and is classified as construction waste if it is not used
as another product. During the deconstruction of a building, a large amount of energy is used and
environmental impact substances are discharged; however, since waste concrete is a by-product, its
previous industrial process is not included in the environmental impact assessment category. Thus,
the process of waste concrete discharge during the demolition and deconstruction of a structure was
excluded from the categories of environmental impact assessment.

Raw material E.I = ∑ [(M(i) / Wc) × t × D] (i = Waste concrete) (2)

Here, raw material E.I is the environmental impact of raw materials, (kg-unit/kg), M(i) is waste
concrete (ton), Wc is (i) the volume (ton) of waste concrete collecting equipment, T is work hours (h),
and D is characterization value (kg-unit/L) of diesel by environmental impact category.
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3.2.2. Transportation Stage

The waste concrete collected from the building demolition/deconstruction sites was transported
to a recycled aggregate production factory by truck, and the transport distance was 30 km on average.
From the loading capacity of transportation means and the amount of waste concrete, the number of
transport equipment units was calculated and transport was applied to assess environmental impact.

Transportation E.I = ∑ [(M(i) / Wt) × d × D] (i= Waste concrete) (3)

Here, Transportation E.I is transport stage environmental impact (kg-unit/kg), M(i) is waste
concrete (ton), Wt is the loading amount (ton) of (i) transport equipment, d is transport distance (km),
and D is the characterization value of crude oil by environmental impact categories (kg-unit/L).

3.2.3. Manufacturing Stage

In this stage, waste concrete is selected and crushed to manufacture recycled aggregate [37].
The manufacturing method can be divided into the dry method and the wet method. To assess
the environmental impact of each manufacturing method, the amount of electric power used in the
manufacturing facility was examined and the environmental impact according to the usage of the
energy source was assessed.

Manufacture E.I = ∑ [(E(i) / Wa) × C] (i = 1: Electric) (4)

Here, Manufacture E.I is environmental impact (kg-unit/kg) in the manufacturing stage, Wa is
the amount of recycled aggregate production (kg), E(i) is the amount of energy source use (kwh), and
C is characterization value (kg-unit/kwh) of electric power by environmental impact categories.

Dry Method

The dry production method uses a technology that eliminates mortar on an aggregate surface
by crushing waste concrete and easily separates a fair amount of fine powder generated to produce
high-quality recycled aggregate as shown in Table 2. The number of crushing and differentiation
work taken during the production process was divided for each equipment and shown in Figure 1.
The environmental impact emission amount by electric power usage for each equipment unit was
calculated for the process of producing recycled aggregate through the dry production method.

 

Figure 1. Dry production method.
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Table 2. Manufacturing facility of dry recycled aggregate.

Dry System Operation Count Total Electricity Usage

Feeders Grizzly feeder 1 time 183.33 kW

Screen Vibrating screen 4 times 169.01 kW

Crusher
Jaw Crusher 1 time 593.75 kW

Cone Crusher 3 times 529.41 kW

Magnetic Separator 1 time 250.00 kW

Classifier 3 times 289.47 kW

Precipitator 1 time 750.00 kW

This study assumed that the production efficiency of aggregate was 70% and set that cone and
jaw crushers were used twice to produce high-quality recycled aggregate.

Wet Method

The wet production method includes a selection process that is not included in the dry production
method. It has an air blower as a selection device in the middle, and, unlike the dry production method
in which two types of crushers are applied, the wet production method uses only an impact crusher.
The wet production system needs significant initial cost and vast land since facilities such as cleaning,
precipitation, and filter presses are needed. Due to the issue of reclaiming sludge cake generated from
production instead of recycling it, this method also has many difficulties in recycled sand production.

However, the wet system can more easily produce high-quality recycled sand compared with the
dry system; aggregates have good particle size and form, and the process is favorable for high volume
production, so the wet system using water has been applied in Korea. The number of crushing and
differentiation work taken in the production process by equipment was classified by equipment type
in Figure 2. This study assumed the production efficiency of aggregate was 70% and assumed that
crushing was carried out by using a cone crusher twice and a jaw crusher once to produce quality
aggregate as shown in Table 3.

 
Figure 2. Wet production method process.
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Table 3. Manufacturing facility for wet recycled aggregate.

Dry System Operation Count Total Electricity Usage

Feeders Grizzly feeder 1 time 315.79 kW

Screen Vibrating screen 3 times 240.00 kW

Crusher
Jaw crusher 1 time 600.00 kW

Cone crusher 1 time 450.00 kW

Impact crusher 1 time 950.00 kW

Air blower 2 times 840.00 kW

Magnetic Separator 3 times 120.00 kW

Classifier 1 time 1050.00 kW

3.3. Result of LCIA

The life cycle impact assessment (LCIA) of recycled aggregate (dry) was 2.94 × 10−2 kg-CO2eq/kg,
2.93 × 10−5 kg–SO2eq/kg, 5.44 × 10−6 kg-PO4

3
eq/kg, 4.70 × 10−10 kg-CFC11eq/kg, 1.25 × 10−5

kg-C2H4eq/kg, and 1.60 × 10−5 kg-Antimonyeq/kg for GWP, AP, EP, ODP, POCP, and ADP,
respectively, as shown in Table 4.

Table 4. Life cycle impact assessment of recycled aggregate; GWP: Global Warming Potential;
ADP: Abiotic Depletion Potential; ODP: Ozone Depletion Potential; AP: Acidification Potential; EP:
Eutrophication Potential; POCP: Photochemical Ozone Creation Potential.

Division
GWP

(kg-CO2eq/kg)
AP

(kg-SO2eq/kg)
EP

(kg-PO4
3−

eq/kg)
ODP

(kg-CFC11eq/kg)
POCP

(kg-C2H4 eq/kg)
ADP

(kg-Antimonyeq/kg)

Raw material stage 3.10 × 10−3 3.90 × 10−6 7.90 × 10−7 3.00 × 10−11 8.30 × 10−6 1.00 × 10−6

Transportation stage 4.00 × 10-3 7.50 × 10−6 1.08 × 10−6 7.00 × 10−11 1.10 × 10−6 1.30 × 10−5

Manufacture
stage

Dry 2.23 × 10−2 1.79 × 10−5 3.57 × 10−6 3.70 × 10−10 3.10 × 10−6 2.00 × 10−6

Wet 3.10 × 10−2 2.99 × 10−5 4.46 × 10−6 4.80 × 10−10 5.90 × 10−6 7.00 × 10−6

TOTAL
Dry 2.94 × 10−2 2.93 × 10−5 5.44 × 10−6 4.70 × 10−10 1.25 × 10−5 1.60 × 10−5

Wet 3.81 × 10−2 4.13 × 10−5 6.33 × 10−6 5.80 × 10−10 1.53 × 10−5 2.10 × 10−5

LCIA of recycled aggregate (wet) was 3.81 × 10−2 kg-CO2eq/kg, 4.13 × 10−5 kg-SO2eq/kg,
6.33 × 10−6 kg-PO4

3
eq/kg, 5.80 × 10−10 kg-CFC11eq/kg, 1.53 × 10−5 kg-C2H4eq/kg, and 2.10 × 10−5

kg-Antimony eq/kg for GWP, AP, EP, ODP, POCP, and ADP, respectively.
This shows that the LCIA of recycled aggregate (wet) was greater than that of recycled aggregate

(dry), and that GWP and ADP of recycled aggregate (wet) were 30% higher than for recycled aggregate
(dry). ODP and POCP were also greater by 20% and AP was greater by 40%. EP showed a difference of
about 16%, because it was determined according to the electric power of the additional facility (impact
crusher) used for producing recycled aggregate (wet). This was because more carbon dioxide (CO2),
trichlorofluoromethane (CFC-11), chlorodifluoromethane (HCFC-22), phosphate (PO4

3−), crude oil,
ammonia (NH3), nitrogen oxides (NOx), and ethylene (C2H4eq), which impact the environment as
more electric power was consumed, were directly and indirectly released.

Among environmental impact categories, the manufacturing stage of the life cycle constituted
approximately 81%, 72%, 70%, and 83% of GWP, AP, EP, and ODP, respectively.

However, the raw material stage was responsible for the highest proportion of POCP at 66% and
the transportation stage for 81% of ADP.
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4. Comparison of Life Cycle Impact Assessment

4.1. Method

The LCIA results for recycled aggregate were compared with those for natural aggregate and
artificial light-weight aggregate, slag aggregate. Previous studies were referred to for the LCIA results
of natural aggregate and artificial light-weight aggregate, slag aggregate.

4.2. Information on Other Aggregates

4.2.1. Natural Aggregate

Natural aggregate is made by natural actions, and includes both sand and gravel sourced from
sea, land, and mountains. This study focused on gravel. Gravel is collected and classified in plants by
size (25 m, 45 m, or 75 m) for later application, and is mainly used as aggregate for concrete or filler for
roads and septic tanks.

4.2.2. Artificial Light-Weight Aggregate

First, an artificial light-weight aggregate is manufactured by processing coal material (bottom
ash), shale, and clay generated from coal powerplants and through plastic bulging (firing), to obtain
required physical characteristics [38].

Artificial light-weight aggregate is produced through the mixing, crushing, molding, and plastic
process of bottom ash for dry coal material, and the material satisfies wide-ranging functions required
in the complex construction field such as light-weight characteristics, insulation, sound absorption,
and thermal resistance.

Dredged soil and bottom ash are the main ingredients of artificial light-weight aggregate; energy
such as electricity, LPG, and coal are used for manufacturing.

4.2.3. Slag Aggregate

Steel slag is largely divided into shaft slag and hard steel slag depending on the production
process, and it is 100% recycled according to the current statistics [39].

Shaft slag, which is recycled more than 75% as the raw material for cement, is used as a relatively
high-value addition. However, since most hard steel slag is used as a low-value addition for roads and
fill-up, development of value-added technology is needed.

Slag aggregate is produced by watering and cooling the shaft of hard steel slag in an open-air
storage yard and through quarrying and crushing processes. During quarrying and crushing, energy
such as electricity, oil, and water are used.

Slag aggregate, which uses slag as the main raw ingredient, is used for various purposes such as
roads and ceramics and is mostly used for civil construction.

4.3. Comparison of Environmental Impact by Aggregate Type

As shown in Table 5, the environmental impact of recycled aggregate was compared with that of
natural aggregate and artificial light-weight aggregate, slag aggregate.
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Table 5. Environmental impact comparison by aggregate type.

Division
GWP

(kg-CO2eq/m3)
AP

(kg-SO2eq/m3)
EP

(kg-PO4
3−

eq/m3)
ODP

(kg-CFC11eq/m3)
POCP

(kg-C2H4eq/m3)
ADP

(kg-Antimonyeq/m3)

Recycled
aggregate

Dry 2.94 × 10−2 2.93 × 10−5 5.44 × 10−6 4.68 × 10−10 1.25 × 10−5 1.60 × 10−5

Wet 3.81 × 10−2 4.13 × 10−5 6.33 × 10−6 5.80 × 10−10 1.53 × 10−5 2.10 × 10−5

Artificial
Lightweight

aggregate
5.16 × 10−2 1.73 × 10−4 2.80 × 10−5 4.01 × 10−9 5.28 × 10−5 1.94 × 10−4

Slag aggregate 2.26 × 10−2 1.61 × 10−4 1.61 × 10−4 6.49 × 10−9 2.43 × 10−5 9.08 × 10−5

Natural aggregate
(Gravel) 1.43 × 10−2 1.98 × 10−5 3.67 × 10−6 3.06 × 10−10 1.41 × 10−5 3.82 × 10−4

According to Figure 3, the environmental impact of recycled aggregate was found to be up to twice
as high as that of natural aggregate. Compared to natural aggregate, the global warming potential
(GWP) was approximately 106% (dry) and 166% (wet) higher, AP was 48% (dry) and 109% (wet) higher,
EP was 48% (dry) and 72% (wet) higher, and ODP was 53% (dry) and 90% (wet) higher for recycled
aggregate. The manufacturing process for natural aggregate consumes very little energy because it
involves simple processes, such as collection, transportation, and (minimal) processing.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 3. Environmental impact comparison by aggregate. (a) GWP: Global Warming Potential; (b)
POCP: Photochemical Ozone Creation Potential; (c) AP: Acidification Potential; (d) EP: Eutrophication
Potential; (e) ODP: Ozone Depletion Potential; (f) ADP: Abiotic Depletion Potential
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Recycled aggregate, on the other hand, requires a lot of energy for physical and chemical
processes, such as crushing, sorting, transportation, processing, and particle adjustment. However,
the abiotic depletion potential (ADP), an important environmental impact measure, was found to
be approximately 20 times higher for natural aggregate than for recycled aggregate. This is because
the recycled aggregate is simply recycled construction waste, but natural aggregate depletes natural
resources. Among environmental impacts emitted during recycled aggregate production GWP was
43% (dry) and 26% (wet) lower than for artificial light-weight aggregate, but was 30% (dry) and 69%
(wet) greater than for slag aggregate.

This is because the amount of energy used, such as electricity, LNG (liquid natural gas), and coal
in the mixing, molding, and plasticity processes, during artificial light-weight aggregate production
was higher than the amount of energy used by recycled aggregate. This was due to the high emissions
of CO2, CH4, and N2O, which are the main compounds impacting GWP. At the same time, the amount
of energy used in the differentiation and crushing processes during recycled aggregate production was
higher than the amount of energy used by slag aggregate. AP, EP, ODP, POCP, and ADP also impact
according to the emissions during recycled aggregate production were assessed to be lower by 37% to
93% compared with artificial light-weight aggregate and slag aggregate.

This is because NOx, NH3, SO2, NH4, Halon, CFCs (Chlorofluorocarbons), soft coal, hard coal,
and crude oil that impact AP, EP, ODP, POCP, and ADP during recycled aggregate production were
emitted less than during artificial light-weight aggregate and slag aggregate production.

Due to the use of LNG and coal energy during the manufacturing of lightweight aggregate
and slag aggregate, matters that impact acidification, eutrophication, and ozone depletion, such
as sulfur dioxide (SO2), sulfuric acid (H2SO4), and nitrate (NO3

–) are emitted. Ammonia (NH3),
ammonium (NH4

+), phosphate (PO4
3−), nitrogen oxide (NOx), etc., according to electric energy usage

are emitted as well. This is because matters impacting the environment are emitted when coal input in
thermoelectric powerplant is combusted to produce electric energy.

Especially, the ADP of recycled aggregate was lower by 77% to 92% compared with artificial
light-weight aggregate and slag aggregate. This is because recycled aggregate uses industrial
by-products as raw materials, a small amount of ADP’s main impact matters such as iron (Fe),
natural gas, hard coal, lead (Pb), and uranium (U) were emitted.

5. Discussion

Recently, the application of recycled aggregate has been expanded to major concrete structure
elements, such as the columns and beams of construction structures. For concrete, the major material
used in the construction industry, environmental impact analysis is required because it discharges
many substances with a high environmental load over its life cycle from production to construction,
maintenance, and destruction/disposal. Concrete is a mixture of cement, aggregate, and admixture.
Cement production consumes a large amount of energy during the processes of extracting limestone
and clay and manufacturing clinker. Moreover, soil erosion or ecosystem destruction may occur in the
process of collecting the necessary aggregate. Energy is also consumed in the course of transporting
materials, such as cement and aggregate, to concrete manufacturers, and when producing concrete in
batch plants, various high-environmental-load substances are discharged into the air, water, and soil.

As the concrete production process impacts the environment in a variety of ways, it was necessary
to assess various environmental impact categories as shown Figure 4. First, for concrete with a
compressive strength of 24 MPa, a life cycle assessment was performed according to the volume
fraction (substitution rate) of recycled aggregate (R.G) used instead of natural aggregate. As the
volume fraction increased, GWP, one of the environmental impact categories, increased by 11–34%
compared to when only using natural aggregate. This is because CO2, CH4, and N2O emissions, which
all have a major effect on GWP, are larger during the production of recycled aggregate than during the
production of natural aggregate. As the volume fraction of recycled aggregate increased to 10%, 20%,
and 30%, the ADP decreased by 9–29% compared to the ADP of the concrete with natural aggregate
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only. This is because antimony (Sb), hard coal, and crude oil emissions, which affect ADP, were smaller
during the production of recycled aggregate than during the production of natural aggregate.

