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The mechanical properties of lightweight aggregate concrete developed with the use of bottom ash aggregate
(LWAC-BA) as a partial or full replacement of lightweight aggregate differ from those of general lightweight concrete
made using natural fine and/or coarse aggregates. The mechanical properties of LWAC-BA are difficult to predict
using the existing equations proposed by codes or researchers. Therefore, in this study, empirical equations using
nonlinear regression analysis are proposed to predict the mechanical properties of lightweight concrete mixed with
bottom ash aggregate, based on the collected measured values from other studies (Yang "Development of replace-
ment technology for ready mixed concrete with bottom ash aggregates', 2020; Kim et al. Appl Sci, 10: €8016, 2020;
Constr Build Mater 273: 121998, 2021). The collected data include density, compressive strength, elastic modulus,
modulus of rupture, splitting tensile strength, and stress—strain relation of LWAC-BA featuring varying amounts of
bottom ash fine aggregate and/or coarse aggregate. The proposed empirical equations for each mechanical charac-
teristic are developed considering the replacement volume of bottom ash fine/coarse aggregates. The mean values of
the ratios of the measured to predicted values obtained using the proposed equation range from 1.00 to 1.05, with a
standard deviation ranging from 0.002 to 0.013, indicating a reasonably positive agreement.
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1 Introduction

Many researchers continue to struggle to identify new
materials for replacing conventional ingredients for con-
crete mixtures. This is because the natural resources used
in concrete are becoming increasingly scarce. In particu-
lar, the by-products and waste materials are net positive,
with examples such as fly ash, blast-furnace slag, and bot-
tom ash. These materials satisfy the research objectives
as they are economical and preserve nature by recycling
resources. Among by-products, bottom ash is an incom-
bustible by-product collected from the bottom furnace
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of thermal power stations. Many researchers reported
that bottom ash aggregate has irregular rough surface
and porous structure (Kim et al., 2020, 2021; Lee, 2018;
Lee et al., 2021; Nisnevich et al., 1999). Due to its porous
structure, bottom ash aggregate has a dry density of
about 40-70% compared with normal-weight aggregate,
while its moisture content is approximately 5-20%, which
represents a factor of 3—13 times higher than that of nat-
ural aggregate (Lee et al., 2021). The density of aggregate
is an important factor that in turn affects the density and
quality of concrete (Lee et al., 2019b). As constituents of
bottom ash, SiO, and Al,O5 account for more than 60%
of the total composition, Fe,O; accounts for approxi-
mately 15%, and CaO accounts for about 10%. Bottom
ash aggregate was effective at improving the long-term
strength and durability of concrete, as insoluble and
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stable calcium silicate which was produced by pozzolanic
reactivity between the bottom ash aggregate and calcium
hydroxide (Kim, 2015).

Kim et al. (2021) conducted an experimental study on
the effects of concrete unit weight on the mechanical
properties of concrete containing bottom ash and deter-
mined that density was an important factor in deter-
mining mechanical properties. Kim et al. (2020) also
investigated the workability and mechanical properties
of concrete produced with bottom ash aggregates in rela-
tion to three water-to-cement ratios and the replaced
ratio of bottom ash aggregates. The slump was seen to
decline regardless of the water-to-cement ratio. Bottom
ash coarse aggregates had a relatively larger effect on
compressive strength than fine aggregate, and the tensile
and shear friction strength rose as the density of concrete
increased.

Lee et al. (2019b) investigated the various mechani-
cal properties of LWAC mixed with expanded bottom
ash and dredged soil-based artificial lightweight aggre-
gates and novel formulas were proposed to anticipate
early-age and long-term strength for that. The research
revealed that the density of LWAC mixed with expanded
bottom ash and dredged soil-based artificial lightweight
aggregates was a key factor for determining compressive
strength. To examine the feasibility of applying pre-cast
concrete panels, Yang et al. (2019) evaluated the consist-
ency and mechanical properties of LWAC mixed with
bottom ash with a pre-formed foam volume ratio of less
than or equal to 25%. In concrete mixture, ordinary Port-
land cement was partially replaced with 50% ground-
granulated blast-furnace slag and 20% fly ash, while
natural fine and coarse aggregates were fully replaced
with bottom ash aggregates. As observed in the results,
the splitting tensile strength and modulus of rupture
declined as foam volume fraction increased.

