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Abstract

According to the analysis of the domestic and overseas researches and achievements of lightweight aggregate concrete, a new strength
formula on account of tube compressive strength of lightweight aggregate and glue—capacity ratio is put forward on the mix ratio design of
lightweight aggregate concrete. The conception of concrete filler coefficient is also proposed, the theoretical formula of sand—-aggregate ratio
is deduced and the quasi-principle of stationary water consumption by considering the working character of concrete is summarized.
Therefore, the designing equation of mix ratio of lightweight aggregate concrete which is tested by some further experiments is defined.
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Since 1956, the research of lightweight aggregate and
lightweight aggregate concrete has been introduced in
China, but not until 1980 (under Gong Luoshu and other
experts [1,2]) was it researched systematically. However, by
now, the methods of mix ratio designs used as determined
by looking for charts and tables to test the design should be
finalized.

1. The formula of concrete compressive strength

Nowadays, there are two equations of compressive
strength of lightweight aggregate concrete [8,9]:

b]XC

Rog = +by Xy +b3 x Vo+d (1)
where R,s—28-day compressive strength of lightweight
aggregate concrete, MPa; C/W—effective water—cement
ratio of lightweight aggregate concrete; yx—particle density
of lightweight coarse aggregate; Vo—actual consumption
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of lightweight aggregate; b, b,, bz, a’—experimental
parameters;

b, x C
Ryg = by x Re + =

+by xRy —d (2)

where Rc—actual strength of cement, MPa; Rr—tube
compressive strength of lightweight aggregate, MPa; others
as the former formula.

The two equations only reflect the contribution to the
strength of the different factors through orthogonal design,
but they are not coincident with each other in the dimen-
sional analysis.

The difference of aggregate between lightweight aggre-
gate concrete and common concrete makes it different to
design their mix ratio [4]. Because the lightweight aggregate
concrete can influence the dry apparent specific gravity but
the dry apparent specific gravity of common concrete is
almost a constant, the apparent specific gravity of light-
weight aggregate concrete can influence the concrete
compressive strength greatly. Also because the differences
in specific absorption rates of lightweight aggregates
influence the water consumption of concrete, and the
influence of specific absorption of common aggregate can
be ignored, it is very difficult to measure the net water—
cement ratio or efficient water—cement ratio accurately. For
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Fig. 1. Regression analysis of strength formula of lightweight aggregate
concrete.

lightweight aggregate concrete, the concrete strength for-
mula by using the relationship between concrete strength
and cement consumption to satisfy the consistency is more
convenient and accurate than the one which is indicated by
water—cement ratio [3]. Summarizing the influence of dry
apparent specific gravity and the cement consumption of
lightweight aggregate concrete, we consider the proportion
of cement consumption C and apparent specific gravity py,
of light aggregate concrete or called glue—capacity ratio C/
on as the most important parameter.

The influence of different lightweight aggregates on
concrete strength is greater than that of common concrete.
The strength of aggregate of common concrete is 1.5-2.0
times harder than the strength of concrete by itself, while the
strength of lightweight aggregate is far lower than that of
concrete, so they have different destructive forms if com-
pressed. The destructive form of the former is mainly on the
boundary of aggregate and that of the latter is both on the
aggregate boundary and the aggregate itself. So it is
important to contribute to the strength for tube compressive
strength of lightweight aggregate [6,7].

As a result, the strength equation of lightweight
aggregate concrete is as follows:

Rzg — RT C

————— =ax—+b 3
Re o 3)

where p,—dry apparent specific gravity of lightweight

aggregate concrete; a, b—experimental parameters.

From Fig. 1, we can draw this conclusion: a=11.645;
b=-2.107.

2. Filler coefficient and sand—aggregate ratio

The changes of sand—aggregate ratio which can change
the total superficial area of aggregate and the percentage of
voids among aggregates can influence the working character
of concrete; the orthogonal experiments of the relationship
between sand—aggregate ratio and concrete compressive
strength show that the influence is slightly when the sand—
aggregate ratio is 28-42%, so based on the difference of
concrete strength and working character, we can regulate the
consumption of light and coarse aggregate by selecting
sand—aggregate ratio in order to get good working character
and without compromising the strength of concrete [1].
When considering the concrete density and cement reduc-

tion, there is a reasonable sand—aggregate ratio or called
optimum sand-aggregate ratio. J.D. Bamal and J. Mson’s
experiments prove that the natural filler coordination
number of maximum aggregate is 56, the vibrating filler
coordination number is 67, and also the observed value of
natural filler air voids is 0.395, and the experimental value is
0.400 when the coordination number is 6 [4]. Its value is
equal to the filler volume of sand and cement paste, that is to
say, the mortar volume is as follows:

ve—o0400— <

pc  C
where C—the cement consumption, pc—the cement
density, W—the water consumption; pw—the water density.
The equation also can be regulated as follows:

1 w
Vs = 0.400 — C x <—+—> (4)
Pc c
When Eq. (4) is divided by the total consumption of
lightweight and coarse aggregate, we can get the common
formula as follows.