 
(a) (b) 

Figure 4. Comparison of environmental impact by recycled aggregate mixing ratio. (a) GWP: Global
Warming Potential; (b) ADP: Abiotic Depletion Potential

6. Conclusions

By observing the ISO 14044 (LCA) standard, this study assessed the life cycle environmental
impact of matter discharged in the production (dry/wet) of recycled aggregate on GWP, AP, EP, ODP,
ADP, and POCP.

The environmental impact of recycled aggregate (wet) was up to 16%(EP)~40%(AP) higher
compared with recycled aggregate (dry); the amount of energy used by impact crushers while
producing wet recycled aggregate was the main cause for this result.

Comparing the methods of production, while the environmental impact of the recycled aggregate
produced by the wet method is somewhat high, the wet method remains the most practical method,
and is beneficial in terms of the aggregate quality attained due to the high fine-powder-removal effect
achieved by washing with water. The recycled aggregate produced by the dry method has a simpler
production process and a lower production cost, but its quality requires improvement because the
impurity and adhesive mortar removal efficiency is low.

The environmental impact of using recycled aggregate was found to be up to twice as high as that
of using natural aggregate, largely due to the greater simplicity of production of natural aggregate
requiring less energy. However, ADP was approximately 20 times higher in the use of natural aggregate
because doing so depletes natural resources, whereas recycled aggregate is recycled from existing
construction waste.

Among the life cycle impacts assessment of recycled aggregate, GWP was lower than for artificial
light-weight aggregate but greater than for slag aggregate. This is because energy use, such as electricity,
LNG, and coal in the mixing, molding, and frit sealing process during the production of artificial
light-weight aggregate was higher than the amount of energy used in the production of recycled
aggregate. However, in the environmental impact of recycled aggregate, AP, EP, ODP, POCP, and ADP
were lower by 37% to 93% than that of artificial light-weight aggregate and slag aggregate. Although
the concrete into which recycled aggregate was substituted exhibited a somewhat higher environmental
impact than natural aggregate in terms of GWP, it was found to be more environmentally friendly in
terms of ADP.

The results drawn through this study do not represent the environmental impact index of all
recycled aggregates, and the range of environmental impact indices must be assessed through more
analyses in the future.
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Abstract: The paper shows the results of an experimental tests campaign carried out on concretes
with recycled aggregates added in substitution of sand. Sand, in fact, has been totally replaced once
by blast-furnace slag and fly ashes, once by blast-furnace slag and microsilica. The aim is both to
utilize industrial by-products and to reduce the use of artificial aggregates, which impose the opening
of pits with high environmental damage. The results show that in the concretes so made the water
absorption capacity has reduced and durability has improved. The test campaign and the results
described in the present article are certainly useful and can be especially utilized for research on a
larger scale in this field.

Keywords: concrete; aggregates; fly-ash; silica fume; blast-furnace slag; mechanical properties;
water absorption

1. Introduction

In recent times, the problem of preservation of reinforced and pre-stressed concrete structures
has been developing rapidly. In fact, nowadays, as a consequence of the use of a bad mix design and
inaccurate casting and execution of structures that occurred around the fifties, many structures present
serious degradation phenomena. Moreover, there is a higher concentration of industrial and natural
aggressive factors in the environment that can cause material degradation when compared to about
forty years ago [1].

With a correct mix design, the appropriate use of super-plasticizers, low water/cement ratios, and,
especially, the addition of materials constituted by very small granules obtained from the pozzolanic
activity, it is possible to reduce the empty spaces in the particles of the concrete mix and get waterproof
concretes with good mechanical strength characteristics.

The field of concrete technologies and its production is a current research topic. In recent years,
recycling and re-use have become critical issues to develop concrete technologies and build reinforced
concrete structures with a long service life and that, at the same time, are able to satisfy economic and
environmental issues [2,3]. As a consequence, the use of industrial by-products or solid wastes in
concrete production, such as fly ashes (FA), blast-furnace slag, and silica fume (SF) is increasing. Quite
good mechanical properties, in fact, are obtained from concretes that use as aggregates calcareous
rubble and, in total substitution of sand, blast-furnace slag [4].

Slag is constituted by scoriae at the liquid state; they remain in the furnace and are eliminated
during the cast iron production. Approximately 300 kg of slag is generated per ton of pig iron.
In particular, the slag cools in extremely quickly and prevents the crystallization process. As a
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consequence, it solidifies in glass granules mixed with foamy fragments [5,6]. From this process it is
possible to obtain the so-called granulated blast slag, an industrial by-product, which can be classified
as waste [7], thus increasing problems associated with environmental pollution. Therefore, the aim of
this study is to try to increase its possible uses, especially in the field of construction [8,9]. Due to its
low iron content it can be safely used in the manufacturing of cement. Two types of blast furnace slag,
air-cooled slag and granulated slag, are being generated from the steel plants. The color of granulated
slag is whitish. The air-cooled slag is used as aggregate in road making, while the granulated slag
is used for cement manufacturing. Although it has no behavioral problems, its use as aggregate in
concrete is not very common and there has been little research work done on the subject.

The optimum cement replacement level with granulated blast-furnace slag is often quoted to
be about 50% and sometimes as high as 70% and 80% to get an improvement of the mechanical and
durability properties of concrete and to generate less heat of hydration.

On the other hand, concrete based on Portland cement is the most widely used material in the
world. Compared to other materials like steel, aluminum and plastics, it is the most viable option for
the construction industry considering economic and environmental costs. Nonetheless, it is estimated
that 7% of anthropogenic CO2 corresponds to the ordinary Portland cement production; considering
the current global environmental situation, it is obvious that cement and concrete specialists must
search for ways to reduce that figure, or at least to avoid its growth. One of the possibilities is the
massive usage of industrial wastes like blast-furnace slag, to turn them into useful environmentally
friendly and technologically advantageous cementitious materials [10]. In a previous study, the slag
partially replaced 30%, 50% and 70% of Portland cement, and the cement’s strength reduced as the
amount of slag increased [11].

The use of blast-furnace slag on a large scale as a material to replace natural aggregates is a most
promising concept because its impact strength is higher than that of natural aggregate. It is important in
those areas where artificial aggregates are almost exclusively used. In this way, the crushing process of
rocks, for example, which is commonly practiced in Apulia, Italy, would be reduced and consequently,
the opening of new quarries—unfavorable in terms of environmental impact—would be reduced
too [12].

To have the lowest possible environmental impact it is necessary to consider many aspects in the
field of concrete technologies and in concrete production, such as the cost of construction and materials,
its durability, and especially its compatibility with the protection of the environment. A solution to
protect the environment is the use and/or re-use of industrial by-products or solid wastes to add to
the concrete mix, such as fly-ash, blast-furnace slag, and silica fume [13].

In the literature, mortars and concretes added with different materials in the mix design have
been studied and tested with the aim to improve their mechanical properties [14–16] and, at the
same time, to reduce its environmental impact and the amount of waste sent to landfills [17–20].
The latter is especially due to their environmental friendliness and high durability properties. In Foti
and Paparella [21], Foti [22], and Metha [23–25], alternative technologies for concrete production
were considered by analyzing the cost of materials and construction, durability, and especially
environmental friendliness.

Hefni et al. [26] used a high-volume of fly-ashes as a partial replacement of cement in concrete
with the addition of different chemical activators and glass fibers and by investigating the concrete
strength at room temperature and after exposure to elevated temperature. Usually, the slag in its
original granulometric composition has very few fine granules [27]; hence, it is not possible to use slag
in place of sand: the concrete so obtained would not be very compact and, consequently, very porous
and with a very low strength. However, it is possible to fill the empty spaces with sieved slag made of
very small granules; in this way the aggregates are rubble, original slag and sieved slag.

To obtain better performance it is possible to use fly-ashes instead of sieved slag. Fly-ashes,
which are by-products of an industrial process (more precisely, of carbon combustion in power-stations),
are constituted of very small granules with properties similar to those of the natural pozzolan. For this
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reason, fly-ashes can be used in partial replacement of cement or as aggregates of mortar, similar to
sand, that is, the very thin fraction of the mix design [28,29].

However, the above considerations lead us to believe that an improvement is possible by adding
to the slag, in its original composition, other materials made up of very fine particles that replace the
sieved fraction. The so-called “fly-ashes” or “light ashes” are particularly suitable for this purpose.
With the imported coals and the most commonly used boilers today, the residual ash as a whole is about
13% by weight of the starting fuel. Of this, a small part falls to the bottom of the combustion chamber
in a special tank containing cooling water and forms the so-called “heavy” ashes. The remaining part,
equal to about 85% of the total ash, follows the path of the gaseous combustion products that, by law,
must be dedusted before being dispersed into the atmosphere. Without dwelling on the manner in
which this process is implemented, it is sufficient to note that the so-called light ash obtained in this
way is a very good quality fine material, with a composition and binding properties not very different
from those of natural pozzolans. They are suitable to be used in partial substitution of cement, and as
aggregates in concrete with sands poor in thin elements that have already been successfully tested.

An alternative is to replace fly-ashes with microsilica (silica fume), another artificial product
obtained by the reduction process of quartzite during the production of alloys like iron-silicon or
metallic silicon. Microsilica is constituted of granules smaller than fly-ashes. Their origin is from
oxidation, hardening and condensation of silica fume at 2000 ◦C, following a process similar to
the natural pozzolan [30]. Microsilica is utilized in many countries to make concretes with high
durability [31]. They are composed of spherical granules with a diameter of 0.1 μm; this size allows
the granules to fill all of the empty spaces of concrete. Microsilica is mainly comprised of dioxide of
silicon; dioxide activates the transformation of hydrates of calcium (dangerous for concrete durability)
in an insoluble, stable and effective product to fill all the pores. The inclusion of silica fume at high
replacement levels significantly increases the autogenous shrinkage of concrete due to the refinement
of pore size distribution that leads to a further increase in capillary stress and more contraction of the
cement paste [32]. In fact, microsilica fume addition produces a positive influence on the dynamic
and static mechanical properties of concrete, especially on the resonant frequencies, the dynamic
and static moduli of elasticity, damping ratio and strength [33,34]. In particular, the results obtained
by Giner et al. [28,29] evidence that microsilica additions or replacements reduce both the dynamic
modulus of elasticity and damping ratio of concrete.

In other studies [35–37], some fibers (like carbon or steel fibers) were added to silica fume
concretes, obtaining an improvement in the tensile and compressive strengths of concrete.

Bhanjaa and Senguptab [38], and Langana et al. [39] determined the influence of silica fume over a
wide range of water-binder ratios and cement replacement percentages. In particular, the incorporation
of blast-furnace slag into silica fume concrete reduces the water demand and this combination offers
increased resistance to the alkali-silica reaction expansion and chloride ingress than the use of one of
these materials alone [40].

Charlee et al. [41] and Elahi et al. [42] showed how the increase of fly-ashes replacement in
concrete clearly reduces the chloride penetration (CP) and the steel corrosion in concrete. The last
characteristic is also explained because these fine by-products make the microstructure of concrete
denser, reducing its diffusivity [43,44].

In the present paper, the good results of experimental tests carried out on concretes in which sand
is totally replaced by blast-furnace slag and microsilica, or by blast-furnace slag and fly-ashes are shown
and discussed. Mechanical characterization tests and water absorption tests are performed. Blast
furnace slag was integrated in the finest fraction by means of appropriate percentages of microsilica
or fly-ashes. The tests, although preliminary by nature, confirm the possibility to obtain concretes
with satisfactory mechanical properties and lower water absorption values using either fly-ashes or
microsilica. Therefore, the results and comparisons reported in this paper are important bases towards
the aim of carrying out wider research in this field.
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2. Materials and Methods

A series of strength and water absorption tests were performed on specimens made with two
different mixes:

(1) Concrete + slag + fly-ashes;
(2) concrete + slag + microsilica.

All tests were carried out at the Laboratory for Testings and Materials “M. Salvati” of the
Polytechnic University of Bari, Italy. Different shape specimens were manufactured depending on the
kind of test and the characteristics to be determined.

2.1. Materials

The specimens were manufactured utilizing two different mixes made of the following materials:

- High strength Portland cement (following the EC2 prescriptions [45]);
- Blast-furnace slag produced by the ILVA factory, Taranto, Italy (Figure 1a);
- Fly ashes coming from ENEL power station of Brindisi, Italy (Figure 1b); it is constituted on

average by 90% of granules with dimensions smaller than 0.3 mm, by 60% of granules smaller
than 0.04 mm, and by 10% of granules smaller than 0.01 mm;

- Microsilica of ELKEM MATERIALS a/s Kristiansand, Norway (Figure 1c);
- Calcareous rubble;
- Super-plasticizer RHEO-BUILD 1000 from MAC S.p.A.

 
 

 

(a) (b) (c) 

Figure 1. (a) Blast furnace slag, (b) fly ash and (c) microsilica from Elkem utilized for the tests.

The characteristics of the materials and their chemical compositions were provided by the
manufacturers; they are shown in Table 1.

Table 1. Properties and chemical composition of the materials utilized in the concrete mix.

Cement
(daN/m3)

Slag
(daN/m3)

Fly Ashes
(daN/m3)

Microsilica
(daN/m3)

Absolute specific weight 3100 2720 2140 2160
Bulk density 1400 1110 700 737

Chemical Composition %

SiO2 17–25 30–40 40–55 88–98
Al2O3 2–8 6–18 20–30 0.5–3
CaO 60–67 38–50 3–7 0.1–0.5
MgO 0.1–5 2–6 1–4 0.3–1.5
SO3 1–4.8 - 0.4–2 -

Na2O - - - 0.2–1.4
K2O 0.2–1.5 - 1–5 0.4–1
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The granulometric curve of the blast-furnace slag is shown in Figure 2.
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Figure 2. Granulometric curve of blast-furnace slag.

Calcareous rubble was utilized with two different granulometric curves represented in Figure 3.
Kind A rubble was utilized in concretes with slag and fly-ashes; kind B rubble has been utilized for
concretes with slag and microsilica.
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Figure 3. Granulometric curves of rubble.

2.1.1. Concretes with Slag and Fly Ashes (FA)

The concrete with slag and fly-ashes in total substitution of sand and rubble was realized with a
calibrated percentage of the aggregates. Therefore, defining the maximum diameter of the aggregate
and the consistency of concrete, the mix design was prepared to have a characteristic strength Rck equal
to 30 N/mm2, following A.C.I., 1991 [46] and DOE, 1988 [47] prescriptions. In this case, by setting a
maximum diameter of the aggregate equal to 20 mm, a “plastic” consistency and an average strength
equal to the value previously assumed, it was possible to define the necessary quantity of water,
the volume of blocked air, the water/cement ratio and the quantity of binder required [48].
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The residual amounts of aggregates were finally fixed (rubble and slag), taking care that the
characteristics of the latter did not allow to refer to a continuous type granulometric curve (Figures 2 and 3).

The composition of the aggregates was studied on the basis of the suggested criteria for discontinuous
granulometries [49], which allows a quantity of about 700 N/mm3 to pass through a 1 mm sieve. The test
program takes into account that the slag has only 21% of granules of dimensions smaller than 1 mm and,
vice-versa, concrete and fly-ashes have the size of all granules below it. In the end, the known volumes of
water, cement, fly-ashes, slag, and blocked air, and the amount of rubble were fixed for difference. Then,
the resulting composition was optimized by preliminary tests; the final composition with the ratios of the
components that were assumed in the concrete mix is shown in Table 2.

Table 2. Composition of slag and fly ashes (FA) concrete mix per unity of volume and ratios of
the components.

Rubble Fly Ashes Water Slag Cement Super-Plasticizer

1080 daN/m3 130 daN/m3 220 L/m3 522 daN/m3 340 daN/m3 4.7 L/m3

Components Ratio

water/cement water/(ashes + cement) ashes/cement super-plasticizer/(ashes + cement)

0.65 0.47 0.38 0.01

The granulometric curve of the aggregates is shown in Figure 4.
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%
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Aggreg. Rubble
Slag Fly-ashes

 

Figure 4. Granulometric curves of the aggregates of slag and FA concrete, and slag and SF concrete.