Lee et al. (2019a) examined the mechanical properties
of lightweight aggregate concrete made with expanded
bottom ash and dredge soil granules (LWAC-BS), pro-
posing an equation to predict compressive strength,
elastic modulus, tensile strength, shear friction, bond
strength and also to determine the relationship between
compressive strength and strain. Yang (2019) conducted
an experiment to investigate the effect of the water-to-
cement ratio (W/C) and replacement ratio of bottom ash
aggregate on the mechanical properties of LWAC-BA.
The value of measured compressive strength (., of
LWAC-BA increased with lower W/C and higher den-
sity, which was likely a tendency of general LWAC. The
value of the elastic modulus divided by the square root
of f°. .eas increased smoothly as the density of LWAC-BA
was increased. The value of the splitting tensile strength
of LWAC-BA was lower than that of general LWAC, and
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the value of the modulus fracture divided by the square
root of f°, .. of LWAC-BA declined slightly as the den-
sity of LWAC-BA increased. The bond strength (r;)
between LWAC-BA and the reinforcing steel-bar was
considered weak, because the value of 7, divided by the
square root of f°, ... of LWAC-BA was lower than that of
LWAC-BS.

As described previously, concrete mixed with partial or
full bottom ash aggregate possesses mechanical proper-
ties that differ from those of conventional LWAC. There-
fore, this study aimed to develop empirical equations for
mechanical properties such as density (p,), compressive
strength (f”), elastic modulus (E,), stress—strain relation-
ship, splitting tensile strength (f,,,) modulus of rupture
(f,), and bond strength (7;,) of concrete in consideration
of the replacement volume of bottom ash fine and coarse
aggregates based on nonlinear regression (NLR) analysis
and collected experimental data. The proposed empirical
equations were compared with the existing design equa-
tions, such as ACI 318, fib Model Code (2010) (hereafter
MC2010), and Lee et al., (2019a, 2019b).