1 1 /4
Sp A() B() Xn X (pc =+ C) (5)
where n—aggregate—cement ratio.

From the deduction of Eq. (5), we can see that the
influence coefficient A, is the filler coordination number
and the influence coefficient B, shows that sand—aggregate
ratio depends on the water—cement ratio W/C and also
reflects the filler extent of cement mortar filling the
aggregate air-gap and the influence of cement—aggregate
ratio, different types of cements and lightweight aggregate.

For the uncertainty of W/C of lightweight aggregate
concrete, W/C can be replaced by C/py, , so Eq. (5) is as
follows:

1
Sp :A()—Boxn_l<—+i> (6)
Pc  Pn

where n—glue—capacity ratio; p,—dry apparent specific
gravity.

For the lightweight aggregate concrete, aggregate—
cement ratio n is about 3—4. Based on the experimental
results (Table 2), the average of aggregate—cement ratio n is
3.45. That is, n=3.45.

y =3.6408x
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Fig. 2. Curve of filler coefficient e, of lightweight aggregate concrete.
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Fig. 3. Coefficient of heat conductivity 4 and volume weight py, of lightweight concrete under dry conditions. (-) fly-ash ceramsite concrete (Tianjin); (©) fly-
ash ceramsite concrete (Xi’an); (O) pumice concrete (Jilin); (A ) natural coal stone concrete (Lingning); (A ) pumice concrete (Ha’erbin); (%) perlite ceramsite
concrete (Neimeng); (x) broken brick concrete; (®) shale ceramsite concrete; (#) clay ceramsite (Tuqiao); (@) saltern ceramsite concrete (Dagang); () cindery

concrete (Jilin); (3%) large particle perlite concrete.

According to the researches of Professor Wang Liju,
Ai=(1+edps) !, Be=Aoxes. e is the filler coefficient of
concrete [5], just as Fig. 2 shows. py is the apparent specific
gravity of sand. We can see in Fig. 2 that: e;=3.641.

3. Design of mix ratio and experimental test
3.1. Design of mix ratio

There are two methods of mix ratio design of lightweight
aggregate: loose volume calculations and absolute solid
volume calculations. The mix ratio design of this paper is
based on the loose volume of light and coarse aggregate per
cubic concrete, then rectified, experimented and adjusted
according to the dry apparent specific gravity of concrete
with design requirement.

3.1.1. The determination of apparent specific gravity of
lightweight aggregate

Because lightweight aggregate concrete is used mostly in
the energy conservational manufactures of concrete, its
apparent specific gravity is derived by the requirement of
heat impedance or coefficient of heat conductivity. The

Table 1
Physical mechanics of ceramsite

apparent specific gravity can be obtained from Fig. 3, which
is based on the experimental results of Bai Yuzhen [1].

Dy = 0.0725¢%00128001] (7)

where /q4—coefficient of heat conductivity of lightweight
concrete, W/m °C.

3.1.2. The determination of cement consumption

Firstly, according to the design of strength formula, we
can get the trying strength R, then C/p;, based on the
strength formula of lightweight aggregate concrete, and then
we get the cement consumption C.

R = Ricsign + 1.6450 (8)

where o—deviation difference, 1.645 is the probability
when guarantee ratio is 95%.
From Eq. (4), we can derive the following equations:

Rog — Rt

—b
C _ R
Pn a
C
C— [on] x
Pn

Cumulose Apparent specific lhw absorption Tube compressive Grain grade, %

: 3 : 3
density, kg/m gravity, kg/m rate, % strength, MPa 16-20 10-16 510 25-10 5
415 830 8 0.8 5.4 16.5 46.8 30.6 0.1
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Table 2
Experimental mix ratio with fly-ash

No. Unit dosage, kg/m’ Aggregate—cement Sand-aggregate  Glue—capacity =~ Water-cement  Slump,
c F S G W Mixture ratio n ratio Sp ratio C/py, ratio W/C cm
W0 Ihw
1 175 245 979 343 159 27 17.5 3.78 0.45 0.203 0.45 18
2 185 259 979 342 163 27 18.5 3.57 0.45 0.212 0.44 18
3 200 280 935 355 199 28 20 3.23 0.43 0.229 0.5 >20
4 175 245 870 374 175 30 17.5 3.55 0.4 0.213 0.5 >20
5 185 259 870 374 148 30 18.5 3.36 0.4 0.222 0.4 13
6 200 280 870 374 180 30 20 3.11 0.4 0.233 0.45 18
7 175 245 914 36l 150 29 17.5 3.04 0.42 0.209 0.43 16
8 185 259 935 355 185 28 18.5 3.49 0.43 0.218 0.5 >20
9 200 280 979 342 160 27 20 3.30 0.45 0.225 0.4 16

WO is net water—cement ratio, lhw is 1 h water absorption.

