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Abstract: The effect of dry density, water-cement ratio, the addition of fly ash, and sand content on the porosity

and pore distribution of foamed concrete is investigated. Digital microscopy and Image ] software are employed to

examine the landscape of pores with different sizes. Based on the Balshin empirical formula, a mathematical model

is established to quantitatively predict the relationship between the pore structures and the compressive strength of

foamed concrete. The results well demonstrate that there is a significant correlation between the modified formula

and empirical parameters.
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0 Introduction

Foamed concrete is a kind of heterogeneous
material with high porosity. It has been widely
applied in the engineering field due to its appeal-
ing properties of thermal insulation, earthquake
resistance, fire resistance, and sound insula-
tion'". Ideally, the pores of foamed concrete
should be disconnected from one another, with u-
niform pore size and even distribution in the ma-
trix. Under real circumstances, however, the size
and distribution of pores are normally not uni-
form in the foamed concrete. As a result, the
properties of foamed concrete are adversely affect-
ed, especially the compressive strength.

Previous studies have mainly focused on the
effects of porosity, pore structure, and raw mate-
rials on the properties of foamed concrete. For
example, Kearsley et al.™®® investigated the

effect of the porosity on the compressive strength
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of foamed concrete. And a mathematical model
was developed to evaluate the relationship be-
tween the porosity and the compressive strength.
Just et al. ™ also studied the microstructure of
high strength foamed concrete. Abd et al. I pro-
posed a mathematical model for predicting the
compressive strength of the lightweight foamed
concrete. Hilal et al. ™! investigated the effect of
different additives on the strength development of
foamed concrete by characterizing the size and
shape of air-voids.

Generally, the following four empirical for-

L10] gre used to correlate the material po-

mulas"
rosity with the compressive strength of cement-
based materials. However, they can only be ap-
plied to concrete with an average porosity. For
the concrete with a high porosity, such as foamed
concrete, they are not accurate and thus have to

be modified.

fe=feo(1—n)" (Balshin)
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fe=feoe ™ (Ryshkevitch)

f;zbln(%“) (Schiller)

fe=/feo —cn (Hasselmann)

where f. is the compressive strength of concrete
when the porosity equals to n; f., the compres-
sive strength of concrete when the porosity equals
to 0; n the porosity of the concrete; n, the porosi-
ty of concrete when the compressive strength
equals to O3 and m, a. b, and ¢ represent the em-
pirical parameters.

Foamed concretes with different dry densi-
ties, water-cement ratios, sand contents and fly
ash contents were prepared. The corresponding
compressive strength of the prepared samples was
evaluated. In addition, the inner pore structures
of foamed concretes were examined and analyzed

by employment of digital microscopy and Image ]

software. Consequently, the quantitative rela-
tionship between the pore structures and the com-
pressive strength of foamed concretes was estab-
lished by developing a mathematical model based

on the Balshin empirical formula.

1 Material and Methods
1.1 Material

An ordinary Portland cement (OPC) with a
28-day strength of 50. 0 MPa and grade 1 Fly ash
(FA 1) were used as cementitious materials.
Grade 11 river sand with a fineness modulus of
1.9 was adopted as fine aggregates. A self-devel-
oped high-stability GL.-2 foaming agent was em-
ployed to produce the foamed concrete. The
properties of all these raw materials are shown in

Tables 1—4 separately.

Table 1 Properties of cement

Specific surface area/ Normal 28-day compressive  SO;/ MgO/ Alkali
(m? » kg™") consistency/ % strength/MPa % % content(R, 0) /%
370 28.0 50.0 2.14 1. 50 <0. 60
Table 2 Properties of fly ash
Fineness Water demand Water SO,/ f~-Ca0/ Activity index
45 ym/ % ratio /% content/ % % % 7 d 14 d
3.20 87.00 0. 24 0. 88 0 86. 00 109. 00
Table 3 Properties of sand
Apparent density/ Bulk density/  Void fraction/ Fineness Mud Chloride
(kg e m %) (kg * m™*) % modulus content/ % content/ %
2 550 1570 38 3.0 1.0 0.007 4

