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ABSTRACT

There is a growing demand of suitable substitute materials of concrete ingredients especially fine and
coarse aggregates in order to achieve sustainable development in the era of rapid urbanisation. Therefore,
the concrete making process by utilisation of aggregates that recycled from construction and demolition
(C&D) debris has emerged as a primary objective for many government agencies. Consequently, the
utilisation of recycled aggregate concrete (RAC) in structural applications become essential aspect.
However, RAC can be employed in structural applications only if effective stress-strain relationship is
available. The stress-strain models developed for natural aggregate concrete (NAC) are not fully suitable
for RAC. Hence, the selection of good model which has precise prediction capacity plays a crucial role.
Moreover, the stress-strain models provide the basis for the analysis and modern design procedures
especially in FEA packages. In the present study, the stress-strain models for RAC have been selected
from the literature and critically reviewed in order to evaluate their predictive efficacy. The test samples
in the form of measured stress-strain relations-hips derived from literature have been compared with the
predictions of each selected model. Besides the comparison of measured and predicted stress-strain
profiles, the output of selected models in terms of normalized toughness and ductility index was assessed.
The consistency of output of models are further evaluated by employing statistical tools such as
coefficient of variance and root mean square error. The outcomes of the model in the form of polynomial
expression was relatively more accurate to that of other counterparts.
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NOMENCLATURE

o Stress in concrete corresponding to specified strain level ¢ &

omax  Peak stress of concrete
fe the prism compressive strength
[ Compressive stress

Strain in concrete corresponding to specified stress level o
n, k Coefficients

fem Average cylinder compressive strength at 28 days

FEA Finite Element Analysis

1. INTRODUCTION

natural resources, on the other hand, debris produced by
demolition and other construction activities is increasing.

Since the beginning of the urbanisation, there has been
rapid growth in the building industry, and as a result, the
amount of construction waste produced has increased
year by year [1, 2]. Every year, around 2.01 billion tonnes
of municipal debris are produced across the globe [3].
Due to rapid urbanization, the appropriate utilization of
C&D waste has become very important. The demand of
coarse and fine aggregate has been in an ever increasing
rate, but as they are natural resources, their supply is
limited [4]. On one side, there is exploitation of the
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A process to extract fine and the coarse aggregate from
C&D waste that could be replaced with the natural
aggregates in construction is very crucial as it would
relieve the pressure on natural resources. It is high time
that the entire C&D waste is properly recycled and
utilized as the natural building materials are becoming
scarce. In the recent decade, due to the rapid population
growth there has been a big boom in the construction
industry as the expansion of cities and redevelopment of
the existing cities have gained a big momentum. Due to
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this rapid development, there have been a massive
increase in C&D waste generation. In order to promote
sustainability and alleviate the stress on the environment
from the excessive use of natural aggregates, recycled
aggregates are increasingly used in  concrete
manufacturing [5].

Plenty of studies [6-8] on the utilisation of recycled
aggregate from C&D waste are available in the literature,
but the studies on structural application of RAC are
comparatively limited in their number. Emphasis on the
utilization of recycled concrete aggregate (RCA) in
structural applications may accelerate sustainable
development programmes. As a result, a thorough
knowledge of stress-strain relations of this substitute
material is inevitable in order to assess its structural
potential. Moreover, if the stress-strain relationship
accurately depicts the behaviour under loading, it might
serve as a foundation for structural applications of RAC.
Numerous compressive behaviour indicators, such as
peak-stress (referred as compressive strength), peak-
strain corresponds to peak stress, ultimate stress where
the failure is defined in terms of certain percentage of
peak stress in the post-peak region, ultimate strain and
secant modulus are derived from the stress-strain
relationship of concrete, making it crucial for theoretical
and numerical assessments of structures and engineering
designs.

There are different theories of constitutive modelling
are available in the literature [9]. However, it can be
categorised into two major groups: Empirical models that
derived from the regression analysis of measured data
and models based on continuum mechanics theories. The
continuum mechanics theories like elasticity, plasticity,
continuum damage mechanics, plastic fracturing,
endochronic theory, microplane models, etc. are too
dependent of experimental data for their validation. The
group of empirical models itself is huge and consists
variety of constitutive models for uniaxial, biaxial,
triaxial, impact and cyclic loading. Under the class of
uniaxial stress-strain models, many models for NAC are
available, however, very limited models are available on
the RAC. Moreover, due to various influencing factors
such as shape and size of test specimens, aspect ratios,
loading rate, duration of loading, type of testing machine
etc., these models give different results especially in post
peak region. The form of mathematical formulation also
affects the prediction of test results. Therefore, it is
evident to carry out comparative theoretical analysis of
these models in order to ascertain the level of accuracy.

