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Abstract: In order to expand the engineering application of
recycle aggregate mortars ( RAM) with aggregates from
demolished concretes, the models for the properties of RAM
and the replacement rate of these recycled fine aggregates were
proposed. First, different kinds of mathematical models for
the basic properties ( compressive strength, water retention
rate, and consistency loss) of RAM with two kinds of
admixtures, thickening powders (TP) and self-made powdery
admixtures (SSCT) designed for RAM, and the replacement
rates were established, while the average relative errors and
relative standard errors of these models were calculated.
Additionally, the models and their error analyses for the
curves of drying shrinkage and curing time of RAM + SSCT at
different replacement rates were put forward. The results show
that polynomial functions should be used to calculate the basic
properties of RAM + TP and RAM + SSCT at different
replacement rates. In addition, polynomial functions are the
most optimal models for the sharp shrinkage sections in the
curves of drying shrinkage-curing time of RAM + SSCT,
while exponential functions should be used as the models for
the slow shrinkage sections and steady shrinkage sections.
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ast decade, the amount of construction and demoli-
L tion waste (CDW) generated by the building indus-
tries in China accounted for 30% to 40% of the total
. Therefore, using the recycled fine aggregates
(RFA) produced by CDW to replace natural fine aggre-

waste

gate (NFA), can not only reduce the exploitation of natu-
ral sand, which may release a significant amount of CO,
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into the environment, but also lower the pollution genera-
ted by CDW.

However, the disadvantages of RFA from CDW, such
as a high water absorption and high micro powder con-
tent, have resulted in poor properties of recycled aggre-
gate mortars (RAM), which have led to severe restric-
tions on its engineering application'”™. Thus, for the
sake of high-performance RFA, different strengthening
methods were used to lower the water absorption and
powder content of RFA™™.
dures in the aforesaid methods were long and complex.
Therefore, admixtures were used to decrease the adverse
effects of the micro powder from RFA on RAM. As a re-
sult, the properties of RAM were in accord with the re-
quirements of Chinese specifications'"" .

Adopting admixtures to overcome the adverse effects of
RFA from CDW on RAM can improve the efficiency dur-
ing actual engineering application. However, fewer math-
ematical models for the properties of RAM with admix-
tures were reported. different kinds of
mathematical models are used to analyze the relationships
between the compressive strength f, , water retention rate
W and consistency loss S of the RAM with two kinds of
admixtures, thickening powders ( TP) used for normal
mortars and powdery admixtures ( SSCT) designed for
RAM, and the replacement rate R of RFA, respectively.
Meanwhile, the models for drying shrinkage and curing
time are proposed.

Unfortunately, the proce-

In this paper,

1 Experiments and Mathematical Analyses
1.1 Experiments

P - O 42.5 Portland cement was provided by the Jiang-
su Helin Cement Corporation, while the CDW originated
from the housings at 1980s was offered by the Jiangsu
Zhenjiang Research Institute of Building Science Group
Co., Ltd, and the river sand was used as the natural fine
aggregate ( NFA ). Meanwhile, the Zhenjiang Jianbi
Power Plants afforded the fly ash (FA) , and the mix wa-
ter stems from laboratory taps. Moreover, the thickening
powder ( TP) was supplied by the Jiangsu Zhenjiang Re-
search Institute of Building Science Group Co. , Ltd, and
the SSCT was designed by the authors for the mortars
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with recycled aggregates from CDW.

The mixture proportions are listed in Tab. 1. According
to Chinese standard JGJ/T 70—2009,
strength was obtained by the 70.7 mm x70.7 mm x70.7
mm specimens after being curried for 28 d. Drying
shrinkage was obtained from the 40 mm x 40 mm x 160
mm specimens, which were placed in the laboratories at a
temperature of (20 +2) C and humidity of (60 +5)% ,

compressive

every day during the time of 2 to 13 d and 17 to 28 d,
and every fifth day during the time of 33 to 53 d and 60
to 90 d. The water retention rate at 2 h was obtained by
the fresh mortar specimens. According to Chinese specifi-
cation GB/T 25181—2010, consistency loss was ob-
tained from the fresh mortar specimens which were put in-
to the environment at a temperature of (23 = 2) C and
humidity of (50 £5) % .