3.1.3. The determination of consumption of light and coarse
aggregate

If the total volume Vgg of lightweight and coarse
aggregate is known, then the volume Vg of coarse aggregate
and the volume Vg of lightweight aggregate can be derived
from the following equation

S = VSGXSPXPS (9)
G= VSGX (1—Sp)XpG (10)

where ps—the cumulose density of lightweight aggregate,
pc—the cumulose density of coarse aggregate.

3.1.4. The determination of unit water consumption

If controlling the working character of lightweight
aggregate concrete, especially if the liquidity is to be
controlled in order to satisfy the pumping requirement, then
the slump is about 16—18 cm, and the unit water consumption
is a constant which is defined as about 160 kg/m® by
experiments.

3.1.5. The verification of dry apparent specific gravity

From the consumptive calculation of lightweight aggre-
gate, coarse aggregate and cement, we adjust and verify the
dry apparent specific gravity of lightweight aggregate
concrete as follows:

pp=115C+S+G (11)

If |pn—[pnll/[pn]>5%, then [py] needs to be calculated
again, by repeating the former calculation.

Table 3
Experimental mix ratio without fly-ash
No. Consumption of per cubic meter, kg

C S G w
1 320 810 308 185
2 350 782 316 185
3 345 792 542 187
4 365 765 555 188
5 390 735 570 188.5

3.2. Experimental test
3.2.1. Raw and processed materials

Cement: no. 32.5 Portland cement made in Dalian
Xiaoyetian Cement Industry.

Fly-ash: fly-ash made in Tieling Power Industry, mix rate
is 50% (for the need of environmental protection, or can
be omitted).

Lightweight aggregate: shale ceramsite made in Jilin, its
physical mechanics is listed in Table 1.

3.2.2. Design of mix ratio
The mix ratio is listed in Table 2 (with fly-ash) and Table 3
(without fly-ash).

3.2.3. Analysis of experimental results

The analysis of experimental results is listed in Table 4.
The comparison of experimental results and design results is
shown in Fig. 4.

4. Conclusions

(1) The basic parameters of the design of mix ratio of
lightweight aggregate are sand—aggregate ratio Sp, glue—

Table 4

Experimental results

No. 1 2 3 4 5 6

R,g design 10 15 10 15 10 15
value (MPa)

R trying 14.9 19.9 14.9 19.9 14.9 19.9
strength (MPa)

R,z experimental 13.5 15.6 18.3 17.9 11.6 19.5
value (MPa)

R,g design 10.0 15.0 20.0 25.0 30.0

value (MPa)
R,g experimental 12.3 16.5 20.9 25.5 31.1
value (MPa)




W. Lijiu et al. / Cement and Concrete Research 35 (2005) 931-935 935

A with fly-ash
X without fly-ash

design value(MPa)

40

experimental value (MPa)

Fig. 4. The comparison of experimental value and design value.

capacity ratio C/py, and unit water consumption or constant
water consumption . Though the principle of water—
cement ratio is suitable for lightweight aggregate concrete, it
is very difficult to measure the saturated surface-drying
apparent specific gravity of aggregate. Because net water—
cement ratio is related not only with the water content of
aggregate, but also with the velocity of water absorption
when mixed, it is difficult to use the water—cement ratio to
design the mix ratio, and glue—capacity ratio C/py, can
replace cement—water ratio C/W.

(2) Analyzing that the relative strength (R,g—Rt)/Rc is in
direct proportion to glue—capacity ratio C/p;, when consid-
ering tube compressive strength, Eq. (4) is derived.

(3) The unit water consumption of lightweight aggregate
concrete should use tentative standard water consumption
whose value is about 160 kg/m® which can satisfy the
requirement of working character of whose slump is 16—18
cm; volume sand—aggregate ratio is mostly based on glue—
capacity ratio C/py, aggregate—cement ratio n, and the
different kinds of cements and types of sands; aggregate—

cement ratio n is about 3.45 based on the experimental
results.

(4) Based on the theory of dense filler, the formula of
theoretical sand—aggregate ratio Sp is derived where the
filler coefficient e is the main norm of sand—aggregate ratio
Sp when the glue—capacity ratio C/py, and aggregate—cement
ratio n are constant and the basic influence coefficient of e
is the largest grain size of coarse aggregate.
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