In this study, the empirical stress-strain relationships
for RAC proposed by Xiao et al. [10], Du et al. [11],
Belén et al. [12], and Suryawanshi et al. [13] have been
considered for comparison of predictive -efficacy.
Besides comparison of graphical representation of
measured and predicted stress-strain relationships,
Normalised toughness (A), Ductility index () have been

evaluated. Further, the accuracy of the predictions of
selected models in terms of A and p is verified by
employing statistical tools such as Root Mean Square
Error (RMS) and Coefficient of Variance (V). It has been
observed that all the models yield reasonably similar
results in pre-peak region but the predictions of post-peak
region are deviating from their respective counterparts
may be due to the formulation approach. However, the
model of higher degree polynomial yields comparatively
better results and its applicability in differential and
integral calculus is also simple and easy.

2. SUMMARY OF STRESS-STRAIN MODELS

A small number of stress-strain models are available for
RAC with the different replacement ratios of recycled
coarse aggregates as a function. A brief and critical
review of these models reported in different studies is as
follows. The basic forms of these mathematical
formulations for rising and falling branches of complete
stress-strain curve (SSC) have also been reviewed.

Guo and Zhang [14] defined the stress-strain
relationship for NAC and subsequently, it was modified
by Xiao et al. [10] to fit it for RAC. The formulation
consists of two equations to model ascending and
descending portion of SSC and is the function of
replacement level of natural aggregate.

ae+ (3—2a)¢ + (a—2)e, for €<1,

o= -
fore=1

G @
b(e-1)2+€’
In Equation (1), o is the normalised stress with
respective to peak stress (o/f.) whereas € is the
normalised strain with respective to strain corresponds to
peak stress (e/€y,). The coefficients, « and b are
outcomes of regression analysis, dependent on
replacement level of natural aggregate in percentage (r),
and to be determined as follows:

a = 2.2(0.748r2 — 1.231r + 0.975) @)

b = 0.8(7.6483r + 1.142) ®)

This model gives reasonably more accurate predictions
for the ascending portion of the SSC, however, the
descending portion is not predicted as accurately.

Du et al. [11] tried to model the falling branch of SSC
after peak load, relating it to the area falling under the
experimentally measured SSC. The expression for rising
branch of SSC is similar to that proposed by Xiao et al.
[10].

y=ax+ (3 -2a)x?+ (a—2)x3 (0<x<1) 4)

where, y is the normalised stress with respective to peak
stress (0/0mqx) and x is the normalised strain with
respective to strain corresponds to peak stress (&/¢,).
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a is represented by the ratio of initial tangent modulus
and secant modulus correspond to peak point and the
origin.

The expression for falling branch of SSC is as
follows:

(-1)2 @-1?

y=ae 1 +(1—a)e 22 , (1< x <+o) ®)

where, a, f1, 2 are the parameters may be referred to in
the respective reference [11].

The recommended model by Du et al. [11] is not fit
for routine applications due to associated relative
complexity in the formulation, especially for descending
branch of SSC. Moreover, the transformation of a, 1, 52
parameters with the replacement level of natural
aggregate and concrete grade involves comparatively
more compound approach.

Linear regression analysis of test data was used by
Belén et al. [12] to determine elastic modulus, ultimate
strain and peak strain transformation coefficients and
modified the stress-strain model recommended in
Eurocode 2 [15], to outfit the RAC. An analytical
expression of the SSC that considers the percentage of
replacement was established by making use of the
findings of the experiments. Moreover, the stress-strain
expression recommended in Eurocode 2 [15], is also
adhered by the Spanish code, EHE-08 [16]. The modified
expression for RAC was generated for the ascending
branch and subsequently, descending branch limited to
the strain level of 0.0035.

g, _ kn-n?

fom  1+(k=2)n ©6)

where,

n= iand k = 1.05 = Ecm * |€Cll/fcm
c1

&

The Eurocode 2 [15] recommends the following
expressions to determine the secant modulus of elastic
and peak strain, respectively as follows:

Eem = 22 (fcm/]-o)o'3 )

&1 = 0.7% (fcm)o'31 (8)

According to Belén et al. [12], the Eurocode 2 [15]
expression for conventional concrete could be used for
recycled concretes by employing transformation
coefficients for secant modulus (E,,), peak strain (.;)
and the ultimate strain (e.y;) and equ2(BL€). The
following modified coefficients are the products of
regression analysis of the test data.