2 Development of Equation

Recently, Yang (2020), Kim et al. (2020), and Kim et al.
(2021) conducted experimental studies to investigate
how the mechanical properties of LWAC-BA differed
when the bottom ash fine and/or coarse aggregates
were fully or partially replaced with normal-weight
aggregates. In the present study, the data related to
LWAC-BA in Yang (2020), Kim et al. (2020), and Kim
et al. (2021) were collected. Table 1 presents the LWAC-
BA mixtures made with partially or fully replaced bot-
tom ash fine aggregate (BAS) and/or bottom ash coarse
aggregate (BAC), where each value is the average of
three samples. The main parameters observed dur-
ing the test were the percentage of replaced BAS con-
tent (Rpag), the percentage of replaced BAC content
(Rgac), and the water-to-cement ratio (W/C), which
ranged from 0.3 to 0.45. For example, an Rp,g value of
25% indicated that BAS was used as one-fourth of the
total sand aggregate. In Table 1, average measures of
the mechanical properties at 28 days are given for the
following: oven-dried density (p,,..s)» compressive
strength (f’;,,..), splitting tensile strength (f,,..s),
elastic modulus (E_,,,,), and bond strength (7, ..
In the case of LWAC-BA, which consisted of concrete
mixed with partial or full bottom ash aggregate, r, ...
ranged from 1730 to 2171 kg/m?, f°, ... ranged from
23.3 to 52.6 MPa, f,,, .,; ranged from 2.34 to 3.95 MPa,
E, cas Tanged from 18.1 to 27.9 MPa, f, ., ranged from
3.9 to 6 MPa, and ¢, ranged from 4.3 to 7 MPa.
Utilizing LWAC-BA mixtures and measured values as
given in Table 1, as well as the NLR analysis performed
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Table 1 Summary of LWAC-BA mixtures and test results (Kim et al, 2020, 2021; Yang, 2020).
Specimens W/C Rgag (%) Rgac (%) S/a(%) Unit volume weight (kg/m3) Ac Pomeas Fomeas fipmeas frmeas Ecmeas Thmeas
w C Fs BAS (C; BAC (%) kg/m®> MPa MPa MPa  MPa MPa
-0-0 045 100 100 45 175 389 0 614 0 654 55 1703 233 2.34 3.93 18,082 43
-25-0 045 75 100 45 175 389 189 460 0 654 5 1742 238 23 4.1 18,685 4.33
-50-0 045 50 100 45 175 389 378 307 0 654 52 1773 27 2.35 4.96 19269 475
L-75-0 045 25 100 45 175 389 567 153 0 654 54 1784 27.7 212 4.62 20,197 467
-100-0 045 0 100 45 175 389 756 0 0 654 5 1823 27.5 2.96 4.89 21483 5
-0-100 045 100 0 45 175 389 0 614 932 0 52 2015 364 3.29 497 22,208 598
-25-100 045 75 0 45 175 389 189 460 932 0 53 2097 412 347 541 25,109 7.1
-50-100 0.45 50 0 45 175 389 378 307 932 0 55 2135 429 3.64 537 25291 6.77
-75-100 0.45 25 0 45 175 389 567 153 932 0 5 2162 409 3.68 4.83 24,254 6.21
-100-100 045 0 0 45 175 389 768 0 946 0 47 2173 39.2 365 473 22,223 625
M-0-0 0.3 100 100 45 175 583 0 590 0 629 58 1775 29.5 3.28 539 22,493 521
M-25-0 0.3 75 100 45 175 583 182 443 0 629 59 1780 283 2.37 4.75 20944 477
M-50-0 0.3 50 100 45 175 583 364 295 0 629 54 1800 288 2.37 4.61 21,827 4.65
M-75-0 0.3 25 100 45 175 583 546 148 0 629 55 1828 30.3 247 4.75 21954 475
M-100-0 03 0 100 45 175 583 728 0 0 629 5 1852 306 3.28 551 22,058 498
M-0-100 0.3 100 0 45 175 583 0 590 89 0 54 2066 428 348 5.81 25572 583
M-25-100 0.3 75 0 45 175 583 182 443 896 0 55 2158 424 3.74 537 25380 6.62
M-50-100 0.3 50 0 45 175 583 364 295 896 0 48 2184 46.3 3.73 6.45 25699 7.1
M-75-100 0.3 25 0 45 175 583 546 148 896 0 5 2218 488 3.89 6.53 26961 734
M-100-100 0.3 0 0 45 175 583 739 0 910 0 47 2220 461 39 6.16 25410 7.03
H-0-0 03 100 100 45 175 583 0 555 0 592 48 1840 413 3.8 5.55 23,072 445
H-100-0 0.3 0 100 45 175 583 684 0 0 592 5 1952 40.7 3.77 4.54 22316 522
H-0-100 0.3 100 0 45 175 583 0 555 843 0 52 21N 526 3.95 6 27,877 7.03
H-100-100 0.3 0 0 45 175 583 696 0 857 0 55 2334 521 411 6.16 27419 6.79

Rgps is the percentage of replaced content of BAS (=100 x BAS's weight to total sand weight); Rgac is the percentage of replaced content of BAC aggregate
(=100 x BAC's weight to total coarse weight); W/C is the water-to-cement ratio; S/a is the fine aggregate ratio; W is the water volume; Cis the cement; F; and C; are
the natural sand and coarse aggregates, respectively; BAS and BAC are the bottom ash fine and coarse aggregate, respectively; A_ is the air content; and o, s 7 measr

f, f,

sp,meas’ "r,meas’
respectively.

