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The feasibility of using reservoir sludge as a raw material in the production of foamed inorganic polymers 
with different densities is investigated in this work. Reservoir sludge is first crushed, ground down and 
then calcined at the temperature of 850 �C for 6 h to become calcined reservoir sludge (CRS) powders.
A mixture of 30% blast furnace slag and 70% CRS powders is alkali-activated by mixing with different 
alkaline activating solutions of water, sodium hydroxide and sodium silicate. The viscosities and com- 
pressive strengths of the resulting inorganic binders are measured and compared with each other. Fur- 
thermore, the inorganic binder paste that has the maximum compressive strength and best 
workability is mixed with various amounts of preformed air bubbles to produce foamed reservoir sludge 
inorganic polymer (FRSIP) specimens with different densities. The effects of density on the water absorp- 
tion, pore size distribution, compressive strength, bending strength and transmission loss of the FRSIP 
specimens are evaluated.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction 

Reservoir sludge dredging is a challenging task, and should be
handled appropriate ly to ensure the safety of reservoirs and capac- 
ity of the public water supply. The reuse of the evacuated reservoir 
sludge is thus an important issue, in order to reduce its negative 
impacts on the environment. While reservoir sludge can be used 
as a raw material to produce lightweight aggregates and bricks 
[1–5], this process consumes much energy, which limits its practi- 
cal use. Although reservoir sludge can also be organo-mod ified and 
employed as a water-proofing agent [6,7], this cannot be used to
dispose of all of the sludge that is removed from reservoir s, and 
thus some other ways of reutilization are needed.

Inorganic polymers, first developed by Davidovits [8–10], are 
produced by mixing aluminosi licate minerals, such as metakaolin,
fly ash and blast furnace slag, with an alkaline activating solution 
which is normally an alkali metal hydroxide and sodium silicate.
Using this approach , the dissolution of Si and Al ions and the sub- 
sequent polyconden sation reaction produce a dense three-dimen- 
sionally networked Si–O–Al microstructure [11,12]. The resulting 
material can have higher compressive strength than hardened 
Portland cement paste. As a result, alkali-act ivated inorganic poly- 
meric binder can be used as a replacement for Portland cement in
concrete. Reservoir sludge containing some aluminosilicate miner- 
als, such as silts and smectite clays, was used as the raw material 
for a partial replacemen t of metakaolin in the production of inor- 
ganic polymers by Chen et al. [13,14]. They found that the reservoir 
sludge-bas ed inorganic polymers could be used as binders in the 
production of mortars that had a high compressive strength and 
good workability .

Since metakaolin powders can be replaced by calcined reser- 
voir sludge (CRS) powders [14], and the optimal replacement 
percentage of metakaol in by slag is around 30% [15], a mixture 
of weight fractions of 70% CRS and 30% blast furnace slag pow- 
ders are employed here as the raw materials in the production 
of inorganic polymeric binders. While foamed inorganic poly- 
mers are typically produced using a chemical foaming method 
that has been described in several studies [16–18], less atten- 
tion has been paid to the use of a mechanical foaming method.
In this study, reservoir sludge is first calcined and then ground 
down to become CRS powders. The CRS and slag powders are 
then mixed with different alkaline activation solutions of so- 
dium hydroxide and sodium silicate, and the viscosities and 
compress ive strengths of the inorganic binders are measured 
and compared with each other. Furthermor e, the resulting inor- 
ganic binder paste is mixed with different amounts of pre- 
formed air bubbles to produce foamed reservoir sludge 
inorganic polymer (FRSIP) specimens with various densities .
The effects of density on the physical, mechanical and acoustic 
propertie s of the FRSIP specimens are also evaluated in this 
work. Foamed inorganic polymers with low embodied energy 
could become a substitut e for Portland cement when producing 
foams for use as sound absorbing or thermal insulating 
materials .

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cemconcomp.2013.03.017&domain=pdf
http://dx.doi.org/10.1016/j.cemconcomp.2013.03.017
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2. Experimental methods 