2.1.2. Concretes with Slag and Microsilica (SF)

In this case, the concrete with slag and microsilica was obtained by totally substituting the fly-ashes
added to the previous concrete mix with an equal quantity of microsilica, whose characteristics are
shown in Table 1. The preliminary tests also show the necessity to increase water and super-plasticizer
to obtain a concrete with the same consistency and workability of the concrete of slag and fly-ashes
previously described. The final composition of the mix is shown in Table 3.

The granulometric curve of the aggregates is also shown in Figure 4. Comparing the two concrete
mixes, it is possible to notice that the two curves almost coincide for diameters smaller than 3 mm;
that is the most significant field. The ratios shown in Table 3 have been assumed in the concrete mix.
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Table 3. Composition of slag and microsilica (SF) concrete mix per unit of volume and component
ratios utilized.

Rubble Microsilica Water Slag Cement Super-Plasticizer

1080 daN/m3 131 daN/m3 296 L/m3 522 daN/m3 340 daN/m3 7.22 L/m3

Components Ratio

water/cement water/(microsilica + cement) microsilica/cement super-plasticizer/(microsilica + cement)

0.87 0.63 0.38 0.015

For comparison purposes, cubic specimens were manufactured with ordinary concrete (ORD);
the control mix composition is shown in Table 4. It is a well cured and a high strength concrete (47 N/mm2

at 28 days of curing). Like for slag and FA and slag and SF concretes, the quantity of water was assumed
in order to get the same consistency and workability. In this case the ratio water/cement = 0.60.

Table 4. Composition of ordinary concrete (ORD) mix per unit of volume.

Rubble Sand Water Cement Super-Plasticizer

1080 daN/m3 700 daN/m3 204 L/m3 340 daN/m3 4.0 L/m3

2.2. Test Methods

Strength tests and water absorption tests were performed on the specimens. The tests were carried
out at the Laboratory for Testings and Materials “M. Salvati” of the Polytechnic University of Bari, Italy.

Three concrete specimens were manufactured for each strength test. Compressive, bending
and traction tests up to failure were performed on the specimens. For the tests, 300 kN Metrocom
equipment was utilized; for traction tests, an appropriate grip was manufactured, while the 3-point
bending tests were performed by mean of an ad-hoc accessory for the machine. It was also determined
that the compressive modulus of elasticity E after 28 days of curing, in the stress field 0–σr/3, where σr

is the failure stress.
Water absorption tests were carried out on three cylindrical specimens for each type of concrete (with

rubble, slag and fly-ashes and with rubble, slag and microsilica) in accordance with UNI 7699, 2005 [50].
In the test procedure, the specimens were dried in an oven at 100−110 ◦C for 24 h, and then their weights
were measured. Next, the specimens were fully immersed in a water tank for 24 h, then they were taken
out. Their surfaces were dried with a cloth and finally their weights were measured again. The test was
conducted on the specimens with different curing ages (7, 14, 21, and 28 days).

2.3. Results

2.3.1. Strength Tests

Table 5 shows the average values of the failure stresses obtained after 7, 28, and 90 days of curing
for slag and fly-ashes concretes. In this case, the compressive elastic modulus E, after 28 days of curing
and in the stress field 0–σr/3 is equal to about 25,900 N/mm2.

Table 5. Mean values and standard deviations of the mechanical characteristics of slag and fly ashes concrete.

Curing Days
Specific Weight

(daN/m3)
Compressive Failure

Stress (N/mm2)
Flexural Failure Stress

(N/mm2)
Tensile Failure Stress

(N/mm2)

Value σ Value σ Value σ

7 2222 26.0 ±3.74 - -
28 2185 36.5 ±2.12 4.4 ± 3.0 2.3 ±3.61
90 2185 43.0 ±3.74 - -
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Table 6 shows the average values of the failure stresses after 7, 28 and 60 days of curing for slag
and microsilica concretes. In this case, the compressive elastic modulus E, after 28 days of curing and
in the stress field 0–σr/3 is equal to about 25,140 N/mm2. In Table 7 the mean values for compression
strength of the different concretes are reported.

Table 6. Mean values and standard deviations of the mechanical characteristics of slag and microsilica concrete.

Curing Days
Specific Weight

(daN/m3)
Compressive Failure

Stress (N/mm2)
Flexural Failure Stress

(N/mm2)
Tensile Failure Stress

(N/mm2)

Value σ Value σ Value σ

7 2140 31.2 ±3.10 - -
28 2140 42.6 ±5.724 3.3 ±3.74 2.2 ±1.73
60 2115 45.3 ±4.32 - -
90 2113 47.1 ±1.34 - -

Table 7. Compressive strength for the different concrete types.

Curing Days
Ordinary Concrete

(N/mm2)
Slag and Fly Ashes Concrete

(N/mm2)
Slag and Microsilica Concrete

(N/mm2)

Value Value σ Value σ

28 47 36.5 ±2.12 42.6 ±5.724

The methods utilized for the mix designs of the concrete utilized in the tests, appropriately refined
by the preliminary tests, are shown to be good enough. However, it is evident from the results that the
pozzolanic activity, both with fly-ashes, and especially with microsilica, played an important role in
getting a good value for compressive strength.

The water/cement ratios are both quite high: if utilized to prepare an ordinary concrete, it would
have been difficult to reach strength of the order of those obtained from the tests if there was no
pozzolanic activity for fly-ashes and microsilica. Therefore, the ratios water/(fly-ashes + cement) and
water/(microsilica + cement) are considered more significant in both cases.

The higher compressive strength obtained utilizing microsilica instead of fly-ashes is justified
by the higher pozzolanic activity of silica fume and, especially, by the dimensions of their granules,
which were much smaller than fly-ashes and typical of microsilica. The better behavior is obtained
even if, when microsilica are used, it is necessary to add more water and super-plasticizers in order to
obtain the same consistency as concrete with fly-ashes (see Table 3).

From the tests it seems that higher strengths are obtained for concrete with slag and microsilica,
while the specific weight is a little lower than the weight of concretes with slag and fly-ashes. Moreover,
for both concretes it seems that while the tensile strengths are comparable with the compressive
strengths, the bending strengths are quite low, especially for concretes with slag and microsilica.

A similar result is obtained for the elastic longitudinal moduli, which are not very high if compared
to the compressive strength, and lower than an ordinary concrete with the same compressive strength.
The latter result is probably due to the discontinuous composition of the aggregates utilized and to the
prevailing smaller fractions.

2.3.2. Water Absorption Tests

The percentage of water absorption by the different specimens was calculated from the following
Equation (1):

Water absorption (%) = (Wi − Ws)/Ws·100 (1)

where:

Wi = average weight of dry sample (g),
Ws = the average weight of the wet sample (g).
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Table 8 reports the sizes of the specimens, their weights after curing, the weight increments during
the phase of immersion in water (Figure 5), and the water absorption percentages (Figure 6). For the
purpose of comparison, the results of the tests carried out on cubic specimens of ordinary concrete
(well cured and with a high strength (47 N/mm2)) are reported.

Table 8. Results of the absorption tests.

Concrete of Slag and Fly
Ashes

Concrete of Slag and
Microsilica

Ordinary Concrete (Ord)

Specimens 1 2 3 1 2 3 1 2 3

D × H (or L for cubic
specimens) [mm] 96 × 96 96 × 96 96 × 96 96 × 96 96 × 99 96 × 92 10 × 10

× 10
10 × 10
× 10

10 × 10
× 10

Weight after curing =
Ms [N] 15.19 15.15 15.34 15.01 15.46 14.09 22.34 22.26 22.78

Weight increasing
during the phase
of immersion in

water [N]

After 1 h 15.31 15.20 15.39 15.05 15.46 14.10 22.52 22.44 22.82
After 3 h 15.74 15.63 15.73 15.25 15.92 14.41 22.81 22.72 23.08
After 8 h 15.79 15.70 15.87 15.39 15.96 14.49 23.02 22.97 23.31
After 24 h 15.80 15.71 15.88 15.45 16.01 14.53 23.40 23.30 23.75
After 48 h 15.82 15.73 15.90 15.49 16.04 14.56 23.41 23.31 23.76
After 72 h 15.83 15.74 15.91 15.51 16.05 14.57 23.42 23.31 23.76
After 96 h 15.83 15.74 15.91 15.52 16.07 14.59 23.42 23.31 23.76

After 120 h = Mi 15.84 15.74 15.92 15.53 16.08 14.60 23.42 23.31 23.76

Absorbed Water [%]
= Wmax * 4.20 3.95 3.77 3.45 4.03 3.68 4.87 4.75 4.31

* Wmax = 100 (Mi−Ms)
Ms

.

 

Figure 5. Weight increment during the phase of immersion in water of the specimens (FA = fly ash concrete
and SF = silica fume concrete).
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Figure 6. Percentage of water absorbed by the specimens.

For a clearer approach, Figures 5 and 6 show the curves and the histograms relative to the results
of the water absorption tests. In Figure 5, h = 0 represents the time at which the immersion of the
specimens in the water occurred.

The material porosity decreases both with the addition of fly ashes and microsilica fume. In fact,
in the first case the reduction of total pore volume is probably due to the outcome of the continuous
generation of pozzolanic reaction products from the hydration of FA that fill the pores. In the second
case for microsilica fume concrete, the reduction of total pore volume is caused by the high pozzolanic
reactivity, but also by the very small dimensions of SF particles and their pore-filling effect (they
subdivide the pore space by amassing themselves between the cement grains).

Figure 6 shows the percentage of water absrbed by the different concrete specimens. It is possible
to notice that the higher amount of absorbed water is obtained for the ordinary concrete specimens.
In fact, the percentage of absorbed water with respect to the total weight is equal to 4.87% for an
ordinary concrete, and 4.20% and 4.03% for FA and SF concretes, respectively.

2.4. Discussion

The overall results are presented in Tables 5–8 and they show that it is possible to obtain concretes
with a very satisfactory mechanical strength and a low water absorption capability if sand is completely
substituted with slag and fly-ashes, or with slag and microsilica.

The methods used to proportion the mix design, suitably refined through preliminary tests,
have proved to be valid. From the results it is evident that the pozzolanic activity of fly-ashes,
and especially silica fume, played a key role in reaching a very good compressive strength [51–53].
In fact, water/cement ratios are very high in both cases: these ratios, if utilized for an ordinary concrete
mix without the pozzolanic activity of microsilica and fly-ashes, would have hardly given the same
high strength values [54,55]. For this reason, it is worth considering the water/(fly-ashes + cement)
and water/(microsilica + cement) ratios.

Higher compressive strength is achieved utilizing silica fume instead of fly-ashes [56]. In fact, it is
known that the pozzolanic activity of concretes added with SF is higher with respect to other materials,
as demonstrated also by Malhotra and Carette [57]. This is due to the higher pozzolanic activity and the
smaller sizes of microsilica granules, even if more quantities of water and super-plasticizer are necessary
to get the same consistency of fly-ashes concretes. In fact, the water/cement ratio from the value of 0.65
for concretes with slag and fly-ashes, reaches the value of 0.87 for concretes with slag and microsilica;
the water/(fly-ashes + cement) ratio is 0.47, while water/(microsilica + cement) ratio is 0.63.

From the results of the tests it has been also possible to notice that microsilica concretes, apart from
the higher mechanical strength, present a specific weight lower than for slag and fly-ashes concretes.
Moreover, it seems that for both concretes the tensile strength is consistent with the compressive
strength, while bending strength is rather low, especially for slag and microsilica concretes. Similarly,
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the longitudinal elastic moduli are not very high in comparison to the compressive strength and are
lower than in an ordinary concrete of the same strength. It is probably due to the discontinuous
composition of the aggregates utilized in the mix design and to the higher amount of mortar.

Finally, the water absorption test results showed that the mean values of water absorbed by the
different concrete specimens were lower for slag and fly-ashes (or microsilica) concretes in comparison
with ordinary concrete, and slag and microsilica concretes with respect to slag and fly-ashes concretes
(Table 8, Figures 5 and 6).

In summary, these concretes that use by-products and scoriae of industrial production have
mechanical properties comparable with a high strength ordinary concrete. Moreover, they show a
lower water absorption capacity and a higher durability with the advantage to improve re-use and
recycling of waste materials.

3. Conclusions

On the whole, the results obtained from the present study indicate that the methods utilized to
proportion the mixes, appropriately refined through the preliminary tests, are valid. However, it is
evident from the analysis of the results that the pozzolanic activity, both of the ashes and even more
so of microsilica, played an important role in allowing the achieval of a good compressive strength,
with the advantages of using concretes that re-use industrial by-products or solid wastes. Moreover,
the two types of concrete, one in which sand is replaced by microsilica and the other in which sand is
replaced by fly-ashes, are accurately compared, indicating precisely the pros and cons of each type
with respect to their physical and mechanical properties.

The results obtained can be summarized as follows:

• The use of fly-ashes, and especially silica fume, together with slag in concrete enhances the
compressive strength of concrete mixes and shows very high water/cement ratios.

• Microsilica concretes present a specific weight lower than slag and fly-ash concretes.
• For both concretes, the tensile strengths are consistent with the compressive ones, while bending

strengths are rather low, especially for slag and silica fume concretes.
• Compared to an ordinary concrete, the types of concrete examined in this research have a lower

water absorption value, especially the silica fume concrete.
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Featured Application: This research provided maximum replacement levels of several recycled

materials for concrete paving block, and a reference data for the further investigation about the

concrete paving block mixed with multiple types of recycled materials.

Abstract: Recycled aggregates have been widely studied and used in concrete products nowadays.
There are still many waste materials that can be used as recycled aggregates other than crushed
concrete particles. This paper aims to study the property variations of sustainable concrete paving
block incorporating different contents of construction wastes. Five different types of waste materials
were used in this project, including: recycled concrete coarse aggregate (RCCA), recycled concrete
fine aggregate (RCFA), crushed glass (CG), crumb rubber (CB), and ground granulated blast furnace
slag (GGBS). According to the test results of the properties of blocks mixed with different levels of
wastes materials, it is concluded that adding both RCCA and RCFA in the block can decrease its
strength and increase the water absorption. The suggested replacement levels for RCCA and RCFA
are 60% and 20%, respectively. Mixing crushed glass in the concrete paving blocks as a type of coarse
aggregates can improve the blocks’ strength and decrease the blocks’ water absorption. Addition of
crumb rubber causes a significant deterioration of blocks’ properties except for its slip resistance.

Keywords: recycled concrete aggregate; crumb rubber; crushed glass; compressive strength; tensile
splitting strength; water absorption

1. Introduction

In China, the construction industry has developed rapidly since late 1990s [1]. High-rise buildings
are established, and the old buildings are demolished at the same time. Due to the irreplaceability of
concrete in the construction industry, large quantities of concrete were used in the past two decades,
and this situation leads to the generation of large volumes of construction waste [2]. Using recycled
demolished concrete as the aggregate in the new construction products can reduce the utilization of
the limited nature resource and reduce the environmental burden at the same time.

Relevant studies about using construction wastes in concrete products were investigated by
many researchers. Concrete products that incorporates recycled materials can help minimize the
CO2 footprint and potable water usage via the avoidance of using raw materials. Therefore, concrete
containing waste material is generally regarded as a type of “sustainable concrete”. In this case,
studying on the maximum possible amount of recycled materials in concrete, and extending the types
of waste materials that can be used in concrete are important in the sustainable concrete research area.

In early 1985, Ravindrarajah and Tam [3] studied the effects of using recycled-concrete aggregate
instead of natural aggregate. In recent years, many researchers have studied the impact of using
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different types of recycled aggregates on the properties of concrete products. Not just crushed concrete,
some other common construction wastes, such as crushed clay bricks, are used as recycled-aggregate [4].
In general, using recycled aggregates instead of natural aggregates in concrete will reduce the strength
of concrete products [3–5]. As one type of concrete product, blocks are usually composed of 85%–90%
fine coarse aggregates and fine aggregates, mainly small limestone particles and sand [6].