(prec) = —0.0020 x %RCA + 1 9)
(<€) = 0.0021 x %RCA + 1 (10)
(Brec) = 0.0022 x %RCA + 1 (11)

Although the model exhibits good efficacy for ascending
branch, yet it is not that much effective in predictions for
descending branch.

The theoretical relationship for RAC proposed by
Bhikshma and Kishore [17], is the modified version of
the model evolved by Saenz [18] for conventional
concrete. This model has limited predictive efficacy for
RAC; hence the results of the analysis are not reported
here.

A fourth-degree polynomial expression was proposed
by Suryawanshi et al. [13] to model the experimentally
observed behaviour in normal-strength RAC. The model
incorporated the influence of RCA replacement level
respectively on elastic modulus, peak strain, peak stress
and ultimate strain. This single equation works for both
the pre-peak and post-peak parts of the SSC with the
limiting value of normalised strain is equal to 2.

g =a(e)+b(E)?+c(@)? +d(e)* (12)

where @ is normalised stress (a/f'.) and € is the
normalised strain.

Coefficients a, b, ¢ and d are derived by doing
regression analysis of the measured test data and function
of replacement level of natural aggregate in percentage.
The coefficient ‘a’ implies the ratio of initial tangent
modulus and the secant modulus (Eim/Ep). The secant
modulus is the slope of line joining the origin of the SSC
and the point corresponding to peak stress

a = (1.8242 — 0.0076R) (13)
b = (4.67 — 2.86a) (14)
¢=(251a-5) (15)
d = (1.33 - 0.65a) (16)

The compressive stress (f°c) and the peak strain (&) of
RAC are the inputs required to handle the model. In
absence of values of these input parameters for RAC,
following equations may be referred to generate them
from the test results of NAC.

f'crac = (1 = 0.0012R) ¢ nac (17

0.33
gorac = (0.6 +0.002R)107° (£, .. ) (18)

3. ASSESSMENT OF STRESS-STRAIN MODELS

The relative performance of the analytical models in
terms of their ability to reproduce the experimentally
observed SSC on selected test specimens have been
examined. Table 1 reveals the details of typical test
specimens and measured values of compressive stress
along with the corresponding values of peak and ultimate
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TABLE 1. Summary of specimen details and experimentally obtained results

Author Spemmen type and Specimen 1d Replac&_ament Compressive strength of Pea_k Ultlm_ate
size ratio concrete (MPa) strain strain
NC 0% 26.90 0.0018 0.0028
Xiao et al. Prism (100x100x300) RC-50 50% 23.60 0.0019 0.0026

[10] mm

RC-100 100% 23.80 0.0022 0.0028
H-0.65-0% 0% 31.92 0.0017 0.0037
H-0.65-50% 50% 32.35 0.0019 0.0042
Belén et al. Cylinder (150x300) H-0.65-100% 100% 30.13 0.0022 0.0045
(12] mm H-0.50-0% 0% 4481 0.0019 0.0036
H-0.50-50% 50% 37.45 0.0019 0.0040
H-0.50-100% 100% 40.54 0.0022 0.0044
Suryawanshi Cylinder (150x300) R0O 0% 38.00 0.0019 0.0036
etal. [13] mm R100 100% 3450 0.0024 0.0037