by Yang et al. (2014a, 2014b)) and Lee et al. (2019a),
new straightforward empirical equations for LWAC-BA
were derived in the order of p,, f°, E_, €, stress—strain,
S Jr» and 7, Due to the internal number of voids of
bottom ash aggregate, bottom ash aggregate generally
possessed lower crushing strength and stiffness com-
pared with natural aggregate (Sim & Yang, 2011). Its
property affects the compressive strength of concrete,
and the compressive strength and weight of the unit
volume of bottom ash aggregate are generally inversely
proportional to each other (Lee et al., 2021). Therefore,
the proposed model presented in this study was more
simplified by using the weight of the unit volume of
bottom ash aggregate and the compressive strength.
The presented model evaluated the mean, standard
deviation, and coefficient of variation through compar-
ative analysis with experimental results.

E¢ meas' and Tomeas are the measured density, compressive strength, splitting tensile, modulus of rupture, elastic modulus, and bond strength at 28 days,

2.1 Oven-Dried Density

As previously reports by Yang (2020), Kim et al. (2020),
Kim et al. (2021), the measured oven-dried density
(Pemeas) of LWAC-BA was affected by W/C, Rg,g, and
Rgac. Therefore, an equation for oven-dried density
should be considered with W/C, R,, and Ry, ¢, and two
coeflicient factors were to be derived. To determine the
weight of the effects of BAC, the volume of natural sand
(Fs) used was fixed. The weight was then calculated from
the relationship between Ry, and p, ... to w,, where
w, is the summation of the absolute unit weight of each
ingredient. After that, the weight of the effects of W/C
was also calculated from the relationship between W/C
and the ratio of p_,..; to w, From the weights of the
effects of BAC and W/C, the following coefficient factor
(@r;) pertaining to BAC and W/C was finally derived:
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w
o = (o.oor—s < C) — o.ooo9> Rpac
w
+ (—0.3736() + 1.1177)
c (1)

By using the same method and procedure, a second
coefficient factor (f3;) regarding BAS and W/C was also
derived:

14
i = (_0.0011 <C> + 0.0006> Rpas

(03076( ) + 10597)
+ {( 0.3076 — | + 1.0367
C 2)

Fig. 1 shows the relationship of the measured density
(P¢meas) and the summation of the absolute unit weight of
each ingredient (w,) multiplied by the coefficient factors
(ar; and S3;) for the NLR analysis. By utilizing NLR analy-
sis, the straightforward empirical equation for oven-dried
density (p,) of LWAC-BA can be expressed as

pe = 1.447 (01 B1wa) "%, 3)

where p, is the oven-dried density (in kg/m?®) and w, is
the summation of the absolute unit weight of each ingre-
dient (in kilograms). The correlation coefficient (R?) was
0.88.

Fig. 2 displays a comparison of p,_,,,., and values of
predicted oven-dried density (p, ;) obtained by using
proposed model, ACI 318 (2019), and Lee et al’s (2019a)
equation. The mean value (y,,), standard derivation (y,,),
and coefficient of variation (y,,) of the measured to pre-
dicted density obtained by using the proposed equation
are 1.00, 0.03, and 0.034, respectively. Meanwhile, the
values of y,, of ACI 318 (2019) and the equation of Lee
et al. (2019a) are close to 1, while the values of y,, and y,,
of ACI 318 (2019) and the equation of Lee et al. (2019a)

1.4
. ‘4....@.....@...%@.®@ ........... 8.
],
< 0.8 -
~
§ 0.6 - Ym Ysd Yev
e 0.4 - O ACI .02 0.02 0.02
0.2 & proposed 1.00 0.03  0.03
’ A Leeetal. 1.04 0.01 0.01
0 I I I
1600 1800 2000 2200 2400
pc,meas (kg/m3)

Fig.2 Comparison of P peqs aNd O preg-

are slightly higher than those of the proposed equation.
However, all values of y,, are 0.03 or less. Overall, the
accuracy of the proposed model and the others is similar
and acceptable.