Construction wastes not only refer to recycled concrete aggregates, which contain crushed
concrete, crushed bricks, and granites, but also contain wasted glass, wood, plastic, and rubber [7].
In order to utilize the crushed glass as aggregate, and produce the concrete incorporating recycled
glass, the experiments to incorporate glass waste in concrete have been carried out since the 1960s [8].
Rubber is considered as a type of recycled aggregate that can be used in concrete [9–13]. In general,
the research studies suggested that the amount of rubber shall not exceed 25% of the total aggregate
volume [11–13]. Furthermore, as a commonly found industrial waste material, ground granulated
blast furnace slag (GGBS) is also investigated as a material to replace some of the cement during the
concrete products’ manufacturing [14].

There are no strict requirements on strength and durability for concrete paving blocks, and such
products are easy to manufacture and to cure [15]. Besides compressive strength and tensile splitting
strength, the water absorption, abrasion resistance and slip resistance of blocks are also important
properties for concrete paving blocks [15,16]. The performance requirements for concrete paving
blocks are summarized and shown in Table 1, according to British standard BS EN-1338: 2003 [15]
and Chinese standard GB 28635-2012 [16]. The common size of concrete paving blocks is 200 mm ×
100 mm × 60 mm. In that case, recycled aggregates can be used to replace either coarse aggregates
or fine aggregates. However, the aggregate crushed value is usually lower than natural aggregates.
The utilization of recycled aggregate made from crushed concrete in paving blocks has been studied by
many researchers. Soutsos et al. [6] investigated the use of recycled demolition aggregate in producing
concrete paving blocks. It is recommended that, in order to ensure that the strength of recycled concrete
block is as same as those blocks that only contain natural aggregates, the replacement level of recycled
masonry-derived coarse aggregates shall not exceed 60%. In addition, using those recycled aggregates
as fine aggregates, the replacement level shall not go beyond 40%. Recycled rubber particles were
also used as fine aggregates in precast concrete paving blocks. Silva [10] studied the properties of
concrete tactile paving blocks made with recycled tyre rubber. The study also incorporated GGBS in
the blocks as cement replacements. It was found out that using a certain amount of GGBS to replace
cement can increase the compressive strength and tensile splitting strength of concrete blocks [17].
Atici and Ersoy [18] evaluated the effect of replacing the cement with GGBS on interlocking paving
blocks, and the replacement levels of GGBS used to replace the cement in their research ranged from
10% to 60%. The test results show that the compressive and tensile splitting strength increase with
the curing period increasing, and the best strengths are obtained when the GGBS replacement level is
ranging from 20% to 60%.

This research aims to investigate the properties’ variations of sustainable concrete paving block
incorporating different contents of construction wastes. Up to now, recycled materials, such as crumb
rubber and crushed tempered glass, are rarely used in industry to replace the natural fine and coarse
aggregate in manufacturing concrete paving blocks. Furthermore, the most current research about
recycled concrete paving blocks does not cover the block’s abrasion resistance and slip resistance.
In this research, five different types of waste materials were used to replace the coarse aggregates,
fine aggregates or cement in the concrete mixture with a 28-day target mean strength of 30 MPa. For the
concrete paving blocks mixed with waste materials, five material properties such as compressive
strength, tensile splitting strength, water absorption, abrasion resistance and slip resistance were
investigated. Those results were compared with the related standard requirements to obtain the
maximum replacement levels of recycled materials used in this study. Furthermore, the test results
provided a reference data for the further investigation about the concrete paving block mixed with
multiple recycled materials.
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Table 1. Requirements of each property for different national codes.

Property
Recommended Value (BS EN-1338:

2003 [15])
Recommended Value
(GB 28635-2012 [16])

Dimension tolerance (block
thickness < 100 mm):

- Length ±2.0 mm ±2.0 mm

- Width ±2.0 mm ±2.0 mm

- Thickness ±3.0 mm ≤2.0 mm

Strength performance:

- Compressive strength C30: Average strength ≥ 30.0 MPa
Any individual strength ≥ 25.0 MPa

- Tensile splitting strength Average strength ≥ 3.6 MPa
Any individual strength ≥ 2.9 MPa

Weather resistance:

- water absorption ≤6.0% for Class 2 ≤6.5%

Abrasion resistance:

- Maximum groove
No performance measured for Class 1
23.0 mm for Class 3
20.0 mm for Class 4

≤32.0 mm

Slip resistance ≥60 BPN ≥60 BPN

“BPN” is a unit for slip resistance, which is short for British Pendulum (Tester) Number.

2. Experimental Program

2.1. Materials

The materials used in this series of experiments are listed as follows: natural coarse aggregate,
natural fine aggregate, ordinary Portland cement, RCCA (contain crushed concrete, small amount of
crushed stone and crushed bricks), RCFA, CR, CG, and GGBS. Figure 1 shows the recycled wastes
used in this experiment. Table 2 shows the information of the construction wastes, which contains the
size range, the source of each material listed in the table. The detail properties of GGBS provided by
the supplier are shown in Table 3.

     
(a) (b)  (c)  (d)  (e)  

Figure 1. Recycled wastes. (a) RCCA; (b) RFCA; (c) crumb rubber; (d) crushed glass; (e) GGBS.

Table 2. Size range and sources of construction wastes.

Materials Size Range Source

Recycled concrete coarse aggregate 5.0–25.0 mm Crushed concrete
Recycled concrete fine aggregate 0.1–4.0 mm Crushed concrete

Crumb rubber 1.0–2.0 mm Recycled tires
Crushed glass 5.0–25.0 mm Crushed toughened glass
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Table 3. Properties of ground granulated blast furnace slag (GGBS).

Properties Unit Results
National Code
GB/T-18046 [19]

Density g/cm3 2.940 ≥2.80
Specific surface area m2/kg 455.000 400.00–500.00
Mass loss on ignition % 0.600 ≤3.00

MgO percentage % 9.910 ≤14.00
SO3 percentage % 1.825 ≤4.00
Cl−1 percentage % 0.012 ≤0.06

Water percentage % 0.010 ≤1.00
Activity index (7 days) % 90.000 ≥75.00
Activity index (28 days) % 98.000 ≥95.00

2.2. Mix Proportion

In this project, the original mix proportion was designed according to the “mass method” in
Chinese standard JGJ55-2011 [20]. The particular mix proportions for this series of experiments are
shown in Table 4. The range of replacement levels for each recycled material was determined as follows:

Recycled concrete coarse aggregate, or RCCA for short, is one of the most common recycled
waste used for recycled aggregate concrete (RAC) products. According to the previous articles
and experiments’ results, five replacement percentages of RCCA were selected in this experiment.
The concrete paving blocks which were cast by replacing the natural coarse aggregate with
different replacement levels of 20%, 40%, 60%, 80%, and 100% [21] by weight of the total coarse
aggregate content.

Recycled concrete fine aggregates (RCFA) were also considered as a type of recycled wastes
to be used in this experiment. Unlike the RCCA, previous researchers and experimental results [6]
indicated that a high replacement level of RCFA would lead to a sharp decline of concrete product’s
properties. The limitation of the replacement percentage of RCFA was suggested as 30% [22]. Therefore,
the replacement levels of RCFA in the experiment were determined as 10%, 20% and 30%.

Both crumb rubber (CR) and crushed glass (CG) were barely used as aggregates in the concrete
paving blocks. Therefore, several trial experiments were undertaken to estimate the ranges of
replacement levels. Due to the rubber particles having strong rebound resilience [23], the specimens
cannot maintain the original dimensions after being taken out from the brick making machine if the
rubber content is too high, considering which the replacement levels of CR were selected as 1%, 2%,
and 3%. Similarly to RCCA, crushed glass was also used to replace the coarse aggregates in the blocks.
According to the previous articles and trial test results [24], the final replacement levels of CG were
decided as 10%, 20%, 30% and 40%. GGBS was used to replace the cement with replacement levels
selected as 30%, 50% and 70% according to the previous test results [14,25].

In Table 4, “RL” represents “replacement level”, “NCA” represents “natural coarse aggregate”,
and “NFA” represents “natural fine aggregate”. The replacement levels of RCCA in the experiment
were determined as 20%, 40%, 60%, 80%, and 100%, labeled as RCCB-X, with “X” indicating the
replacement level of RCCA in the blocks. The replacement levels of RCFA in the experiment were
determined as 10%, 20%, and 30%, labeled as RCFB-X. The replacement levels of CB were selected as
1%, 2%, and 3%, and labeled as CRB-X. The replacement levels of CG were decided as 10%, 20%, 30%,
and 40%, and named as CGB-X. The replacement levels of GGBS were selected as 30%, 50%, and 70%
and labeled as GGBS-X.

2.3. Specimens Preparation

The specimens were designed as concrete paving blocks with typical dimensions. Figure 2
demonstrates the process of manufacturing the concrete paving blocks in this project. The whole
procedures, including preparing the concrete mixture, casting concrete paving blocks and curing,
were in accordance with the actual industrial production standards by using a small scale brick-making
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machine as shown in Figure 3 with maximum pressing force of 80 kN. Before the casting phase, all the
materials used in the experiments were completely dried in the oven for 24 h. At the concrete mixture
preparation phase, water was added after the coarse aggregates, cement, and sand mixing in the mixer
for two minutes, and then the whole materials were mixed for another three minutes. For one batch of
the concrete mixture, the total mass was 60 kg for casting 20 concrete paving blocks. For one batch
of blocks (20 blocks), five specimens were used to test the compressive strength, five specimens for
tensile splitting strength, and the other three for water absorption, slip resistance tests, and abrasion
resistance [15]. After casting, all the specimens were cured in a thermostatic chamber for 28 days until
testing. The temperature in the chamber remained at 20 ± 2 ◦C, and the humidity was controlled at
50% by the temperature and humidity controller.

Table 4. Mix proportions (kg/m3) of concrete paving blocks.

Mix RL Water Cement NCA NFA RCCA RCFA Rubber Glass GGBS

RCCB-0 0% 152 380 959 959 0 0 0 0 0
RCCB-20 20% 152 380 767 959 192 0 0 0 0
RCCB-40 40% 152 380 575 959 384 0 0 0 0
RCCB-60 60% 152 380 384 959 575 0 0 0 0
RCCB-80 80% 152 380 192 959 767 0 0 0 0
RCCB-100 100% 152 380 0 959 959 0 0 0 0
RCFB-10 10% 152 380 959 863 0 96 0 0 0
RCFB-20 20% 152 380 959 767 0 192 0 0 0
RCFB-30 30% 152 380 959 671 0 288 0 0 0
CGB-10 10% 152 380 863 959 0 0 0 96 0
CGB-20 20% 152 380 767 959 0 0 0 192 0
CGB-30 30% 152 380 671 959 0 0 0 288 0
CGB-40 40% 152 380 575 959 0 0 0 384 0
CRB-1 1% 152 380 959 949 0 0 10 0 0
CRB-2 2% 152 380 959 940 0 0 19 0 0
CRB-3 3% 152 380 959 930 0 0 29 0 0

GGBS-30 30% 152 266 959 959 0 0 0 0 114
GGBS-50 50% 152 190 959 959 0 0 0 0 190
GGBS-70 70% 152 114 959 959 0 0 0 0 266

 
Figure 2. The process of manufacturing the concrete paving blocks.
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(a)  (b)  (c)  

Figure 3. Full view and detailed images of the brick making machine. (a) hydraulic brick
making machine; (b) two moulds for deforming the concrete paving blocks; and (c) baseboard for
load application.

2.4. Experiments

As the essential component of the concrete mixture, the properties of different types of raw
material were tested, including sieving analysis [7] and aggregate water absorption [26].

The blocks’ strength tests and coarse aggregates’ aggregate crushed value test were conducted on
a compression testing machine as shown in Figure 4a. In order to obtain the compressive strength of
blocks, the applied load on the pedestal was controlled by force under a constant rate of 3 kN/min,
and, for the tensile splitting test, the rate was 0.1 kN/min with reference to BS EN 1338: 2003 [15].

Slip resistance was measured using pendulum friction test equipment as shown in Figure 4b.
Specimens were adjusted to ensure the contact surface was horizontal before testing. Water absorption
of blocks was also determined in accordance with BS EN 1338: 2003 [15]. Blocks were immersed in
water at a temperature of 20 ± 5 ◦C for three days before testing.

Abrasion resistance of blocks was tested by a special test machine: CM-B type unglazed brick
abrasion testing machine. Figure 4c shows the image of the testing machine. According to BS EN 1338:
2003 [15], the “wide wheel abrasion test” method was selected in this series of experiments.

   
(a)  (b)  (c)  

Figure 4. Test equipment in this series of experiments; (a) compression testing machine; (b) pendulum
friction test equipment; (c) unglazed brick abrasion testing machine.
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3. Results and Discussion

3.1. Aggregates’ Properties

3.1.1. Sieve Analysis

The sieving analyses’ results of different aggregates used in this experiment are shown in Figures 5
and 6. Based on the comparison of sieve analysis results between NCA and RCCA, it is clear that the
RCCA contained a much higher percentage of aggregates whose sizes were less than 5 mm. Most of
those aggregates were the small pieces of crushed concrete and dust.

According to Figure 6, comparing the NFA result and RCFA results, it is easy to observe that the
RCFA contained higher percentages of particles with a size less than 0.15 mm. Most of those particles
were soil particles and dust.

 

Figure 5. Sieving analysis of NCA and RCCA.

 

Figure 6. Sieving analysis of NFA and RCFA.

3.1.2. Aggregate Water Absorption

The water absorptions of different coarse aggregates are shown as below in Table 5.
The results confirmed that the RCCA had a higher porosity than the NCA, which led to a stronger

capability to absorb water while the crushed glass particles had almost zero water absorption [27].
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Table 5. Water absorption of aggregates.

Types of Aggregates Water Absorption of Aggregates

Natural aggregate 1.53%
Recycled concrete coarse aggregate 6.28%

Crushed glass 0.00%

3.2. Dimensions

All the concrete paving blocks in this series of experiments were checked against the nominal
dimension of 200 mm × 100 mm × 60 mm, and the error of each side was less than 2 mm. Figure 7
shows the front and side faces of one concrete paving block.

  
(a)  (b)  

Figure 7. Front and side faces of one concrete paving block. (a) plan view of a concrete paving block;
(b) lateral view of a concrete paving block.

3.3. Compressive Strength

Figure 8 shows the relationship between the different replacement levels of materials and the
compressive strength of specimens. It is clear that all the replacement materials had an adverse effect
on the concrete paving blocks’ compressive strength except the crushed glass, which maintains a higher
performance in compressive strength with the increase in the percentage of crushed glass. Specimens
mixed with RCCA maintained a stable compressive strength until the replacement level reached 40%.
The compressive strengths reached 41.07 MPa, 38.04 MPa, and 40.38 MPa when replacement levels were
0%, 20%, and 40%, respectively. After the replacement level exceeding 40%, the compressive strength
decreased in an almost linear fashion from 40.38 MPa at 40% to 21.04 MPa. According to BS EN 1338:
2003 [15], the compressive strength of concrete paving blocks shall be equal to or higher than 30 MPa.
The specimens with replacement level higher than 60% were unable to meet the specification [16].
According to Figure 8, the specimens mixed with CG had higher compressive strengths than the one
mixed with natural coarse aggregate when the replacement levels of crushed glass increased from
10% to 40%. The strength peaked to the highest value, 43.45 MPa, at the replacement level of 20%.
Specimens with RCFA and crumb rubber as a replacement of fine aggregates have lower compressive
strength compared to specimens without any replacement. When the mass content of crumb rubber
in the block increased from 1% to 3%, the compressive strength sharply drops from 31.27 MPa to
21.00 MPa. With regard to RCFA, the reduction of compressive strength was from 32.51 MPa to
23.00 MPa with the replacement level changed from 10% to 30%. The compressive strength of blocks
mixed with GGBS kept the same level, nearly 40 MPa when the replacement levels were 0%, 30%,
and 50%, respectively. However, the strength sharply decreased to 31.06 MPa when the GGBS content
reached 70%.
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Figure 8. Relationship between the different replacement levels of materials and the compressive
strength of specimens.