Table 4 Properties of GL-2 foaming agent

Foaming multiple

1 h exudation rate/ %

1 h sedimentation distance/mm

42.2

4.3

1.2 Testing method

The slurry volume of all foamed concrete
samples is equal according to the total mass prin-
ciple. Foamed concrete samples (100 mm X
100 mm X 100 mm) with different mix propor-
tions were prepared. According to “Foamed con-
crete” (JG/T266-2011), the dry density and com-

pressive strength of hardened foamed concrete were
evaluated by digital microscopy in order to observe
the internal structure, while the pore structure was
observed and analyzed by Image ] and Photoshop
software. The average pore diameter and the numeri-
cal fitting of aperture, porosity, and compressive

strength were determined accordingly.
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2 Characterization and Analysis of
Pore Structure in Foamed Con-
crete

2.1 Internal pore structure of foamed concrete

(1) The pore structure of foamed concrete
with various dry densities

As shown in Fig. 1, the pore sizes of foamed
concrete with different dry densities were distinc-
tive, which was a function of the dry density
value. The porosity and pore size decreased with
an increase in the dry density. It can be seen from
Fig. 1(a) that grade 400 foamed concrete with a
water-cement ratio (R,,.) of 0. 58, in which the
slurry fluidity achieved even foaming, possessed

closed spherical pores with a relatively larger

0.516 9 mm

diameter (0. 516 9—0. 554 3 mm). In contrast,
grade 600 foamed concrete with the addition of
40% fly ash and a water-cement ratio of 0. 44, in
which the interim foam was accumulated, dis-
played a larger volume of uniformly distributed
medium size (0. 312 7—
0.412 7 mm) due to the fly ash induced adsorp-
tion of foams (Fig. 1(b)). Fig. 1(c) showed that
grade 1 000 foamed concrete (R,,. =0. 44) with
the addition of 20% fly ash and a 20% sand had a

lower proportion of spherical pores compared

pores with a

with the other density grades samples. It should
be noted that although the pores of grade 1 000
foamed concrete had smaller apertures and were
more evenly distributed due to the fly ash induced
absorption and the friction caused by sand, de-
formation of some of the foam structures was ob-

served.

0.173 2 mm

Fig.1 Pore structures of foamed concrete with different dry densities

(2) Internal pore structure of foamed con-
crete with different water-cement ratios

It can be seen from Fig. 2 that foamed con-
cretes with different dry densities successfully ob-
tained cavity structures based on optimum water-
cement ratios. At a lower water-cement ratio, the
mixtures were prone to undergoing pore deforma-
tion during the mixing process due to the samples
with a higher viscosity and uneven stress, resul-
ting in poor pore structures. For example, grade
400 foamed concrete with a water-cement ratio of
0. 54 generated a large volume of air bubbles.
However, these bubbles were not well dispersed
because of the high viscosity of the slurry. As a
result, interconnected pores were formed. In-

creasing the water-cement ratio was conducive to

producing uniform spherical pore structures with
relatively large pore sizes, particularly for grades
400—600. And there was a corresponding in-
crease in the amount of foams with a larger pore
size. However, the downside of increasing water
to cement ratio was an accompanying decrease in
both the evenness of pore size and the compres-
sive strength of the hardened samples.