strains. The stress and the strain values have been derived
from the reported information and subsequently the SSC
models except the model proposed by Du et al. [11] are
compared with each measured stress-strain relationship.
Du et al. [11] proposed the stress-strain model explicitly
for concrete containing 100% recycled aggregates [19].
Besides the graphical comparison, the area under
curves of the measured SSC and predicted SSC has been
calculated and compared. Moreover, root have been
reproduced. The predictions of all the selected mean
square error (RMS) value and coefficients of variance (V)
are calculated in order to decide the efficacy of models
on statistical grounds. The RMS error is the standard
deviation of the prediction errors (residuals). Residuals
are the distances between the data points and the
regression line. It refers to the propagation of these
residuals. Thus, it is the indicative of the concentration of
the cluster of the data points around the line of best fit.
This is one of the effective techniques in regression
analysis to verify experimental results. The effectiveness
of prediction model may be evaluated in terms of
variance of the predicted data. It is defined as extent of
spread from the average value. Variance is the dependent
quantity of the standard deviation of the data. The value
of variance is directly correlated to scatter of data.
Therefore, it is the indicator of a data spread with respect
to mean. More the value of variance, the more the data
scatter and vice a versa. The quality of fit of the predicted
SSC to the experimental SSC is investigated in terms of
"RMS" and "V" respectively in order to quantify the
predictive evaluation of various analytical models,
according to procedure reported by Khan et al. [20] and
Ayub et al. [21]. The stress values from the experiments
and the predicted stress values correspond to the same
strain values were used to figure out these parameters.
“RMS” and “V” have been estimated using Equations

(19) and (20), respectively; which are reported in Tables
2-4:

.—0:|2
RMS = Eltlnoll (19)
_ 1 _ Zlti—o;l?
V=1 Sl (20)
where, “t”’, “0/” and “n” indicate the measured outcomes

(used as target), predicted outcomes (used as output) and
the total amount of observations, respectively.

4. DISCUSSION

The relative efficacy of selected stress-strain models with
their ability to predict the stress-strain relationships have
been appraised. Figures 1, 2 and 3 reveal the comparison
of measured stress-strain relationship by Xiao et al. and
the predicted stress-strain relationships of Xiao’s model
along with the predictions of other selected models. It is
quite obvious that the predictive efficacy of the model
expected to be comparatively more accurate against own
measured data as the respective model itself built on the
regression analysis of that data. However, there are
considerable amount of deviations in measured and
predicted relations of descending portions especially for
concrete containing 100% RCA. Figures 4-9 depict the
measured stress-strain relationships of Belén et al. [12]
against the predictions of selected models. There is
reasonable match in the ascending branch except Figures
5 and 6. On the contrary, there is significant discrepancy
in the measured and predicted relationships in the
descending branches of SSCs. In Figures10 and 11, the
comparison of measured stress-strain relationship of
Suryawanshi et al. [13] and predictions of selected
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TABLE 2. Summary of measured and estimated areas under stress-strain curves

Measured Xiao et al. [10] Belén et al. [12] Suryawanshi et al. [13]
Specimen Id
A A A H A A A M A A A M A A A M
NC 070 086 156 055 068 08 153 056 070 081 151 054 065 0.77 142 0.540
RC-50 061 064 124 051 060 064 124 051 066 060 126 048 063 064 127 0.507
RC-100 061 065 126 052 059 053 112 047 067 071 138 051 062 062 124 0.500

H-0.50-0% 062 076 139 055 068 086 154 056 064 050 114 044 065 077 143 0.543
H-0.50-50% 061 081 142 057 060 064 123 051 066 064 130 049 062 078 141 0.557
H-0.50-100% 062 080 142 056 058 060 119 051 065 058 123 047 061 069 131 0.531
H-0.65-0% 067 089 15 057 068 089 157 057 068 076 144 053 065 079 144 0.548
H-0.65-50% 067 082 149 055 060 065 124 052 068 075 143 052 064 070 134 0.525
H-0.65-100% 068 085 152 056 059 087 146 060 069 078 147 053 062 062 124 0.500
ROO 069 081 151 054 068 053 121 044 066 063 129 049 065 077 142 0.542
R100 059 066 125 053 059 053 112 047 067 071 138 051 062 060 122 0.493

TABLE 3. Comparison of Root Mean Square (RMS) of the all predictive models

Specimen Id Xiao et al. [10] Duetal. [11] Belén et al. [12] Suryawanshi et al. [13]
NC 0.023 -- 0.199 0.053
RC-50 0.021 -- 0.077 0.030
RC-100 0.098 0.136 0.085 0.030
H-0.65-0% 0.021 -- 0.135 0.096
H-0.65-50% 0.144 - 0.102 0.113
H-0.65-100% 0.088 0.226 0.076 0.193
H-0.50-0% 0.076 -- 0.174 0.056
H-0.50-50% 0.105 -- 0.138 0.040
H-0.50-100% 0.122 0.196 0.149 0.074
R0O 0.208 -- 0.219 0.074
R100 0.103 0.152 0.098 0.071