3.4. Tensile Splitting Strength

Figure 9 demonstrates the relationships between the replacement levels and the tensile splitting
strength of concrete paving blocks for various types of waste materials. Specimens mixed with RCCA
had an even higher tensile splitting strength of 11.73 MPa at a replacement level of 20%. However,
the tensile splitting strength decreased in an almost linear trend from 11.73 MPa to 8.80 MPa when the
replacement level increased from 20% to 80%. The lowest splitting tensile strength is 6.37 MPa with
100% RCCA in the specimen. A positive effect on the blocks’ tensile splitting strength was observed
when crushed glass was used as the replacement for coarse aggregates. The overall tendency was
that the tensile splitting strength kept increasing with the replacement level varying from 10% to 40%
and reached the highest value of 12.79 MPa at 40%. When the replacement level was 30%, the tensile
splitting strength was only 12.45 MPa. However, this value was still higher than the blocks mixed with
natural aggregates (11.34 MPa). The tensile splitting strength of the blocks mixed with RCFA declined
directly from 10.80 MPa to 7.41 MPa as the replacement level rose from 10% to 30%. Similar to the
trend observed for the compressive strength, the tensile splitting strength of specimens containing
recycle rubber also remarkably declined with the increase of replacement level. It reached the lowest at
5.53 MPa when the crumb rubber’s content is 3%. The tensile splitting strength of blocks mixed with
GGBS maintained the same level (12.81 MPa and 13.06 MPa) when the replacement levels rose from
30% to 50%. However, when the percentage of GGBS increased to 70%, the tensile splitting strength
was only 9.53 MPa.
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Figure 9. Relationship between the different replacement levels of materials and the tensile splitting
strength of specimens.

3.5. Water Absorption

According to Figure 10, it is clear to observe that, for the blocks mixed with RCCA, RCFA, and
crumb rubber, the increase in the replacement levels of those materials increases the specimens’ water
absorption. Compared with samples without any replacement (with 3.89% water absorption), the
specimens mixed with RCCA and RCFA maintained similar water absorption of 3.91% and 3.90%,
at the replacement levels of 20% and 10%, respectively. The value reached the peak of 7.60% and 4.87%,
respectively, while the replacement levels were 100% and 30%. The water absorption of blocks sharply
rose with the increase of crumb rubber content in the blocks. With only 3% crumb rubber mixed in the
blocks, the water absorption reached 6.02%. Crushed glass is one of the materials that can reduce the
water absorption when it was mixed into blocks. The values of water absorption ranged from 3.50%,
3.24%, 3.65% and 3.72% while the replacement levels were 10%, 20%, 30%, and 40%, respectively.
All the results were lower than that of the control group at 3.89%. Addition of GGBS also helped
reduce the block’s water absorption. The water absorptions of samples that contained 30% and 50%
percentage of GGBS were 3.58% and 3.77%, respectively. When the replacement level of GGBS peaked
to 70%, the water absorption value increased to 4.26%, which is smaller than the standard requirement
at 6.0% [15].

3.6. Abrasion Resistance

Figure 11 demonstrated the relationship between materials’ replacement levels and the blocks’
maximum groove lengths that were obtained from abrasion resistance tests. According to the British
standard BS EN 1338: 2003 [15], the higher value of groove length represents a lower performance
of block’s abrasion resistance. In general, all the samples’ test results were higher than 23 mm,
which fall short according to the standard requirements for class 3 blocks [15]. The impacts of different
replacement levels of materials on the samples’ abrasion resistance are shown in Figure 11.
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Figure 10. Relationship between the different replacement levels of materials and the water absorption
of specimens.

Figure 11. Relationship between the different replacement levels of materials and the maximum groove
lengths of specimens.

The measured groove length of the blocks mixed with natural aggregates was 29.34 mm. For the
RCCA, when the replacement level changed from 0% to 40%, the length decreased straight from
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29.34 mm to 25.58 mm. Then, with increasing content of RCCA, the value of groove length also started
to rise and peak at 35.73 mm. A low percentage of RCFA can increase the blocks’ abrasion resistance.
The value of groove length dropped from 28.74 mm to 28.14 mm when the content of RCFA changed
from 10% to 20%. Then, at a 30% replacement level, the length returned to 28.81 mm. To sum up,
adding RCFA in the concrete mixture had a relatively positive impact on the blocks’ abrasion resistance,
and the impact was not significant. For the CG, the values of groove lengths were 29.55 mm, 29.33 mm,
28.12 mm, and 29.77 mm when the replacement levels were 10%, 20%, 30%, and 40%, respectively.
The abrasion resistance only had a sharp increase at 30%. The variation of abrasion resistance of
the blocks mixed with different percentages of GGBS was significant. At a 30% replacement level,
the groove length was only 24.49 mm, which was the lowest in this series of experiments. The value of
length rose to 25.98 mm when the replacement level was 50%, and that result was still much lower than
29.34 mm (replacement level: 0%). However, at a 70% replacement level, the result peaked at 30.23 mm.
For the blocks mixed with CR, the groove length was very high (30.96 mm) at a 1% replacement level,
then declined to 29.02 mm at 2%, and finally reduced to 28.36 mm at 3%.

3.7. Slip Resistance

Figure 12 shows that relationships between the blocks’ slip resistance and materials’ replacement
levels. In general, the blocks mixed with the waste materials had a lower slip resistance than the blocks
made with natural aggregates.

 
Figure 12. Relationship between the different replacement levels of materials and the slip resistance
of specimens.

The slip resistance of blocks mixed with natural aggregates was 90.38 BPN. For the RCCA, the slip
resistance sharply decreased to 79.50 BPN when the replacement level was 20%. The slip resistance
increased and was maintained at 84.00 BPN, 83.80 BPN, and 86.00 BPN when the replacement levels
of RCCA were 40%, 60%, and 80%, respectively. The value decreased to 80.30 BPN with a 100%
replacement level of RCCA. The slip resistance of blocks mixed with RCFA also had a significant
reduction when the replacement level was 10%. When the replacement levels increased to 20% and
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30%, the corresponding slip resistance increased to 87.92 BPN and 87.11 BPN, respectively. For blocks
utilizing CG, the values of slip resistance slightly fluctuated from 85.33 BPN to 86.08 BPN when the
replacement levels changed from 10% to 30%. When the replacement level increased to 40%, the slip
resistance had a sharp decline to 80.20 BPN. The slip resistance of block mixed with CR did not change
too much compared with the block mixed with other recycled materials. The values were 89.17 BPN,
85.75 BPN, and 87.75 BPN when the replacement levels increased from 1% to 3%. A reduction of slip
resistance can also be observed when the cement replaced by GGBS in the concrete paving blocks.
The value decreased from 87.58 BPN to 81.75 BPN when the replacement level of GGBS increased
from 30% to 50%. At the 70% replacement level, the slip resistance increased to 82.92 BPN. However,
the standard derivation of the average value at this point was higher than the standard derivations of
other results in this group.

3.8. Discussion

According to the test results, it is obvious to note that replacing either coarse aggregate or fine
aggregate with different waste materials can influence block’s properties. Furthermore, different types
of waste materials have different effects on various properties. By observing the section of crushed
blocks mixed with different recycled coarse aggregates, RCCA and CG, it can be noticed that the coarse
aggregate particles maintained their shapes after blocks crushing, which proves that the failure was
due to the failure of mortar. By comparing the aggregate properties among NCA, RCCA, and CG, the
biggest physical difference between those aggregates is the aggregate water absorption. Since the mix
proportion was designed with “Mass method,” the aggregates should be totally dry before casting.
In that case, the RCCA particles would absorb more free water, and the cement hydration reactions
would be more inadequate compared with the reactions in the block mixed with NCA and CG. Hence,
increasing the replacement level of RCCA would lead to the strengths decreasing of concrete paving
block’s. The block’s water absorption increases for the same reason. Furthermore, due to fact that
the crushed glass particles have a smaller water absorption value than the natural coarse aggregates,
replacing the NCA with CG would lead to the strengths increasing and the water absorption decrease
of concrete paving blocks.

The same phenomenon was also observed for the blocks mixed with NFA and RCFA. According
to the sieve analysis result, the RCFA contained a larger amount of dust than NFA. This dust
can absorb free water and reduce the cement hydration reactions in block, and then decrease the
block’s compressive strength and tensile splitting strength, as well as lead to the increase of the
water absorption.

Compared with other recycled aggregates, crumb rubber particles have an extremely small
elastic modulus. In that case, when the concrete mixtures were cast into blocks under pressure,
the crumb rubber particles deformed and such deformation is recovered after taking the blocks out
of moulds. This recovering deformation causes volume expansion (especially on the surfaces of
one block), which contributes to the decrease of block’s compressive strength and tensile splitting
strength, as well as the increase of the water absorption. In addition, there is a potential alkali-silica
reaction for blocks mixed with glass. As presented, the block mixed with 40% crushed glass has higher
compressive strength and tensile splitting strength than the block mixed without crushed glass at
28 days. An addition batch of blocks mixed with 40% crushed glass are stored in the laboratory for the
purpose of long-term investigation.

4. Conclusions

According to the experiment results in the properties of concrete paving blocks mixed with
different types of recycled wastes, the following conclusions can be drawn:

• Using RCCA as coarse aggregate for concrete paving blocks can lead to a significant decrease of
both compressive strength and tensile splitting strength, and also increase the water absorption of
the concrete paving blocks. The abrasion resistance test results indicate that more than 80% RCCA
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replacing the natural coarse aggregate can have a negative impact on the abrasion resistance. In
order to meet the standard requirements, the replacement level of RCCA shall be less than 60%.

• As a recycled waste used to replace the fine aggregate in the blocks, RCFA has an adverse effect
on the compressive strength and tensile splitting strength of concrete blocks. Plus, a higher
percentage of RCFA also leads to higher water absorption of concrete paving blocks. Nevertheless,
adding RCFA in the blocks do not have a negative effect on the block’s abrasion resistance. To sum
up, in order to meet the standard requirements, the replacement level of RCFA shall be less
than 20%.

• Replacing the coarse aggregate with crushed glass (CG) can enhance the strength of concrete
paving blocks. With the replacement level ranging from 10% to 40%, all concrete paving blocks
mixed with crushed glass had higher strength and lower water absorption than the blocks mixed
with natural aggregates. When the replacement level of crushed glass is at 20%, the concrete
paving blocks have the highest compressive strength and lowest water absorption. The tensile
splitting strength of concrete blocks mixed with crushed glass reached the maximum value when
the replacement level was 40%. Furthermore, the highest performance of the block’s abrasion
resistance was observed when the replacement level of CG was 30%.

• With an increasing amount of crumb rubber in the concrete paving blocks, there is not only a
sharp decrease of compressive strength and tensile splitting strength, but also a rapid increase
of the water absorption. Adding crumb rubber can also lead a slightly reduction of the block’s
slip resistance. Although the value of groove length keeps decreasing while the content of CR
increasing, the average value of groove length is still very high. To sum up, the crumb rubber is
not recommended to replace the fine aggregates of concrete paving blocks.

• Replacing cement with a certain content of GGBS is proved to have a positive effect on the block’s
properties. Considering the variation of compressive strength, tensile splitting strength and water
absorption, 30% and 50% replacement levels of GGBS have an almost equal positive impact on
those properties. The blocks with 30% GGBS that replaced cement have a higher performance of
abrasion resistance than the one with 50% GGBS. Furthermore, using GGBS to replace 70% cement
in the concrete mixture turns out to be harmful to the block’s five properties that were tested in
this experiment. In general, the replacement level of GGBS shall be equal to or less than 50%.

• This series of experiments and test results provide a large amount of reference data for the further
investigation about the concrete paving block mixed with multiple recycled materials. In order to
ensure the block mixed with multiple recycled materials could meet the standard requirements,
the replacement levels of each recycled materials can be considered as: RCCA 0% to 60%; RCFA:
0% to 20%; CG: 0% to 40%; GGBS: 0% to 50%.
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Featured Application: This study investigates the influence of particle inclusion on the elastic

modulus, crushing strength, and 3D foam structure of low-density foam concrete mixtures. The

results provide insights into using high-volume fine aggregates or other waste fine particles in

low-density foam concrete for its functional applications.

Abstract: Foam concrete is a low-density controlled strength material that can potentially be used for
accommodating different types of particles—recycled fine aggregate being an example. The paste
matrix of this material has a cellular microstructure, and bulk performance is readily affected by
the inclusion of fines. To study the effect of inclusion of fines on mechanical performance and foam
structure of foam concrete, a group of 0.55 g/cm3 foam–sand composite mixtures with high-volume
fly ash replacement are investigated. The elastic modulus is measured by a vibrational frequency
test. The crushing mechanics are determined by the load-displacement response from a penetration
test. The effect of particle inclusion on the foam concrete microstructure is characterized using micro
computed tomography. The results indicate that use of fine-graded sand particles at a small dosage
simultaneously reduces cement content and enhances the crushing performance, however poor
material performance is observed for a high sand content. The cellular structure of the foam–sand
composite, and thus its mechanical behavior, can be substantially diminished by larger sand particles,
especially when the particle size is larger than the voids in foam.

Keywords: foam concrete; cellular concrete; ceramic foam; modulus; crushing; energy absorbing; CT;
foam structure; foam stability

1. Introduction

Concrete sustainability has emerged as a key theme across modern concrete studies because
of the large environmental impact of cement production [1] and natural aggregate exploitation [2].
All three Rs of environmental protection—reduce, reuse, recycle—can be applied in some ways to
concrete infrastructure. Recycling concrete from demolished building structures and pavements as
aggregates for new constructions represents a strong potential for concrete recycling. While the use of
recycled coarse aggregate is well established [3–6], the fine fractions in recycled concrete aggregates
pose greater challenges for material recycling in new construction [7–9]. Due to the high heterogeneity
of recycled fine aggregate, there are a wide variety of concrete durability concerns, such as water
permeability, long-term shrinkage, and alkali–silica reaction, which makes it difficult to recycle the
fines in the production of normal concrete for structural purposes.

However, good potential has been seen for using recycled fine aggregate for making controlled
low strength materials (CLSM). New ideas about using fine inclusions in foam concrete, which is
classified as a low-density CLSM [10,11], open new possibilities to accommodate high-volume recycled
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fines for its functional material applications, such as excavatable landfill, thermal and acoustic isolators,
and fire resistant and impact absorbing materials [12–15].

Foam concrete is a cellularized cementitious solid made from blending aqueous foam with fresh
cement paste. Depending on the volume ratio of the foam, the bulk density of foam concrete typically
varies from 0.3 to 1.6 g/cm3 [16]. Mixtures with density higher than 0.8 g/cm3 may be applicable
for structural applications [12,17,18]. At lower densities, the strength of the foam concrete is greatly
reduced, and the material exhibits other beneficial properties, being ultra-lightweight, permeable,
and crushable. In this study, attention is focused on the functional potential for the ultra-lightweight
foam concrete.

Although the use of fine aggregates is seen in some foam concrete studies, most of the investigated
foam mixtures are denser than 0.8 g/cm3 [12,18,19] and only a few studies focused on the influence
of adding sand into low-density foamed paste [2,20,21]. Based on the existing literature, the strength
of low-density foam concrete mixtures is sensitive to the inclusion of particles and can be affected by
the filler type. It has been reported that foam concrete with fine aggregates shows a greater tendency
of shrinkage, and ensuring good curing is critical [12,22]. It is generally understood that greater
sand or particle content reduces the foam stability, which usually causes strength reduction in foam
concrete [18,23–25]. For most cases, a small amount of inclusion of finer particles results in a higher
strength of foam concrete. Fly ash is also considered as a filler in some studies [20,26–28] and a
favorable effect has been seen with respects to workability and strength; however, the physical and
chemical nature of fly ash can be quite different to typical particle fillers. Some discussions on using
other recycled fine aggregates in foam concrete are also found in literature [2,29].