(3) Internal pore structure of foamed con-
crete with different cement-sand ratios

Fig. 3 showed that the internal pore struc-
tures of foamed concrete gradually deteriorated
through increasing the sand quantity. The incor-
poration of sand in foamed concrete plays a decis-
ive role in influencing the compressive strength of

foamed concrete. A higher sand proportion led to
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an increased friction within the inner slurry and
thereby damaged the foam structure, causing
some foams to burst. Moreover, increasing the
sand content proportionately reduced the amount
of cementing materials, thus reducing the volume
of encapsulated foam slurry and thereby causing
the unattached bubble to be connected. A ce-
ment-sand ratio (R.,) of 1 : 14 was found to be
advantageous in pore structure formation, where-

as some deformation ensued due to the increased

friction. At a cement-sand ratio of 1 : 16, the
pore connectivity began to appear, and the pore
size increased. As the cement-sand ratio contin-
ued to increase, so was the pore connectivity. At
a cement-sand ratio of 1 ¢ 18, pore structures var-
ied significantly, manifesting an irregular polygon
shape. At such a high ratio, spherical pores be-
came indistinguishable while the connectivity of

the pores became harmful when the size of pores

reached a diameter of above 1 mm.

Fig. 2 Internal pore structures of foamed concrete with different water-cement ratios

Connected pores Gully

Fig. 3 Internal pore structures of foamed concrete with different cement-sand ratios

2.2 Calculation of foamed concrete porosity and

pore size

The internal pores of foamed concrete consis-
ted of three parts: foams generated by foaming

agents, a small amount of air, and pores incurred

by water evaporation. Among them, foaming
agents generated foams accounted for the largest
proportion. During the hardening process of the
foamed concrete, most of the free water took part

in the hydration reaction, and bonded with the re-
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sulting products to stay in the cementitious ma-
trix, while the rest of the free water had evapo-
rated, leaving tiny pores in the matrix. Thus, the
porosity of foamed concrete, n, equals to 1 minus
the actual volume Vg, which is the volume occu-
pied by the solid, as shown in Egs. (1),(2).
n=1—Vs @)
Ve=V. +Vy (2)
where V. is the volume ratio occupied by cement,
and Vy the volume ratio of water participating in
the hydration reaction.
The wet density of even slurry after mixing

is written as py,» hence Vs can be described as

— (9]\ >< m.
o (metmy) X p. (3
v on X km . W

v (m, +my) X Ow

V<:‘oh(mcpw—|-/€mcpc) :pl,(pw+/€pc) 5)
S (m. +my) pup. (1 4+ K)pup.

where m. is the quantity of the cement slurry; m,

the quantity of water in slurry; p. the apparent
density of cement; p, the density of water; k the
lowest water-cement ratio required for completion
of the hydration reaction, 0. 20; and K the water-
cement ratio during the preparation of foamed
concrete.

Eq. (5) can be substituted into Eq. (1) to ob-
tain the foamed concrete porosity n, which is

shown as

ooy +0.20p)
n=1 A+ Kpup. )

Fig. 2 showed that foamed concrete with the
identical dry density rating had pores of different
varying sizes under different external conditions.
The average size of pores had a significant impact
on the mechanical properties of foamed concrete.
Therefore, it is of great importance to evaluate
the average pore size of foamed concrete prior to
investigating the relationship between the pore
structures and the compressive strength. Testing
samples were collected from three cross-sectional
areas (with smooth and neat surface) of the inter-
nal foamed concrete. The obtained samples were

then analyzed by means of Image J software. The

average chord length (L) of all the samples with-
in the sampling range was calculated to obtain the
average porosity of the three sampled cross sec-
tions. Then, the values were converted to the av-
erage pore diameter (r), which is shown as
r=L/0.785"=L1/0.616
Image ] software was employed to measure
the average pore diameters (r) of foamed concrete
with different water-cement ratios and different
grade dry densities. According to Eq. (6), the
porosity (n) of the above samples was calculated,
and the results are shown in Table 5.

Table 5 Average pore diameter and porosity of foamed con-

crete with different water-cement ratios and dry

densities
Pay/(kg* m™*) R,/ r/mm n/%
0.54 0. 545 81.7
400 0.58 0.521 82.1
0.62 0.597 82.6
0. 40 0.363 73.1
600 0. 44 0.328 73.9
0.48 0.412 74.6
0. 40 0. 346 69. 4
700 0.50 0. 301 71.4
0. 60 0.357 73.2
0. 40 0.173 58.2
1 000 0.44 0.181 59.4
0.48 0. 204 60. 5

3 Mathematical Model of Pore

Structure and Strength of

Foamed Concrete

Foamed concrete with different water-cement
ratios displayed various levels of dry densities.
The porosity (n) and compressive strength of
foamed concrete were analyzed. Fitting analysis
was performed on the four mentioned empirical
formulas, whose results are provided in Fig. 4.