Tab.1 Mixture proportions of mortars at per cubic meters

Mortar type m( cement ) /kg m(FA)/kg m(NFA) /kg m(RFA)/kg m( admixtures ) /kg Consistency/mm
RAM + TP 240 60 0 to 1 050 450 to 1 500 20.0 70 to 90
RAM + SSC 240 60 0 to 1 050 450 to 1 500 22.3 70 to 90

f., =3.456 4R**> (7)

1.2 Mathematical analyses

By using the software Excel, exponential functions,
linear functions, logarithmic functions, polynomial func-
tions and power functions were used to analyze the rela-
tionships between the basic properties ( compressive
strength, water retention rate and consistency loss) of
mortars and the replacement rates. Meanwhile, the mod-
els for drying shrinkage-curing time were proposed. Fur-
thermore, the correlation coefficient r, average relative
errors § and relative standard errors e, of these models
were put forward. According to Chinese specification
JGJ/T 23—2011, the equations of average relative errors
and relative standard errors are as follows:

n

A

_,. 1
5_4;”; 5—1 x 100% (1)
= L g (A 12><100'7 (2)
e = w1z (5 1) ‘

where n is the amount of experimental data; A is the val-
ues gained from the experiment for the properties of mor-
tars; and B is the values gained from regression equations
for the properties of mortars.

2 Results and Discussion

2.1 Compressive strength and replacement rate of

recycled fine aggregates

Fig. 1 plots the experimental values for the compressive
strength of mortars at different replacement rates. After
calculation, the equations of the exponential function,
linear function, logarithmic function, polynomial func-
tion and power function for the compressive strength of
RAM + TP at different replacement rates are as follows:

fu =7.970 28" ™" (3)
f.,=0.061 8R +7.390 4 (4)
f.=3.3447In(R) -2.262 5 (5)
f. =0.000 7R* -0.035 2R +10.073 (6)

Additionally, the equations of the exponential function,
linear function, logarithmic function, polynomial function
and power function for the compressive strength of RAM +

SSCT at different replacement rates are as follows:
f.. =10. 264" " *F (8)

£, =0.089R +9.372 7 (9)

f.,=4.93In(R) -4.988 4 (10)
£.,=0.000 7R> =0.000 4R +11.845 (11)
f., =3.977 9R*™** (12)

Furthermore, the equational curves of these equations
are shown in Fig. 1, while the regression coefficient and

16
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Fig.1  Experimental values and equational curves of compres-
sive strength of mortars at different replacement rates. (a) RAM
+TP; (b) RAM + SSCT



Mathematical models for properties of mortars with admixtures and recycled fine aggregates from demolished. . . 373

errors for these equations are listed in Tab. 2. It can be
seen that the polynomial functions, Eqs. (6) and (11),
have the highest regression coefficient and least errors.

Hence, they are suggested as the models for the compres-
sive strength of RAM + TP and RAM + SSCT at different
replacement rates, respectively.

Tab.2 Regression coefficient and errors of models for compressive strength of mortars at different replacement rates

Equation Eq.(3) Eq.(4) Eq.(5) Eq.(6) Eq.(7) Eq.(8) Eq.(9) Eq.(10) Eq.(11) Eq.(12)
Regression coefficient /> 0.8347 0.8540 0.7351 0.9098 0.7214 0.9646 0.9584 0.8648 0.9840 0.884 4
5/% £5.18 £525 =7.02 +4.78 =645 240 +2.97 569 +1.97 =4.71