As a cellular solid, the performance of foam concrete is largely governed by its foam
structure [17,23,30–32]. Before implementing recycled fine aggregates in foam concrete, it is pertinent
to understand how the cellular microstructure is altered with the inclusion of particles, and how
this alters mechanical performance. Given the promise of using recycled fines in ultra-lightweight
foam concrete for low strength applications, low-density foam mixture design and processing deserve
greater attention by researchers. More knowledge about efficiently incorporating particles into the
foam structure is needed for advanced use of recycled fines in foam concrete production.

This study focuses on investigating the effect of adding fine particles to the foam concrete crushing
behavior and void structure, where the mixture is considered as a foam–particle composite. Fine river
sand was used as a standard filler for studying the influence of particle size and dosage on foam
concrete mixtures. A high-volume fly ash replacing 40% cement was designed to further advance
the engineering sustainability and to improve the mixture uniformity. All the foam–sand mixtures
were designed at a 0.55 g/cm3 bulk density, with three particle sizes (300, 600, and 850 μm) and at
three sand-cementitious weight ratios (0.15, 0.3, and 0.5). The elastic modulus of the samples was
measured using a vibrational frequency test. For investigating the crushing behavior of the composite
material, a penetration test was conducted. In order to clarify the influence of sand inclusion on the
foam structure, micro computed tomography (micro-CT) was further used to characterize the 3D
morphology of a subgroup of the samples.

2. Mixture Design and Sample Preparation

A controlled sample without sand as well as nine mixtures of foam–sand composite samples
of different sand ratio (mass ratio between sand and cementitious materials) and sand size were
prepared for this study. The detailed information of the mixture design is given in Table 1, where
the mixture naming convention is “sand ratio_sand size”. The materials included cement (Essroc
Italcementi Group, Type I/II), fly ash (Boral, Class C), water, superplasticizer (Sika, ViscoCrete 2100),
an accelerator (Grace, Calcium Chloride 37), a foaming agent (BASF MasterCell 30), and river sand
(specific gravity = 2.63). The “300 μm” sand had a size range between 300 to 600 μm, the “600 μm”
sand ranged from 600 to 850 μm, and the “850 μm” sand ranged from 850 to 1180 μm.

242



Appl. Sci. 2019, 9, 876

Table 1. Mixture design and density of the samples.

Mixture Sand Ratio
Sand Size

[μm]

�target

[g/cm3]

�foamed paste

[g/cm3]

�measured

[g/cm3]

Control 0 NA 0.55 0.550 0.552

0.15_300 μm 0.15 300 0.55 0.509 0.575

0.15_600 μm 0.15 600 0.55 0.509 0.573

0.15_850 μm 0.15 850 0.55 0.509 0.547

0.3_300 μm 0.3 300 0.55 0.474 0.583

0.3_600 μm 0.3 600 0.55 0.474 0.58

0.3_850 μm 0.3 850 0.55 0.474 0.562

0.5_300 μm 0.5 300 0.55 0.433 0.549

0.5_600 μm 0.5 600 0.55 0.433 0.562

0.5_850 μm 0.5 850 0.55 0.433 0.538

The foam concrete mixture design generally followed ASTM C796 [33], and the entire mixture
preparation was divided into four steps: paste mixing, preparation of aqueous foam, foamed paste
mixing, and sand inclusion. For preparing the paste, the mixing protocol followed the standard
specified in ASTM C305 [34]. As part of the water was used for foaming, the water available for paste
mixing was different across the samples. As such, the superplasticizer was used to maintain the same
flowability of the fresh paste for the subsequent mixing. The accelerator was dosed as 8% by weight of
cement for better stabilizing of the fresh foamed mixture [16]. A standard aqueous foam was prepared
separately by blending water with the foaming agent at a 15:1 ratio. After that, the paste and foam
were blended together using a high-speed mixer. During this step, different amounts of aqueous foam
were progressively added to the mixture for achieving the target bulk density in different samples.
The sieved sand particles were then gently poured into the foamed paste, after which the mixing was
extended for 30 seconds to ensure an even final mixture.

All the samples were designed to have the same bulk density of 0.55 g/cm3. The paste in all
samples was designed with 0.45 water–cementitious ratio (w/cm) and 40% fly ash replacement (by
weight of cement). All liquid phase from the aqueous foam and chemical agents was considered for
cement hydration when calculating the w/cm ratio. Considering the mixing process involves only
using a portion of water for paste mixing, the cement created in the first step has a low w/cm ratio,
down to 0.35. From previous experimental tests, mixing of this lower w/cm paste with the foam could
not be blended into a homogenous mixture of foam concrete, even when dosed with a high amount
superplasticizer. Therefore, a major portion of the cement was replaced with fly ash to obtain a more
flowable paste mixture.

Based on previous experimental work, it was observed the foam had void sizes ranging between
400 to 800 μm. Therefore, the three sand sizes used in Table 1 were selected to differentiate the three
cases that particles are smaller, within range, and larger than the voids. Since the density of the river
sand is higher than the paste, the effective bulk density of the pure foamed paste decreases when the
sand ratio increases (see Table 1).

For each mixture, three prismatic specimens for the vibrational frequency test (50.8 × 50.8 ×
203.2 mm) and three cylindrical samples for the penetration test (101.6 mm diameter by 203.2 mm
height) were cast. The cylinder specimens were seal-cured in the mold until testing, while the prism
specimens were demolded at 7 days and further cured under the sealed condition. The bulk density
of each mixture was also measured at this age. Any sample that showed a deviation from the target
bulk density larger than 0.05 g/cm3 was rejected, and the mixture was recast. The bulk density of the
accepted mixtures for testing is shown in Table 1.
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3. Testing methods

3.1. Measurement of Elastic Modulus Using a Vibrational Frequency Test

The influence of sand inclusion on foam concrete elastic modulus was evaluated using the
vibrational frequency test as specified by ASTM C215. Feasibility of using this test for measuring
the elastic modulus of foamed cement paste has been confirmed in several studies [15,35]. As the
measurement is non-destructive, the three prism specimens of each mixture were repeatedly tested
at the age of 7, 14, and 21 days, where the modulus measurement were repeated three times on each
specimen during testing. Due to the use of an accelerating admixture, the subsequent increment of the
sample modulus was found to be marginal after 21 days and thus negligible. The testing instrument of
the elastic modulus measurement included a PCB-352C04 accelerometer, a PCB-482 signal conditioner,
and a NI-9171 DAQ for data acquisition. This testing setup yielded a 4 Hz resolution in the frequency
spectrum. As suggested by the previous test [35], the sample elastic modulus was interpreted based
on the transverse vibration frequency of the prism specimens.

3.2. Measurement of Crushing Behavior Using a Penetration Test

The crushing behavior of the samples was characterized using a penetration test at 7, 14, and
21 days, where one cylindrical specimen was tested per mixture at each age. This test method has
been previously used for studying the crushing behavior of foam concrete [15]. For each test, a 47 mm
diameter steel rod was vertically displaced into the cylinder specimen at a 75 mm/min rate from the
top center, where the loading was controlled using an Instron-4502 testing frame. Due to the 10 kN
loading capacity of the load cell used, the maximum indentation stress was 5.7 MPa.

3.3. Micro-CT

The microstructure of the materials used in this study was investigated using an Xradia MicroCT
(MicroXCT-200). Due to the low sample density, a low-level X-ray energy setting was used for data
acquisition. The micro-CT specimens were extracted from the controlled and composite samples of
a 0.5 sand ratio. Each specimen was a small pellet of 5 mm diameter, excised from the undamaged
section of the parent cylindrical sample after the 21-day penetration test. For consistency, the specimens
were extracted roughly at the same location from the mid-depth of the cylinder. The CT scan captured
a volume of 5000-μm diameter cross-section by 5000-μm height, with a voxel size of 5 μm. After
testing, the micro-CT scans were processed using image analysis software, ImageJ. After segmenting
different phases in the mixtures (air void, hydrated cement paste, and sand), the 3D solid foam
structure was reconstructed for each sample, where the model represented a smaller volume of
500 × 500 × 500 voxel3 (2500 ×2500 ×2500 μm3) at the center of the specimens.

4. Results and discussion

4.1. Elastic Modulus of the Samples

The elastic modulus data obtained from the using the vibrational frequency test are summarized
in Table 2 and compared in Figure 1. Each mean value in Table 2 represents the result averaged from
nine measurements (3 specimens by 3 repeats). Continuous increase of the elastic modulus was seen for
all samples from 7 to 21 days, where the average increase was 7.8% at 14 days and only 2.6% at 21 days.
Because of the high accelerator dosage used for mixing, the modulus change of the samples from 14
to 21 days was marginal, indicating that cement hydration in the mixtures was almost complete at
21 days. In terms of standard deviation of the measurements, the samples with a larger sand ratio
were less consistent than the others at 7 days but more consistent at the later ages.
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Table 2. Mean elastic modulus and standard deviation of the samples.

Sample
Mean of Elastic Modulus (and Standard Deviation) [MPa]

7 Days 14 Days 21 Days

Control 1176 (31.1) 1335 (5.5) 1365 (18.5)

0.15_300 μm 1223 (1.8) 1361 (26.0) 1363 (17.3)

0.15_600 μm 1245 (35.8) 1299 (14.7) 1332 (23.4)

0.15_850 μm 997 (30.2) 1071 (4.4) 1126 (7.2)

0.3_300 μm 1081 (24.8) 1166 (23.1) 1201 (23.5)

0.3_600 μm 1076 (20.6) 1161 (25.8) 1202 (34.6)

0.3_850 μm 975 (29.4) 1045 (27.1) 1072 (28.8)

0.5_300 μm 888 (20.1) 922 (24.3) 931 (15.8)

0.5_600 μm 762 (42.9) 821 (43.4) 855 (33.8)

0.5_850 μm 662 (49.1) 709 (8.9) 719 (16.1)

Figure 1. Comparison of the elastic modulus results for all samples.

Figure 1 indicates that elastic modulus decreases for both sand size and sand ratio. The lowest
modulus values at all three testing ages are observed with Sample 0.5_850 μm, which had the largest
sand ratio and sand size. On the other hand, the modulus of Sample 0.15_300 μm is quite close to
the control sample. The influence of sand ratio from 0.15 to 0.5 is more significant than increasing
the sand size from 300 to 850 μm in this case. Although the elastic modulus of the fine aggregate
is greater than cement paste, the overall trend indicates that the elastic modulus of the composite
samples are much reduced at higher sand ratios. However, similar observations have been reported in
the literature [12,19,27]. As all samples were designed for the same target bulk density, the effective
density of foamed paste is lower in samples with higher sand ratios, as shown in Table 1, meaning
that less cement is available to support the cellular structure in foam concrete. This should be the
main influence from sand ratio. Interestingly, the 7-day modulus values of Samples 0.15_300 μm
and 0.15_600 μm are slightly higher than Control, and continue to stay close to Control at the later
ages. This relationship, however, is not observed for Sample 0.15_850 μm. Thus, a small amount of
sand inclusion has a minimal influence, or even a slight improvement, on the elastic modulus of the
foam–sand composite, but this rule does not hold true when the particle size becomes larger.
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The influence of sand size on elastic modulus is not strong in the samples with the 300- and
600-μm sand of 0.15 and 0.3 sand ratios, but an increase in particle size to 850 μm resulted in a
substantial reduction for all sand ratios. Seemingly, there is a size threshold between 600 and 850 μm
beyond which leads to a marked modulus reduction. It can be noticed that by increasing the sand size,
the cellular matrix of the foamed paste loses the ability to support the sand particles within its cellular
matrix. Although all three 850 μm samples exhibits lightly lower densities than their counterparts,
this difference plays a minor role in the modulus reduction. The lower bulk densities of the 850 μm
samples imply that these foam mixtures are less stable during the fresh stage. This issue will be further
discussed with the micro-CT evidence later in this paper.

4.2. Loading Behavior

The loading behavior of all the samples was investigated using the penetration test at the same
testing ages as the vibrational frequency test. A demonstration of the loading responses of the control
sample at the three ages is given in Figure 2, where the indentation stress was calculated by dividing
the resistant force by the cross-section area of the cylindrical indenter. A preliminary test has confirmed
that the friction between the indenter and sample is so small that such effect is negligible. All the
indentation curves of the samples were curtailed on (1) the x axis at 160 mm as further penetration
results in boundary effects and (2) the y axis at 5.7 MPa indentation stress as the loading capacity of
the testing frame is reached.

The trend of the indentation curve of the samples is consistent with the observation from several
other studies on foam concrete [15,36] and other cellular solids [37,38]. As the test initiated, the material
behaved in a linear-elastic manner with a steep increase of the indentation stress. After reaching a
yielding point shortly at a few millimeters, the increment became substantially milder at a roughly
constant rate. Due to the geometry of the indenter, the crushing plateau reported in our previous study
was not captured in this test [15]; the material crushing strength, however, can still be quantitatively
compared based on the indentation stress at the same indentation depth. In Figure 2, localized material
cracking affected the 14- and 21-day loading curves of the controlled sample at around 30 mm, after
which the curves returned to their normal trend lines. These events are considered as anomalies that
can be generally neglected, and they were rarely observed in the other samples, as cracks could not
propagate effectively in the weaker microstructure.

Figure 2. General loading response from the penetration test at 7, 14, and 21 days for the control sample.
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The 7-, 14-, and 21-day loading behavior across different samples are compared in Figure 3.
In general, the influence from sand ratio and sand size to the crushing strength follows the same trend
as observed from the elastic modulus measurement. Comparing the results among the three ages, the
strength gain is smaller for the samples with a larger sand ratio. This phenomenon should be mainly
caused by the reduced cement usage in the high sand ratio samples. The slope of the load curves
after the initial yielding is also relevant to inclusion of sand particles. There is a noticeable rise in the
curve slopes of the controlled sample and those of a 0.15 sand ratio. As more sand was added into the
mixture, this slope change becomes less pronounce. This observation should be associated with the
reduced bulk modulus for samples of higher sand ratio, as the stress build-up underneath the indenter
develops at a slower rate in weaker samples. This point is generally supported by data from the elastic
modulus measurement.

(a) 

(b) 

Figure 3. Cont.
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(c) 

Figure 3. Loading responses of all the samples at (a) 7, (b) 14, and (c) 21 days.

At a low sand ratio of 0.15, the 7 day loading responses of Samples 0.15_300 μm and 0.15_600 μm
are similar to Control, while the indentation stress of Sample 0.15_850 μm is much lower during the
entire crushing history. This evidence accords with an earlier study focusing on a higher foam concrete
density and with coarser sand [22], which also shows that higher sand size reduces compressive and
flexural strength of foam concrete. As a result of the reduced cement ratio, the indentation strength is
consistently diminished for samples of the same sand size but higher sand ratio. At higher sand ratios
of 0.3 and 0.5, however, it is still evident that the crushing strength is further reduced when larger sand
particles are used. Another important observation is that no matter for which sand ratio, the relative
strength reduction between the 850 μm and 600 μm samples is larger than that between the 600 μm
and 300 μm samples, implying a profound influence from the 850-μm sand.

4.3. Micro-CT Investigation on the Influence of Particle size

The experimental results from both the vibrational frequency test and the penetration test indicate
that sand size affects the material performance of the foam–sand composite samples, especially at the
large sand ratio of 0.5. It has been known that the mechanical behavior of cellular solid material is
primarily determined by the solid property (e.g., solid modulus) and the morphology of the foam
structure (e.g., void size distribution) [13,18,23]. In this case, the solid modulus is related to the cement
paste and sand; however, this factor remains unchanged under the same sand ratio of 0.5. Therefore, it
is more likely that the size of the sand inclusion makes a difference in the foam crushing behavior by
affecting the cellular paste matrix.