As shown in Fig. 4, the Hasselmann correla-
tion encountered limitations compared with other

fitting formulas. The intensity of foamed con-
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Fig. 4 Relationship and fit line between porosity of foamed concrete and compressive strength by four formulas

crete increased with a decrease in the porosity, al-
though the fit did not show a linear attenuation.
Moreover, when the porosity was in the range of
60%—80%, the
strength was negligible. At a porosity of 10%—

change in the compressive
60% , the samples experienced some more obvi-
ous changes in compressive strength.

The fitting results demonstrated that the
Balshin and Ryshkewitch formulas held advanta-
ges over the Hasselmann and Schiller formulas.
To a certain extent, the relationship between the
porosity and the compressive strength was accu-
rately reflected by the Balshin and Ryshkewitch
formulas. However, the four empirical formulas
only considered the effect of the porosity on the
compressive strength, and failed to take into ac-
count the influence of the pore distribution and
the pore sizes. Thus, the compressive strength
value of samples with the optimum water-cement
ratio was higher than that of samples with a lower

water-cement ratio. It should be noted that this

fitting was not reflected in the current experi-
ment. Thus, the use of the above four empirical
formulas for single factor fitting and analysis was
incomprehensive and subjective. For example,
for grade 600 foamed concrete prepared with dif-
ferent water-cement ratios, although the basal
porosity of those with a water-cement ratio of
0. 44 was higher than that of those with a water-
cement ratio of 0. 40, the compressive strength of
the latter sample was higher than that of the for-
mer one due to the presence of smaller pore sizes
and more even pore distribution.

The fitting results of four empirical formulas
are shown in Table 6.
Table 6 Equations for the 28 d compressive strength-porosi-

ty relationship of foamed concrete

Fitting function Fitting equation R?

Power (Balshin) fe=124.9C1—m)*% 0.983 6
Exponential (Ryshkevitch) f.=1 874.5e %% 0,980 2
Logarithmic (Schiller)  f.=28.8In(0.85/n) 0.948 2

fe=33.7—39.7n 0.922 8

Linear (Hasselmann)
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The results indicated that when it comes to
investigating the relationship between the pore
structures and the compressive strength of
foamed concrete, it is far insufficient to only take
into consideration of the porosity. Tang et al. "'V
established a mathematical model to predict the
relationship between the compressive strength
and the pore sizes of porous materials based on
the Griffith fracture mechanics and composite ma-
terial theory, which is shown as
_ [2EY

xC
where g, is the material critical fracture stress; C

the half-length value of the crack; E the elastic

Ot

D)

modulus of materials; and y the surface energy.
On the basis of the above model, Jin et al''*
deduced the relationship between E., v, C, and r
(pore radius). In addition, according to the mate-
rial surface energy and porosity and research re-
sults of Kumar et al. "*' and Diamond™®, the
relations could be obtained as
E.=E,{0—n), y.=v0—n),

where E. is the elastic modulus at porosity n; E,

C=qn

the elastic modulus of the matrix; y. the surface
energy at porosity n; Y, the surface energy of the
material matrix fracture; and g the correlation co-
efficient of the pore shape.

The relationship between the critical stress of
the material and the pore size can be obtained by

introducing the above formula into Eq. (7),

which is shown as

5, = /2Eoyo 1—mn (8)
qr

E . .
970 s determined by the strength of

where

the cement matrix parameters, M. Matrix inten-
sity is related to the total mass percentage of ce-
ment, as detailed in previous research by Kumar
and Bhattachrjee™™. Therefore, Eq. (8) can be

amended as

1—n 1 1—n
=M,M — M
¢ s L+KT

where M, is the percentage of cement in the total

M

quantity and K the water-cement ratio.