Error e/ % 6.94  7.53 9.73 6.15 8.93 3.3 4.16  7.04  2.53 5.94

2.2 Consistency loss at 2 h and replacement rate of
recycled fine aggregates

Fig. 2 plots the experimental values of the consistency
loss of mortars at different replacement rates. After calcu-
lation, the equations of the exponential function, linear
function, logarithmic function, polynomial function and
power function for the consistency loss of RAM + TP at
different replacement rates are as follows

§=30.511¢""" (13)
§=0.210 9R +28.819 (14)
§=12.046In(R) —6.687 8 (15)
$=0.000 2R* +0. 187 6R +29. 464 (16)
S =13.043R"*"? (17)

Additionally, the equations of the exponential func-
tion, linear function, logarithmic function, polynomial
function and power for the consistency loss of RAM + SS-
CT at different replacement rates are as follows:

§=9.330 1"""** (18)
§=0.232 5R +5.913 1 (19)
§=13.5211n(R) -34.205 (20)
$=0.000 8R* +0.340 8R +2.916 8 (21)
§=1.135 6R*™’ (22)

Furthermore, the equational curves of these equations
are shown in Fig. 2, while the regression coefficient and
errors for these equations are listed in Tab. 3. It can be

seen that the polynomial functions, Eqgs. (16) and (21),
have the greatest regression coefficient and least errors.
Hence, they are suggested as the models for the consis-
tency loss of RAM + TP and RAM + SSCT at different re-
placement rates, respectively.
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Fig.2
tency loss of mortars at different replacement rates. (a) RAM +
TP; (b) RAM + SSCT

Experimental values and equational curves of consis-

Tab.3 Regression coefficient and errors of models for consistency loss of mortars at different replacement rates

Equation Eq. (13) Eq.(14) Eq.(15) Eq.(16) Eq.(17) Eq.(18) Eq.(19) Eq.(20) Eq.(21) Eq.(22)
Regression coefficient P 0.9987 0.9997 0.9599 1.0000 0.9782 0.9540 0.9930 0.9888 0.9987 0.9982
Errors 8/ % +0.46 +0.23 +2.61 +0.23 +1.89 +6.58 +2.74 +3.20 +1.21 +1.11

e./% 0.55 0.28 3.02 0.31 2.20 7.75 3.63 3.78 1.46 1.53

2.3 Water retention rate and replacement rate of re-
cycled fine aggregates

Fig. 3 plots the experimental values of the water reten-
tion rate of mortars at different replacement rates. After
calculation, the equations of the exponential function,

linear function, logarithmic function, polynomial func-
tion and power function for the water retention rate of

RAM + TP at different replacement rates are as follows:
W =84.713e""°" (23)

W=0.053 1R +84. 66 (24)
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Fig. 3
tention rate of mortars at different replacement rates. (a) RAM
+TP; (b) RAM + SSCT

Experimental values and equational curves of water re-

W=3.101 3In(R) +75.442 (25)
W= -0.000 2R* +0.085 SR +83.763  (26)
W =76.275R""* (27)

Additionally, the equations of the exponential func-
tion, linear function, logarithmic function, polynomial
function and power for the water retention rate of RAM +
SSCT at different replacement rates are as follows:

W =89.809e" ™ * (28)
W=0.071 7R +89.729 (29)
W=4.279 9In(R) +76.91 (30)

W= -0.000 8R* +0.173 2R +86.92  (31)
W =78.346R"**° (32)

Furthermore, the curves of these equations are shown
in Fig. 3, while the regression coefficient and errors for
these equations are listed in Tab. 4. It can be seen that the
polynomial functions, Eqgs. (26) and (31), have the
greatest regression coefficient and least errors. Hence,
they are suggested as the models for the water retention
rate of RAM + TP and RAM + SSCT at different replace-
ment rates, respectively.