2.2 Compressive Strength

Yang et al. (20144, 2014b) proposed an equation to pre-
dict the compressive strength (f°,) of LWAC. The model
was formulated with p, and C/W (cement-to-water ratio)
as the primary parameters, and Lee et al. (2019a) modi-
fied the equation so that LWAC-BS would fit. The rela-
tionship among compressive strength (f°,), oven-dried
density, and C/W of LWAC-BA can be expressed as

j’(é = 1.544 [012,32 <:Z;> : (VCV>

where

= (—0.015(%) + 0.002>RBAC + (o.s(%) + 0.8),
(5)
B = <0.007 (‘g) — 0.0039> Rpas

(2095( ) +0233)
+ (2935 — ] +0.283 ).
c (6)

In aforementioned equations, f’, is the compressive
strength of LWAC-BA (in MPa); f; is the reference com-
pressive strength (=10 MPa); Ry, is the percentage of
replaced content of BAS (=percentage of BAS’s weight
to total sand weight); Ry, is the percentage of replaced
content of BAC (=percentage of BAC's weight to total
coarse weight); p, is the oven-dried density (in kg/m?),
which can be obtained from Eq. 3; p, is the reference

0.44

; (4)

14
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density (2300 kg/m?); and C/W is the cement-to-water
ratio.

Values of f°,, ... were also affected by Ry,g, Rpac, and
W/C, wherein Ryp,g and Ry, are related to p, ... @, in
Eq. 5 was derived by first determining the relationship
between Rp,c and f7, .., and then determining the rela-
tionship between W/C and f°,,,.,.. B, in Eq. 6 was also
derived by first determining the relationship between
Rgag and f°, ... Following that, the relationship between
W/C and f’, ..., was discerned. For NLR analysis, Fig. 3
shows the relationship between f’,, ... and the funda-
mental form with C/W and p, ., multiplied by the coef-
ficient factors, where all individually measured values
were used, not the average values from Table 1.

Fig. 4 displays the comparison between f’, ., and pre-
dicted compressive strength (f”, ;) using the proposed
equations (Egs. (4)—(6)) and Lee et al’s (2019a) equation,
where f°, ., was calculated with the predicted oven-
dried density obtained from Eq. 3. Values of y,,, y,, and
Y., of LWAC-BA obtained by using the proposed equa-
tion are 1.03, 0.03, and 0.12, respectively. Meanwhile,
values of y,,, y,» and y,, of LWAC-BA within Lee et al’s
(2019a) equation are 1.29, 0.22, and 0.17, respectively.
Overall, the proposed equation offers better accuracy
than Lee et al’s equation.

2.3 Elastic Modulus

ACI-318 (2019), MC2010 (2010), and Lee et al’s (2019a)
equation for predicting the elastic modulus of concrete
(E,) are formulated with f’, and p,; the results indicate
that E, is significantly affected by f’, and p,. Following
the analysis method conducted by Lee et al. (2019a), the
relationship between fc/,meas Pe,meas/ Po and the measured
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on the test results, the elastic modulus E, (in MPa) of

LWAC-BA can be expressed

(P 0.336
EC=7307{fC<C>} ,
00

using f°,, and p, as

(7)

where f°, is the compressive strength (in MPa), which can
be obtained from Eq. 4; p, is the oven-dried density (in
kg/m?), which can be obtained from Eq. 3; and p,, is the
reference density (2300 kg/m?).