TABLE 4. Comparison of Coefficient of Variance (V) of the all predictive models

Specimen Id Xiao et al. [10] Duetal. [11] Belén et al. [12] Suryawanshi et al. [13]
NC 0.9989 - 0.9941 0.9793
RC-50 0.9989 - 0.9874 0.9979
RC-100 0.9702 0.9577 0.9853 0.9978
H-0.65-0% 0.9992 - 0.9603 0.9800
H-0.65-50% 0.9415 - 0.9779 0.9689
H-0.65-100% 0.9837 0.8745 0.9881 0.8985
H-0.50-0% 0.9878 - 0.9165 0.9927
H-0.50-50% 0.9685 - 0.9546 0.9963
H-0.50-100% 0.9551 0.8952 0.9446 0.9862
ROO 0.8847 - 0.8893 0.9886

R100 0.9680 0.9457 0.9798 0.9873
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models have been presented. Perusal of all these figures
clearly indicates that the predictions of the model in the
form of polynomial expression proposed by Suryawanshi
et al. [13] gives comparatively more accurate results
irrespective of pre-peak or post-peak regions.

In order to verify the predictivity of selected models,
the areas under the curves have been calculated by
developing the program in Microsoft-Excel. The
program employed the Trapezoidal rule to calculate the
area. The area under the curve up to the peak is
designated as A; and area after the peak is nomenclatured
as A,. The summation of A; and A, is treated as a
normalised toughness (A), since the SSC is in non-
dimensional form. The predictive efficacy of the selected
models have been checked against the ductility index (l).
The ductility index may be defined as the ratio of A; and
A. The measured and estimated values of Az, A2, Aand p
are compiled together in Table 2. It has been observed
that the values of normalised toughness predicted by
Suryawanshi et al. [13] are in good agreement compared
to the predictions of other models. As stated in section 3,
the quality of fit of predictions of stress-strain
relationships with that the experimentally obtained, is
investigated in terms of the values of root mean square
error, RMS, and the coefficient of variance, V,
respectively. The comparison of values of RMS and V are
depicted in Tables 3 and 4, respectively. The model that
conceives the lowest value of RMS and the unit value of
V is considered as the most effective model. On the
parameters of RMS and V, it is seen that the predictions
of Suryawanshi et al. [13] are reasonably acceptable
compared to the outputs of counterpart models.
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Figure 6. Comparison of measured (H-
0.50-100%, Belén et al. [12]) and predicted
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Figure 9. Comparison of measured (H-
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Stress-strain relationships
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5. CONCLUSION

In this work, the published models to define stress-strain
relationships for RAC have been calibrated against the
experimentally measured outcomes which are reported in
the literature. The measured value of peak compressive
stress and associated peak strain value were utilized as
input parameters to operate prediction models in order to
reproduce entire SSC. The findings of this study may be
summarised as follows:

The predictive efficacy of selected models is more or
less similar for the ascending portion while it is found
that the level of prediction accuracy is of varying
degree for descending portion of the SSCs. This may
be due to the approach adopted in the formulation of
the model. Nevertheless, the stress-strain generated
by polynomial expressions are more relatable.

The predictive efficiency of the models has also been
evaluated in terms of normalised toughness and
ductility index. The predictions of models proposed
and reported in literature are found closer to measured
values.
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Figure 10. Comparison of measured
(ROO, Suryawanshi et al. [13]) and
predicted Stress-strain relationships
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Figure 11. Comparison of measured
(R100, Suryawanshi et al. [13]) and
predicted Stress-strain relationships

The accuracy of the outputs of the considered models
in terms of normalised toughness and ductility index
are further evaluated on statistical grounds. This was
revisited by comparing the values of the RMS and V.
The model that conceives the lowest value of RMS
and the unit value of V is considered as the most
effective model. On the parameters of RMS and V, it
is seen that the predictions of polynomial expression
are reasonably acceptable compared to the outputs of
counterpart models.

The use of commercial packages has become an
integral part of the modern analysis of concrete
structures. Some of the commercial computer
programs offer freedom to the users to define the
materials through the user-defined material models in
the form of laboratory evaluated stress-strain
relationships. The use of the stress-strain relationship
in the form of polynomial expression may play
crucial role in the simulation of the concrete
structures and may yield near practical results.
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