Tab.4 Regression coefficient and errors of models for water retention rate of mortars at different replacement rates

Equation Eq. (23) Eq.(24) Eq.(25) Eq.(26) Eq.(27) Eq.(28) Eq.(29) Eq.(30) Eq.(31) Eq.(32)
Regression coefficient P 0.9855 0.9871 0.9924 0.9968 0.9935 0.9460 0.9492 0.9962 0.9998 0.9957
8/ % +0.17 +£0.17 =+£0.12 +0.24 +0.11 +0.47 +£0.45 =+£0.10 +0.13 =+0.11
Errors
e./ % 0.22 0.21 0.16 0.36 0.15 0.62 0.53 0.14 0.19 0.15

2.4 Drying shrinkage and curing time

Mi et al. """ suggested that the curves of drying shrink-
age-curing time for RAM + TP should be divided into the
sharp shrinkage sections (2 to 7 d), slow shrinkage sec-
tions (7 to 21 d) and steady shrinkage sections (21 to 90
d). Also, they suggested that the following polynomial
function should be used as the mathematical models for
sharp shrinkage sections:

e, =AT +BT+C (33)

and the following exponential functions should be used as
the mathematical models for slow shrinkage sections and
steady shrinkage sections:

e, =AInT +B (34)

The experimental values of the drying shrinkage of
RAM + SSCT at different curing times are shown in Fig.
4. Meanwhile, after Eq. (33) was used to analyze the
sharp shrinkage sections and Eq. (34) was used to ana-

lyze the slow shrinkage sections and steady shrinkage sec-
tions, the equational curves of the shrinkage-curing time
of RAM + SSCT at different replacement rates are depic-
ted in Fig. 4. Furthermore, the parameters, regression
coefficient and errors of these equations are summarized
in Tabs.5 and 6.
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Fig. 4 Experimental values and equational curves of drying
shrinkage-curing time at different replacement rates
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Tab.5 The parameters, regression coefficient and errors of models for RAM + SSCT during 2 to 7 d
Parameters Regression coefficient Errors
R/% — —
A, /10 B,/10 c/107* ”? 8/ % e/ %
30 -10.06 1.6110 -1.6351 0.999 6 + 0.57 0.74
50 -8.12 1.447 2 -1.080 9 0.995 8 + 1.92 2.53
70 -4.42 1.148 0 -0.604 8 0.998 1 + 1.17 1.47
100 -10.45 1.796 7 -2.1591 0.999 7 + 0.74 0.99
Tab.6 The parameters, regression coefficient and errors of models for RAM + SSCT during 7 to 90 d
Parameters Regression coefficient

7/d R/% — ~
A,/10 B,/10 ? &/ % e/ %
30 123 2.46 0.975 8 + 0.89 1.19
50 120 2.91 0.969 8 + 0.88 1.11

7 to 21
70 129 2.79 0.972 6 + 1.19 1.31
100 134 2.96 0.941 8 + 1.15 1.51
30 33.3 5.261 0.850 4 + 0.79 1.00
50 41.9 5.270 0.906 4 + 0.85 1.01
21 to 90

70 43.6 5.482 0.943 8 + 0.61 0.72
100 43.2 5.628 0.889 8 + 0.95 1.22

3 Conclusions

1) Polynomial functions are suggested as the mathe-
matical models for the compressive strength of the recy-
cled aggregate mortars (RAM) with thickening powders
(TP) and powdery admixtures ( SSCT ), and replace-
ment rates of the recycled fine aggregates from demol-
ished concretes, respectively.

2) Polynomial functions are the most optimal mathe-
matical models for the water retention rate and consisten-
cy loss of RAM + TP and RAM + SSCT at different re-
placement rates, separately.

3) Polynomial functions are suggested to be the mathe-
matical models for the sharp shrinkage sections in the
curves of drying shrinkage-curing time for RAM + SSCT,
while the exponential functions are recommended to be
the models for the slow shrinkage sections and steady
shrinkage sections.
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