Fig. 6 compares E .
modulus (E,,,,) calculated
strength and oven-dried de

and other existing equation

to the predicted concrete
with the predicted concrete
nsity As observed in Eq. 7
s, the values of y,,, y,;, and

Ye, of LWAC-BA obtained by using the proposed equa-

tion are 1.00, 0.05, and 0.05,

respectively, indicating that

the proposed equation is excellent in terms of all indexes.
The accuracy of the equation of Lee et al. (2019a) is good

elastic and‘UIUS (B¢ meas) Of LWAC'BA was studied, as  \yhep E, s is greater than 22,000 MPa. Meanwhile, the
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2.4 Stress-Strain Relationship

Yang et al. (2014a, 2014b) proposed an equation for
predicting the stress—strain curve of concrete, includ-
ing the descending branch covering a wide range of f°,
values (from 10 to 180 MPa) and p, values (from 1200
to 4500 kg/m?). Further, Lee et al. (2019a) presented a
modified equation for LWAC-BS by performing the same
analysis as that of Yang et al. (2014a, 2014b)) with the
test database of LWAC-BS. The two equations have the
same fundamental equation (Eq. 8) regarding the corre-
sponding concrete stress (f’, ) and specific strain (g,), as
well as the equation related to ascending and descending
branches being different depending on the properties of
the concrete:

, B+1(%) |,
fc,crs = B+1 fc’ (8)
(ﬁ) +5

€0

where f°_ . is the corresponding concrete stress (in MPa)
for the specific strain (e ); €, is the strain value at peak
stress; f°, is the compressive strength (in MPa) of LWAC-
BA, respectively; and f5 is the key parameter determining
slopes of the ascending and descending branches of the
stress—strain curve.

Yang (2019, 2020) reported that it was difficult to meas-
ure a descending branch because of the brittle charac-
teristic of LWAC-BA. Therefore, there are a few data
points including a descending branch. For NLR analysis,
the relationship of the measured specific strain (£, eqs)
and fcimms /Ec,meas was first studied, as shown in Fig. 7.
Hence, the equation to predict ¢, at the peak compressive
strength of LWAC-BA can be expressed as:

g0 = 0.001 exp [442 (JE(CC)] . 9)

When entering Eq. 9 into Lee et al’s (2019a) equation,
it was found that the slopes of the ascending branch
were close to the measured slope, although the slopes of
the descending branch were different. Therefore, it was
decided that only the equation of the descending branch
should be modified, and the constant in the exponential
function was changed from 0.58 to 0.3, with the slopes
of the descending branch compared with the measured
values (Fig. 8). Therefore, the equations for the ascending
and descending branches can be expressed as

B 4 1.5
B = 0.19 exp |0.54 (j:c) (po) ] for & < &,
0 Pc

(10)
r / 15
B =0.32exp |0.3 (j}) ('ZO> ] for g, > &p.
0 c

f’. and p, are the compressive strength (in MPa) and
oven-dried density (in kg/m?) of LWAC-BA, respectively;
and fy and pg are the 10 MPa and 2300 kg/m? reference
values. Equation 10 is the same equation proposed by Lee
etal. (2019a).

Fig. 9 displays the ratios of the measured strain (g,
to predicted strain (g,,,,) at peak compressive strength,
where values of ¢, are calculated with the predicted
compressive strength (f*, ;) and elastic modulus (E, ,,.,)
of LWAC-BA. All indexes of the proposed equation for
reliability are excellent in the overall range. The accuracy

(11)
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2.5 Splitting Tensile Strength, Modulus of Rupture,
and Bond Strength

Lee et al. (2019a) also proposed the splitting tensile
strength (f;,), modulus of rupture (f,), and bond strength
(7,) based on f°, and p_/p,, and the design equations were
expressed through the form of {(f’,) " (p,p,) "*}%, where
n,, ny, and a as three exponents are the coefficient factors
that vary based on mechanical properties. This means
that f,, f,, and 7, are strongly affected by f°, and p,, and
the relation of f;, f,, and 7, and{(f") " (p.po) " was also
investigated in this study.