To study the influence of the inclusion size, the specimens of Samples of 0.5 sand ratio, along with
the control sample were further scanned using micro-CT. These samples were selected because they
reflected the greatest contrast between the control and composite samples based on the mechanical
tests. A sample scan of each sample is shown in Figure 4, along with the corresponding processed
image highlighting the different material phases and a 3D reconstruction showing the foam structure.
The 3D reconstruction represents a smaller 2500 × 2500 × 2500 μm3 volume being extracted from the
center of each CT scan. Due to the density difference, the sharp contrast made it easy for segmenting
between air void and solid phases, while it was more challenging to separate out the sand particles
from the cement paste, as the density of C-S-H solid is close to that of the sand [39].
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(a)  

   
(b) 

   
(c) 

   
(d) 

Figure 4. A representative micro-CT scan, corresponding phase segmentation, and 3D reconstruction
of samples (a) Control, (b) 0.5_300 μm, (c) 0.5_600 μm, and (d) 0.5_850 μm, where the micro-CT scan
has a side length of 5000 μm and the 3D reconstruction has a side length of 2500 μm.

249



Appl. Sci. 2019, 9, 876

To further validate the CT test, the volume fractions of the three phases measured from the 3D
reconstruction of each sample were compared with the theoretical values calculated based on the
mixture design, as shown in Table 3. In general, the measurement achieves a decent agreement with the
theoretical volume for all four samples, especially the void content. Due to the difficulty of separating
the paste and sand, the variation on these two phases is greater. With respect to the composite samples,
a greater deviation is observed in Sample 0.5_600 μm, but still within a reasonable range.

Table 3. Theoretical volume fractions and measurements from the 3D reconstructions.

Void Content [%] Paste Content [%] Sand Content [%]

Sample Calculated Measured Calculated Measured Calculated Measured

Control 71.1 70.9 28.9 - 0.0 -

0.5_300 μm 76.8 75.6 18.0 18.9 5.2 5.5

0.5_600 μm 76.8 77.4 18.0 16.8 5.2 5.8

0.5_850 μm 76.8 75.8 18.0 19.3 5.2 4.9

In terms of the spatial distribution of sand, the 3D reconstruction shows that no particle
agglomeration in the inspected volumes and these mixtures are generally homogeneous. The
segmentation images in Figure 4 confirm the increment on sand size from Sample 0.5_300 μm to
0.5_850 μm. Since the amount of sand inclusion was identical across the three samples, the sand
population declines with the particle size. Seemingly, the sand particles in Samples 0.5_300 μm and
0.5_600 μm are more included in the cement paste, but those in Sample 0.5_850 μm are less confined
by the cellular matrix.

Regarding the air void size, Sample Control in Figure 4a has the smallest voids among the four
samples. This difference is mainly caused by the lower effective density of the foamed paste in the
composite samples (see Table 1), and thus less confinement to the air bubbles in fresh cement paste
before setting. These larger voids can be partly attributed to the presence of sand as well, as the
interaction between the solid sand particles to the soft air bubbles reduces the stability of the foamed
paste during mixing [17,23,32]. Another observation is that the sand particles in Samples 0.5_300 μm
(Figure 4b) and 0.5_600 μm (Figure 4c) are smaller than the large air voids in the cellular matrix;
however, the particle size is evidently larger in Sample 0.5_850 μm (Figure 4d). This difference may be
relevant to the greater drop on elastic modulus and crushing strength of samples with the 850 μm sand.

To compare the void systems of the four samples quantitively, their void size distributions were
extracted from the 3D reconstructions, as shown in Figure 5. As the air voids that are intersected by the
model boundary does not reflect the actual void size, those intersected voids were not counted for the
statistical analysis. As a result, the effective model volume was different for each sample. This artifact
was compensated by renormalizing the effective model volume back to 2500 × 2500 × 2500 μm3. A
back calculation using the normalized distributions confirmed that the deviation to the actual bulk
density of each sample was less than 5%. In the four specimens, voids larger than 800 μm were not
observed, which is generally in agreement with the visual inspection. Possibly, air bubbles larger than
this size cannot be sufficiently confined by the fresh mixture during mixing.

According to Figure 5a, the log-scaled void population of Sample Control reduces rather linearly
as a function of void size. As suggested by the other three samples, the sand inclusion results in
fewer small voids and an increase of large voids. This point is better reflected in Figure 5b, as the
volume distribution progressively moves to bigger voids with larger sand added. Since a standard
aqueous foam was used for casting all mixtures and the only difference was the volume of foam added,
ideally, the normalized void size distribution should not shift across different samples. Therefore, the
influence on void size distribution must be induced by either the foamed paste or/and the particle
inclusion before setting. Figure 5a shows that the overall distributions of Samples 0.5_300 μm and
0.5_600 μm are close to the controlled sample from 100 to 450 μm but consistently higher at larger
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sizes. The remarkable reduction at 50 μm can be mainly attributed to the diminished stability of small
air voids, which have a higher tendency of merging under the reduced paste confinement. Based on
the gradual rightward shift of the three distributions in Figure 5b, the larger sand seems to further
induces formation of larger voids at the expense of smaller ones.

(a) 

(b) 

Figure 5. Statistics of the void (a) population and (b) volume distribution of the micro-CT specimens.
These results have been normalized by a unit volume of 2500 × 2500 × 2500 μm3.

In comparison, the 850-μm sand has a more profound impact on the void distribution. According
to Figure 5a, the void population is dramatically reduced before 300 μm and consistently increased
beyond 400 μm. In correspondence, its void volume is concentrated at a larger size in Figure 5b. This
significant change on the void system can be only reasonably associated with the fact that the 850 μm
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sand is much larger than the air voids in the sample. Prior studies have reported that the aqueous
foam system tends to be more influenced when the inclusion size becomes larger [22,32]. Thus, the
void stability in Sample 0.5_850 μm is more diminished than those with smaller sand, leading to the
most degenerated foam structure among all four samples. This explanation is also well supported by
the experimental results of Sample 0.5_850 μm on elastic modulus as shown in Figure 1, and crushing
strength as shown in Figure 3, as well as the other 850-μm sand samples. Therefore, during material
design, special attention should be given to control the maximum particle size when any inclusion is
used in foam concrete mixtures.

5. Conclusions

This study investigated the influence of sand size and sand content on the mechanical properties
of a group of 0.55 g/cm3 foam concrete mixtures, for which higher sand ratio corresponds to less
cement usage and lower density of the foamed paste. The test results of elastic modulus from the
vibration frequency test and loading response from the penetration test suggest a strong influence
from the material modulus to the crushing behavior of the foam-sand composite. At a small sand ratio
of 0.15, the modulus and crushing strength between the controlled and composite samples are very
close and even slightly higher when the 300- and 600-μm fine sand were used; the inclusion of the
large 850-μm sand, however, caused significantly diminished results for both tests. Under higher sand
ratios, the lower effective foamed paste density results in progressively inferior material performance,
and the influence from the inclusion size becomes secondary.

In addition to the mechanical tests, the micro-CT scan indicates that the air voids in the composite
mixtures are generally enlarged, which is mainly attributed to the reduced paste confinement.
Furthermore, increasing the sand size diminishes the stability of small air voids and induces formation
of larger voids. This size impact is most profound when the sand particles are larger than the voids.

As a general rule, it is recommended that low-density foam concrete should be designed with
a relatively low volume of particles to avoid compromising mechanical performance. Preferably,
fine-graded particles should be used to maintain a good foam stability. Due to this direct influence
from the sand size to the foam stability, special attention should be paid to the particle dimension and
void size of the foam during the mixture design when using particle inclusions in foam concrete.
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Abstract: The adhered mortars in recycled aggregates (RA) may lower the performance of the
concrete, by for instance reducing its strength and durability, and by cracking. In the present study,
the effect of nylon fiber (NF) on the permeability as well as on the mechanical properties of concrete
incorporating 100% RA was experimentally investigated. Concrete was produced by adding 0, 0.6 and
1.2 kg/m3 of NF and then cured in water for a predetermined period. Measurements of compressive
and split tensile strengths, ultrasonic pulse velocity and total charge passed through concrete were
carried out, and the corresponding test results were compared to those of concrete incorporating
crushed stone aggregate (CA). In addition, the microstructures of 28-day concretes were examined
by using the FE-SEM technique. The test results indicated that recycled coarse aggregate concrete
(RAC) showed a lower performance than crushed stone aggregate concrete (CAC) because of the
adhered mortars in RA. However, it was obvious that the addition of NF in RAC mixes was much
more effective in enhancing the performance of the concretes due to the crack bridging effect from
NF. In particular, a high content of NF (1.2 kg/m3) led to a beneficial effect on concrete properties
compared to a low content of NF (0.6 kg/m3) with respect to mechanical properties and permeability,
especially for RAC mixes.

Keywords: recycled coarse aggregate concrete; nylon fiber; mechanical properties; permeability;
microstructure

1. Introduction

Recently, a lack of natural aggregates with a high quality has set up the alarm to find alternative
uses for recycled aggregate. Environmental and economic benefits led to a higher production and
application of recycled aggregate concrete in many countries. A great amount of demolition and
construction waste, almost 67,000,000 tons yearly, was generated in South Korea. For the purpose of
the wide utilization of recycled aggregate, it is advised to use recycled aggregate up to 30% in concrete
construction sites of 24 MPa grade and below [1]. Due to the increased technology in the aggregate
production industry, both the quality and quality of recycled aggregates has increasingly improved [2].

However, there are still some doubts on the performance of concrete using recycled aggregate.
In general, the performance of recycled aggregate concrete greatly depends on the adhered mortars
oriented from parent concrete. Until now, there have been many reports on the properties of concrete
made with recycled aggregate [3–11], but most of them resulted in a lower level of concrete strengths.
This is mainly due to the residual impurities on the surface of the recycled aggregates, which blocked
the strong bond between the cement paste and aggregate. Moreover, it is well known that there are two
interfacial zones in recycled aggregate, which negatively affect concrete properties. In fact, this is the
reason that the microstructure of recycled aggregate concrete is much more complicated than that of
natural aggregate concrete. The old mortar in recycled aggregate includes many micro-cracks, formed
during the production of recycled aggregate concrete, and it has a high porosity.
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In order to enhance the performance of recycled aggregate concrete, researchers have come up
with several advanced techniques. These techniques include the surface treatment [12], the use of
mineral admixtures [13,14] and the addition of fibers [4,15,16], which can improve the performance of
recycled aggregate concrete.

In particular, the reinforcement of recycled aggregate concrete using fibers leads to reduced
micro-cracks in the cement matrix as well as to an increase in material density. There have been
numerous studies on the applications of steel fiber [17–23] and polypropylene (PP) fibers [24–26]
in concrete. Moreover, the PP fiber also enjoys popularity in the domain of recycled aggregate
concrete [4,27]. However, although nylon fiber (NF) shows a rising acceptance in the literatures [28–30],
it remains unpopular compared to steel fiber and PP fiber. In comparison with steel and PP fibers,
while there is limited literature available on the use of NF, some authors [28,31] reported that the use
of NF stepped up the performance after the presence of cracks in concrete, and sustained high stresses.
One needs to examine the applicability of NF for the purpose of the enhanced mechanical properties
and the reduced micro-cracks in recycle aggregate concrete.

This study is therefore aimed at investigating the usability of NF in recycled aggregate concrete
in order to be used in structural concrete, since the use of NF in field concrete is gaining popularity
nowadays. In order to achieve this goal, measurements of compressive strength, split tensile strength,
ultrasonic pulse velocity, and chloride ion permeability of recycled coarse aggregate concretes with or
without NF were carried out, and the corresponding test results were compared to those of concretes
incorporating crushed stone aggregate. Additionally, the microstructures of 28-day concretes were
examined by using the FE-SEM technique.

2. Experimental Section

2.1. Materials

In this study, ordinary Portland cement conforming to ASTM C150 was used in preparing
the concrete specimens. The cement had been produced by a local cement plant in South Korea.
The density and specific surface area of the cement used were 3.15 g/cm3 and 328 m2/kg, respectively.
The mineralogical compounds of the cement were 54.9, 16.6, 10.3, and 9.1% for C3S, C2S, C3A and
C4AF, respectively.

Crushed stone aggregate (CA) and recycled coarse aggregate (RA) were used as coarse aggregates
for the concrete production. RA was produced by crushing the waste concrete with a jaw crusher
and an impact crusher. To enhance the purity of RA, impurities such as wood, bricks and glass were
manually removed. A water jet with high-pressure was also used to remove mud and debris from RA.
Both CA and RA have continuous grains from 5 to 25 mm. The main properties of coarse aggregates
are presented in Table 1. The size grading of CA and RA is shown in Figure 1. Natural river sand was
used as a fine aggregate with a fineness modulus of 2.80, a water absorption of 0.98% and a density of
2.65 g/cm3.

Table 1. Physical properties of the coarse aggregates.

Properties Crushed Stone Aggregate (CA) Recycled Coarse Aggregate (RA)

Density (g/cm3) 2.64 2.37
F.M. 7.17 7.43

Absorption (%) 0.66 4.31
Abrasion rate (%) 21.7 47.5

Adhered mortar (%) 1 5.56
1 Acid-soluble content.
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Figure 1. Size grading of coarse aggregates.

The nylon fibers (NF) used in the present study, a picture of which is shown in Figure 2, had been
supplied by a local fiber company in South Korea, and they are now commercially available in the
domestic market. The properties of NF used in the present study are shown in Table 2. In addition,
a polycarboxylate-based superplasticizer (SP) was used to improve the initially low workability of the
fresh concrete. The basic properties of SP were provided by a chemical manufacturer in South Korea.

 

Figure 2. Nylon fibers (NF) used in this study.

Table 2. Physical properties of NF.

Properties Nylon Fibers (NF)

Diameter (μm) 23
Length (mm) 19
Aspect ratio 826

Density (g/cm3) 1.16
Tensile strength (MPa) 919
Elastic modulus (GPa) 5.3

Color white

2.2. Concrete Mix Proportions and Curing

Six concrete mixes of 24 MPa grade concrete have been prepared. For all specimens, the w/c ratio
was chosen as 0.50. The desired workability which is the range of 130–170 mm collapse was obtained
by means of SP. The RAC was prepared with a 100% replacement of RA with CA. The concrete mix
proportions are shown in Table 3. The NF was added at the concentrations of 0, 0.6, and 1.2 kg/m3

for CAC and RAC mixes, respectively. The SP was initially mixed with water to achieve a uniform
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dispersion. The concrete mixes were grouped to study the effect of the NF contents. The mixing of
concrete was carried out using a manually loaded laboratory mixer. The concrete materials were
mixed and then cast into the 100 × 200 mm cylinder molds for compressive and split tensile strength,
non-destructive ultrasonic pulse velocity measurements, and a rapid chloride ion penetration test.
The concrete specimens were cured under moisture conditions for 24 h, after which they were demolded
and moved into a plastic tank for water curing until the time of testing.

Table 3. Mix proportions of concrete.

Concrete
Mixes

Mix Proportion (kg/m3) Fresh Density 1

(kg/m3)Water Cement Sand CA RA NF SP 3

CAC1 170 340 745 1015 - - 2.45 2345
CAC2 170 340 745 1015 - 0.6 (0.06) 2 2.45 2350
CAC3 170 340 745 1015 - 1.2 (0.12) 2.45 2386
RAC1 170 340 745 - 912 - 2.72 2278
RAC2 170 340 745 - 912 0.6 (0.06) 2.72 2290
RAC3 170 340 745 - 912 1.2 (1.12) 2.72 2312

1 Values measured according to ASTM C 138M-17a standard [32]. 2 Fiber volume fraction (v/v %). 3 Superplasticizer.

2.3. Test Methods

The compressive and split tensile strengths of concrete cylinders with dimension of 100 mm in
diameter and 200 mm in length after 7, 28, and 91 days of curing were tested according to ASTM
C39 [33] and ASTM C469-17 [34], respectively. For evaluating the compressive strength, the cylinders
were placed under a compression testing machine of 2000 kN capacity. The test for split tensile strength
was also conducted using the same compression testing machine. The mean values of the compressive
and split tensile strengths of at least three samples for each concrete mix were taken, and the standard
deviation from the test results was calculated. The non-destructive test, like the ultrasonic pulse
velocity (UPV), was conducted according to ASTM C597-16 [35] by using PUNDIT LAB, manufactured
by PCTE, Australia. The used transducers are 50 mm in diameter, and have a maximum resonant
frequency of 54 kHz. A rapid chloride ion penetrability test was used to evaluate the permeability
of the concrete specimens. This test was based on the standard test method of ASTM C1202-18 [36].
After having been cured for 28 days, a concrete disc, 50 mm in thickness and 100 mm in diameter, was
connected to two chambers: one was filled with 3% NaCl solution and the other with 0.3M NaOH
solution to form electrodes, as shown in Figure 3. An electric charge of 60 V was applied to the
electrodes for 6 h. The current flowing through the concrete disc and the temperature of the solution in
the chambers were recorded with an interval of 30 min. The higher level of the total charge passed
represents the higher permeability of concrete, as shown in Table 4.