As shown in Table 3, the

compressive

strength of foamed concrete did not decrease with
increasing the porosity in a linear manner, al-
though there was a linear relationship between
the compressive strength and the porosity and av-
erage pore size after the formula was amended.
Furthermore, the fitting range of the Balshin and
Ryshkewitch equations was more accurate when
the four empirical formulas were combined with
Eq. (9) to describe the relationship between the
critical stress, porosity, pore size, and water-ce-
ment ratio. The Balshin and Ryshkewitch equa-

tions after amendment are shown as

- 17” 1 !

Fo=Fes (!l1+kﬁ) (10)
' ‘ 1—mn1
‘f(:fu.oexl)(iﬂmﬁ> ab

Formulate (1 —N)/ (1+ K) and average
pore diameter r as described by Egs. (10), (11)
were set as the independent variables. Then, the
f¢ curved surface was fitted, whose results are

shown in Fig. 5.

The fitting equation can be described as

28 d compressive strength / MPa
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(a) Amended Balshin equation
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(b) Amended Ryshkewitch equation
Fig. 5 Surface fitting for porosity and average pore di-
ameter with 28 d compressive strength foamed

concrete by two different equations
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1—n 1
f.=13. 14139 — R*=0.9881
(Loodg )
12)
_ _ 1— 2
fe.=1.04exp( l—Q—K[) R*=0.966 1

(13)

As shown in Egs. (10), (11), for foamed
concrete prepared only with cement, water, and
foam, the experimental data and the fitting range
were more accurately fitted with each other after
the equations were amended. The traditional em-
pirical formula is typically used to reflect the
compressive strength and porosity of the raw ce-
ment materials. Thus, it suffers certain limita-
tions when external conditions change because the
corresponding empirical constants will occur con-
currently. The application range was greatly ex-
panded by amending the formulas to include the
effects of porosity, average pore size, and water-
cement ratio.

When the water-cement ratio K was fixed,
the compressive strength of foamed concrete was
determined by the porosity n and the average pore
radius . In other words, the compressive
strength increased as the porosity and pore size
decreased. When the porosity n was fixed, the
compressive strength was determined by the wa-
ter-cement ratio and the average pore radius.
When the dry density of foamed concrete was
fixed,

by both the matrix strength and the pore struc-

its compressive strength was determined

ture if the material only consists of cement, water
and foam. Low water-cement ratios resulted in

comparatively larger 1/ (1+K) values, thus de-
Meanwhile, 1//r

will also be decreased if the viscosity and fluidity

grading the pore structures.

was not well controlled. Therefore, it is not ad-
visable to consider only increasing the matrix
strength without taking into account the effect of
changes in the pore size on the compressive

strength of foamed concrete.

4 Conclusions

(1) The average pore size of foamed concrete

increased with the decrease of dry density levels.

(2) The average pore size of foamed concrete
varied greatly as the water-cement ratio increased
or decreased from the optimal ratio. Moreover,
high cement-sand ratios had a significant impact
on the performance of foamed concrete. At a
higher mortar ratio, the foamed concrete suffered
a degradation in the pore structures and had more
interconnected pores.

(3) Among the four different types of poros-
ity and empirical strength equations, the Balshin

formula was found to be the best fit.

o 1—
(4) The results, f. = 13. 14( 1+K

1 1.52 . 1

ﬁ) and f.=1.04 exp(— 1+K[

obtained by amending the Balshin and Ryshke-
witch formulas. The surface bend fitting formula
amended by Balshin had the best correlation
(R*=0.988 1).
124.9(1—n)*%, in which R*=0. 983 6.

(5) The compressive strength of foamed con-

The fitting equation was f. =

crete was mainly related to the matrix strength
and characteristics of pore structures. However,
the effect of water-cement ratio, slurry flow, and
viscosity on the pore structures should also be

taken into consideration.
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