Fig. 10 shows the effects of f° .40 prea/Po ON the
measured splitting tensile strength (f,,,,.,), measured
modulus of rupture (f,,.,,), and measured bond strength
(Thmeas) Of LWAC-BA, where p, .., and f°, ., are the pre-
dicted density and compressive strength obtained from
Egs. 3 and 4, respectively. The values of £, .0 f;meas a0d
of LWAC-BA increased with the rise in f° ., and/

Tb,meas

0.004
Strain
Fig. 8 Stress—strain curves of LWAC-BA.
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Fig. 9 Comparison of £o,meas and eo,prec: where f,, f,, and 7, are the predicted splitting tensile

strength (in MPa), modulus of rupture (in MPa), and
bond strength (in MPa), respectively; f’, is the compres-
sive strength (in MPa); p, is the oven-dried density (in kg/
m?®); and p,) is the reference density (2300 kg/m?3). Here, p,
and f, can be obtained from Eqgs. 3 and 4.

Fig. 11 presents a comparison of the test results and
the predicted values iterated by the equation of Lee et al
(2019a), ACI-318 (2019), MC 2010 (2010), and the pro-
posed equation. All equations overestimate f, in f;, e
range of 2.5 MPa or less, and they exhibit solid accu-
racy in f;, .., range of 3 MPa or greater. In the case of f,,
the values of y,, of the proposed equation and MC2010
(2010) are close to 1.0, while the equation of ACI-318
(2019) underestimates across the entire range. Regarding
75, the values of y,, and y,, of LWAC-BA obtained using
the proposed equation are 1.01 and 0.08, respectively,
which are the best values among all the equations.

3 Conclusions

In this study, empirical equations were derived from
the experimental results for oven-dried density (p,),
compressive strength (f*), splitting strength (f,,), bond
strength (73,), elastic modulus (E,), and stress—strain
curve of lightweight concrete made with bottom ash fine
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Fig. 10 Effects of . .0 pred/ 0o ON Measured mechanical properties
and regression analysis.

and/or coarse aggregates, which was suitable material for
lightweight aggregate concrete because of its low density.

The following conclusions could be made:
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Fig. 11 Comparison of test results and prediction values.
1. The density and compressive strength were compre-

hensively affected by the combination of the water-
to-cement (W/C) ratio and replacement ratios of bot-
tom ash fine and/or coarse aggregates. The proposed
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equations for density and compressive strength
include coefficient factors that consider their effects,
where one coefficient factor is considered with W/C
and the replaced content ratio of bottom ash fine
aggregate (Rp,s) and the other is considered with
W/C and the replaced content ratio of bottom ash
coarse aggregate (Rpac). In particular, the oven-
dried density is a key parameter for determining the
lightweight aggregate concrete made with bottom
ash aggregate (LWAC-BA), affecting compressive
strength, elastic modulus, stress—strain curve, split-
ting tensile strength, modulus of rupture, and bond
strength.

2. Straightforward empirical equations are derived from
experimental data and NLR analysis to predict the
mechanical properties of LWAC-BA. The values of
the mean (y,,), standard deviation (y,;), and coefhi-
cient of variation (y,,) of the ratios between experi-
ments and predictions of the mechanical properties
of LWAC-BA range from 1.00 to 1.05, from 0.02 to
0.013, and from 0.02 to 0.13, respectively. Overall, the
proposed equations are in good agreement with the
experimental results.

3. In this study, the proposed empirical equation for the
stress—strain relationship is developed for LWAC-BA
and is compared to the equation proposed by Lee
et al. (2019a). The equation of Lee et al. (2019a) and
the proposed equation are in good agreement with
the ascending branches, but the proposed equation is
only fit to the descending branch.

4. ACI-318 (2019) underestimates the modulus of rup-
ture of LWAC-BA; MC2010 (2010) overestimates
the bond strength and splitting tensile strength of
LWAC-BA but underestimates the strain corre-
sponded with peak compressive strength. As the
existing models and codes are not considered with
bottom ash aggregate, the accuracy for LWAC-BA is
relatively lower than that of the proposed empirical
equation in this study.
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