The microstructures of concrete fractions after the compressive strength tests of 28-day concrete
specimens, were investigated using field emission scanning electron microscopy (FE-SEM) equipped
with an EDXA Falcon energy system. The concrete samples were gold-coated after drying in a
desiccator for 24 h.
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Figure 3. Schematic of the rapid chloride ion penetration test based on ASTM C1202-18 [36].

Table 4. Chloride ion penetrability based on the charge passed [36].

Charge Passed (Coulombs) Chloride Ion Penetrability

>4000 High
2000–4000 Moderate
1000–2000 Low
100–1000 Very low

<100 Negligible

3. Results and Discussion

3.1. Compressive Stregnth

Table 5 presents the compressive strength values of both CAC and RAC mixes with different NF
content. Due to the adhered mortars in recycled aggregates, the compressive strength values of RAC
mixes is much lower than CAC mixes. For example, it can be seen that the compressive strength value
of the RAC1 mix without NF decreased by 27% at the age of 28 days, compared with that of the CAC1
mix. At 91 days, the CAC1 mix also exhibited a higher compressive strength value, showing 41.2 MPa,
than the RAC1 mix (30.1 MPa). It is presumed that the higher absorption and the larger pores, due to
the adhered mortar in the RAC1 mix, contributed to a decreased strength in the RAC1 mix.

The compressive strength generally increased when NF was added to the mixes. Among the
concrete mixes with RA, the highest compressive strength was obtained from the RAC3 mix with
52.6 MPa at 91 days of curing. For the CAC mixes, the CAC3 mixes exhibited a good development
in compressive strength. It was therefore obvious that the addition of NF led to the increase of
compressive strength in both the CAC and RAC mixes. It is worth noting that despite the use of RA,
the RAC3 mix with 1.2 kg/m3 of NF showed much higher compressive strength values, ranging from
27~41%, compared with the CAC1 mix with CA, for all stages of the curing.

In order to highlight the effect of RA and NF on the compressive strength of concrete mixtures,
the compressive strength ratio (CSR) of concrete mixes at 7, 28 and 91 days was calculated, and the
correspondent results were shown in Figure 4a–c, respectively. The CSR results shown in Figure 4
exhibited almost the same trend, regardless of the curing ages. However, it must be noted that when
NF was added in the RAC mixes, there was a beneficial effect on the increase in compressive strength,
as a similar result was reported by Song et al. [37]. They found an approximately 11.5% increase in
the compressive strength of concrete with 0.6 kg/m3 of NF content, compared to control concrete
without NF.

From Figure 4, it was clearly observed that the CSR increased when the NF contents increased.
Increases of CSR in the high content NF containing mixes (CAC3 and RAC3) were more remarkable
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than for the low content NF mixes such as CAC2 and RAC2. At all curing periods, the higher CSR
values were obtained from the RAC3 mix with an NF content of 1.2 kg/m3, which means that, as the
NF content increases, the compressive strength development of recycled aggregate concrete becomes
more effective. For example, the CSR of the RAC3 concrete was 194% at 7 days, while the value for the
CAC3 mix was only 136%. More importantly, the improved behavior of concrete with NF may be the
result of the high content of fibers which form a network that acts as a bridge in the cement matrix,
resulting in a reduction of micro-cracks [16,27,38].

Table 5. Compressive strength values of concrete mixes with different NF contents (standard deviation
in parenthesis).

Mixes
Compressive Strength (MPa)

7d. 28d. 91d.

CAC1 25.6 (0.97) 36.5 (1.14) 41.2 (1.12)
CAC2 37.5 (1.42) 45.6 (1.02) 52.4 (0.76)
CAC3 38.2 (0.88) 49.8 (1.65) 56.6 (1.35)
RAC1 18.6 (1.21) 25.4 (2.18) 30.1 (0.90)
RAC2 27.0 (0.45) 39.5 (0.98) 43.6 (2.33)
RAC3 36.2 (0.81) 47.2 (1.47) 52.6 (0.66)

  
Figure 4. Compressive strength ratios of concrete mixes at: (a) 7 days, (b) 28 days, and (c) 91 days.

3.2. Split Tensile Strenth

The split tensile strength values of the CAC and RAC mixes with different NF contents at 7,
28, and 91 days are listed in Table 6. As expected, the values of the split tensile strength of concrete
were significantly dependent on the added NF content. The strength results showed that there was
a great increase in the split tensile strength values with the addition of NF up to 1.2 kg/m3 in both
the CAC and RAC mixes. At 91 days, the maximum strength value obtained in the case of the CAC
mixes was 6.3 MPa for 1.2 kg/m3 NF content, an increase of 23.5% over the CAC1 mix. Similarly, for
the RAC mixes, the maximum improvement examined in the RAC3 mix with the same NF content,
as compared with the unreinforced RAC1 mix, was 80.6%, which has a split tensile strength of 5.6 MPa.
These results were in a good agreement with other studies [15,27].

The calculated results of the split tensile strength ratio (SSR) of the concrete mixes at 7, 28 and 91
days were presented in Figure 5a–c, respectively. For both the CAC and RAC mixes, it seems that the
addition of NF had much influence on the split tensile strength, especially at the early age of curing.
At 7 days, the SSR value for the RAC3 mix was 205% compared to 151% for the CAC3 mix, and similar
trends were also observed at 28 and 91 days, as shown in Figure 5b,c.

Within the scope of the present study, it was confirmed that a higher addition of NF led to an
increase in both the compressive and split tensile strengths. Furthermore, this was obvious when NF
was applied in the RAC mixes compared to the CAC mixes.
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Table 6. Split tensile strength values of the concrete mixes with different NF contents (standard
deviation in parenthesis).

Mixes
Split Tensile Strength (MPa)

7d. 28d. 91d.

CAC1 2.9 (0.14) 4.2 (0.10) 5.1 (0.22)
CAC2 4.2 (0.20) 5.2 (0.24) 6.0 (0.24)
CAC3 4.4 (0.42) 5.6 (0.32) 6.3 (0.33)
RAC1 1.8 (0.12) 2.5 (0.14) 3.1 (0.24)
RAC2 3.1 (0.22) 3.9 (0.11) 4.7 (0.10)
RAC3 3.7 (0.18) 4.7 (0.23) 5.6 (0.19)

  
Figure 5. Split tensile strength ratio of concrete mixes at: (a) 7 days, (b) 28 days, and (c) 91 days.

3.3. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) measurements have been well known as non-destructive
methods to assess the quality of concrete [14,27,39,40]. The UPV values for the CAC and RAC mixes
measured at 7, 28, and 91 days are shown in Figure 6. According to the classification criterion for
concrete based on ultrasonic pulse measurements by Leslie and Cheeseman [41], the UPV values for
concrete mixes observed in this work can be classified as shown in Table 7.

Figure 6. Ultrasonic pulse velocity of concrete mixes.

Table 7. Concrete classification based on the ultrasonic pulse velocity [41].

Pulse Velocity (m/s) Concrete Classification

V > 4500 Excellent
3600 < V < 4500 Good
3000 < V < 3600 Questionable
2100 < V < 3000 Poor

V < 2100 Very poor
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As expected, it was observed from Figure 6 that the UPV values increased with curing time.
The increase of UPV with time is a natural development due to the increase of the stiffness via the
hydration reaction [42]. Among the concrete mixes made with CA (CAC mixes), the UPV values for
the CAC2 mix were almost similar to those for the CAC3 mix, which shows that the content of NF
in the CAC mixes does not have a significant influence in the variation of the UPV. However, the
CAC2 and CAC3 mixes exhibited a better performance with respect to the UPV compared to the
CAC1 mix without NF. This may be partially attributed to the bridge effect of NF which leads to the
reduction of micro-cracks in the cement matrix by the addition of NF [29,30,43]. Generally, with an
addition of steel fiber, introducing steel fibers of greater length negatively affected the UPV of the
concrete specimens [44]. However, in this study, it can be seen that introducing NF positively affects
the UPV, although it was relatively long (19 mm in length). This might be attributed to the increase of
the materials density and the bridge effect of the fibers, due to incorporation of NF into the concrete
mixes. In the case of the RAC mixes, with the further incorporation of NF, the general increases in the
UPV were also examined, showing similar trends with regards to the strength properties (Tables 5
and 6) with the increase of NF. At 7 days, the UPV values of the RAC mixes were comparable with the
CAC mixes, ranging from 3240 ~ 3540 m/s. This can be attributed to the substantially higher water
absorption capacity of RA (4.31%) than CA (0.66%), because of the adhered mortar in RA, resulting
in the increased porosity in the RAC mixes. However, relatively small increases in the UPV were
observed in the RAC mixes at later ages of curing. Similar to the results of the compressive and split
tensile strengths, the UPV results indicated that the CAC mixes showed higher values in the UPV than
the RAC mixes, regardless of the aggregate types and NF contents.

The relationship between compressive strength (CS) and split tensile strength (SS), and the UPV
obtained from the present study, are presented in Figure 7. It can be seen from this figure that the best
fit-curve representing the relationship is given as;

UPV = 2450 Exp (0.012 × CS), determined by a proposed regression model of R2 = 0.82.
UPV = 2526 Exp (0.1016 × SS), determined by a proposed regression model of R2 = 0.84.
High correlation coefficient values (0.82 for UPV-CS curve, and 0.84 for UPV-SS curve) were

obtained from the exponential curves, implying that the trend of the UPV values is almost similar to
that of both the compressive strength and split tensile strengths [44,45]. Overall, it can be said that
the non-destructive UPV measurements are a useful method to determine the mechanical properties
of concrete.

  
Figure 7. Relationship between the strengths and ultrasonic pulse velocity of concrete mixes:
(a) compressive strength, and (b) split tensile strength.

3.4. Rapid Chloride Penetration Test

Based on the ASTM C1202-18 standard [36], the results of the rapid chloride ion penetration
test (RCPT) were presented in Figure 8, indicating the total charge that passed through the concrete
samples. It can be seen that NF in the CAC mixes reduced the total charge, compared to the CAC1
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mix without the addition of NF, and that the reduction of the total charge was more remarkable in
the concrete mixes with RA. It was observed that the charge passed for the 28-day RAC mixes were
2872, 2294, and 2050 coulombs for the RAC1, RAC2, and RAC3 mixes, respectively. According to
the ASTM C1202-18 criterion, the total charges for all the RAC mixes corresponded to the level of
‘Moderate’, while they were ‘Low’ for the CAC mixes, ranging from 1046 to 1424 coulombs (see Table 4).
This implies that RA in concrete may impose a high risk to the durability of the concrete structure
with respect to steel corrosion. However, the usage of NF in concrete made with RA can mitigate the
possibility of steel corrosion oriented from external chlorides due to the reduction of micro-cracks in
the cement matrix.

Figure 8. Rapid chloride ion penetration test (RCPT) results of the concrete mixes.

3.5. Microstructure

The results of the microstructural observations of the concrete samples using the FE-SEM
technique are shown in Figures 9–14. The analysis was performed on fractions of the CAC and RAC
specimens obtained after the compressive strength of concretes, to observe the effect of NF addition.
It is well understood that the interfacial transition zone (ITZ) affects the mechanical properties and
durability of the concrete [46–49]. In the case of the CAC1 sample (Figure 9), it was found from the
image that there were calcium hydroxide (CH) crystals and C-S-H gel, in addition to a small amount
of ettringite (AFt) and monosulfate (AFm). Furthermore, the ITZ between the aggregate and bulk
cement matrix seems to be dense, indicating a lower porosity and less cracks. The strengthening of the
ITZ connection results in the microstructural integrity of the cement matrix. The images for the CAC
samples with NF (CAC2 and CAC3) were also examined via the FE-SEM technique, and revealed that
C-S-H gel with a dense structure was mainly present through the samples, as shown in Figures 10
and 11.

Comparatively, for the microstructure of the RAC1 samples (Figure 12), there are two interfacial
zones; the old ITZ between the aggregate and adhered mortar, and the new ITZ between t recycled
aggregate and new mortar. The adhered mortar can be easily differentiated from the new mortar by
different degrees of hydration of the cement matrix [27]. It was obvious from the microstructural
observation that the crack was formed along this weak interface. This results in both a lower strength
and higher permeability in the RAC sample, as shown in Tables 5 and 6, and in Figure 8.

The two interfacial zones were also observed in the microstructure of the RAC2 sample, as shown
in Figure 13. Due to the addition of NF, the sample exhibited the cement bulk matrix with a higher
density as well as with less pores. With the NF addition of 1.2 kg/m3 in the RAC mix, as shown in
Figure 14, only small cracks were found on the paste of the specimen, which is due to the bridge
effect of NF. In addition, the increase in density (see Table 3) of the RAC mixes with NF (RAC2 and
RAC3) led to the improvement of mechanical properties such as the strength and UPV as well as to the
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reduction of permeability. Therefore, it can be confirmed that the enhanced performance of the RAC3
mix compared to the RAC1 mix is due to the reduced micro-cracks via the increase in the fiber content.

Figure 9. FE-SEM image of CAC1 sample.

Figure 10. FE-SEM image of CAC2 sample.

Figure 11. FE-SEM image of CAC3 sample.
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Figure 12. FE-SEM image of RAC1 sample.

Figure 13. FE-SEM image of RAC2 sample.

Figure 14. FE-SEM image of RAC3 sample.

4. Conclusions

Experimental works were carried out with the additions of 0, 0.6 and 1.2 kg/m3 of NF in both
CAC and RAC mixes in order to highlight the effect of NF on the mechanical properties of CAC and
RAC mixes. The RAC was prepared with a 100% replacement of RA with CA. The main conclusions
obtained from the present study are as follows.

(1) Due to the adhered mortar in RA, the compressive strength values of the RAC mixes were
significantly lower than those of the CAC mixes. However, we found that the addition of NF led
to an increase in compressive strength of both the CAC and RAC mixes. In particular, this trend
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was more remarkable in the RAC mixes with a high content of NF. The compressive strength ratio
results revealed that there was a beneficial effect of NF on the increase in compressive strength.

(2) As observed in the case of the compressive strength, a similar trend was also examined with the
NF content variation for the split tensile strength. Specifically, the test results revealed that there
was a significant increase in the split tensile strength, especially with the addition of 1.2 kg/m3

NF, regardless of concrete types. In the case of the RAC3 mix, we examined an increase of 80.6%
in the split tensile strength over the RAC1 mix without NF.

(3) From the test results of the UPV, we observed that in the case of the RAC mixes, there was an
increase in the UPV with the further incorporation of NF. This may be due to the increase of the
materials density and the bridge effect of NF. Additionally, it seems that the UPV results were
closely related to those of both the compressive and split tensile strengths observed, with high
correlation coefficient values.

(4) Based on the results of RCPT, we observed that the addition of NF in the CAC mixes reduced the
total charge, compared to the control (CAC1) mix without the addition of NF, and the reduction of
the total charge was more remarkable in the concrete mixes with RA. This implies that the usage
of NF in the RAC mixes can mitigate the possibility of steel corrosion oriented from external
chlorides due to the reduction of micro-cracks in the cement matrix.

(5) The microstructural observation of concrete revealed that the micro-cracks propagated along the
ITZ between old mortar and aggregate, especially in the RAC mixes. However, for RAC mix with
an addition of NF, the NF plays an important role in crack bridging, resulting in a higher strength
and lower permeability in concrete.

Within the scope of this study, we can conclude that the addition of NF enhanced the permeability
as well as the mechanical properties, especially in concrete incorporating RA. The enhancement is
primarily attributed to the bridge effect of NF, which allowed for a higher development of strength
and concrete density.
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