2.1. Materials 

The reservoir sludge particles , evacuated from the A-Ken-Tien 
reservoir of Kaohsiung City in Taiwan, are composed of aluminosi l-
icate minerals, such as silts and smectite clays, and can thus be used 
as raw materials in the production of inorganic polymers. First, the 
reservoir sludge particles were crushed to pass through a 300 lm
sieve by using an upright pulverizer, and then further ground down 
using an air-isolating powder grinder. The ground reservoir sludge 
powders should be calcined at high temperat ures to partially distort 
or destroy their crystalline structure s in a dehydroxylati on reaction 
before they are alkali-activa ted. Therefore, the reservoir sludge 
powders were calcined at a temperature of 850 �C for 6 h, as sug- 
gested by Chen et al. [13], and then they became more reactive,
and thus the resulting alkali-act ivated reservoir-sl udge inorganic 
polymers had a higher compressive strength. The main chemical 
compositions of the CRS powders with a specific surface area of
6740 cm2/g employed here are 53.5% SiO 2 , 22.3% Al2O3 and 8.6%
Fe2O3. In addition, blast furnace slag powders with a specific gravity 
of 2.9 and a chemical compositi on of 41.6% CaO, 34.0% SiO 2 and
13.6% Al2O3, supplied by China Hi-Ment Corporation in Taiwan, were 
employed to enhance the workability of the inorganic binder paste.
Since the dissolution of the Si and Al ions of slag powders during the 
alkali-activa tion reaction of an inorganic binder depends on their 
fineness, powders with two different specific surface areas were 
used: 4180 cm2/g, denoted by S4000, and 5810 cm2/g, by S6000.

2.2. Alkaline activating solution and inorganic binder 

A mixture of 70% CRS and 30% slag powders was alkali-activated 
by mixing with various alkaline activating solutions to produce 
inorganic binder pastes. The alkaline activating solutions are nor- 
mally composed of water, sodium hydroxide and sodium silicate 
with a chemical compositi on of 25.0% SiO 2 and 8.7% Na2O. The 
chemical reaction, microstructur e and properties of an inorganic 
binder are affected significantly by the amounts of Na2O, SiO 2
and water in the alkaline activating solution. The alkali-equivale nt
content, silicate modulus and water/binder ratio are generally 
modified in order to change the resulting material properties.
The alkali-equiv alent content, AE%, is the weight fraction of Na2O
to total powders while the silicate modulus, Ms, is the molar ratio 
of SiO 2 and Na2O in the alkaline activating solution. The water/bin- 
der ratio, W/B, is the weight ratio of water to the sum of CRS and 
slag powders, SiO 2 and Na2O.

The compressive strengths of inorganic binders produced by
mixing 70% CRS and 30% slag powders with various alkaline acti- 
vating solutions with different ranges of W/B = 0.25–0.5, AE% = 6–
15% and Ms = 0.75–1.5 were measured by Chen et al. [14]. They 
confirmed that the maximum compressive strength of inorganic 
binders can be obtained when CRS powders are mixed with the 
alkaline activating solution of W/B = 0.5, AE% = 9% and Ms = 1.0.
When inorganic binder paste is mixed with preformed air bubbles 
during the preparation of FRSIP specimens, its workability is cru- 
cial to the ease of stirring and resulting microstructure, depending 
on the values of W/B, AE% and Ms in the alkaline activating solu- 
tion. In addition, the dissolution of the Si and Al ions in the slag 
powders is affected significantly by their fineness, leading to inor- 
ganic binder paste with different workabilitie s. When both the 
compressive strength and workability of the inorganic binders 
are of concern, an optimal alkaline activating solution is preferred ,
and should be determined experimentally. Therefore, S4000 slag 
powders were mixed with various alkaline activating solutions of
AE% = 3%, 6%, 9%, 12% and 15%, Ms = 1.0, and W/B = 0.4 and 0.5 to
produce inorganic binder pastes.
The amounts of water, sodium hydroxide and sodium silicate re- 
quired for each alkaline activating solution were weighed, mixed 
and then placed in a container at room temperature for 1 day. CRS 
powders were first mixed with an alkaline activating solution and 
stirred vigorously for 30 min. Next, slag powders were added to
the container, and this mixture was stirred for an additional 5 min 
to produce inorganic binder pastes. Furthermore, the variations in
the viscosities with respect to time for inorganic binder pastes with 
the same AE% = 9% and Ms = 1.0 but different W/B were measure d by
using a Brookfield DVII viscomet er, and then compare d with each 
other to evaluate the effects of W/B of alkaline activating solutions 
and fineness of slag powders. The inorganic binder pastes were then 
poured into 3 cm � 3 cm � 3 cm cubic steel molds, removed from 
the moulds the next day and then cured in air. The 7-day, 28-day 
and 91-day compressive strengths of the inorganic binders were 
measure d using a universal testing machine under a constant com- 
pressive rate of 350 KPa/s. Based on the experimental results, the 
optimal alkaline activating solution that produces the maximum 
compress ive strength of inorganic binders is determined.
2.3. FRSIP specimens 

Preforme d air bubbles were made by stably pressurizing an
aqueous solution of a foaming agent with water in a foam generat- 
ing tank, and then further mixing this with the inorganic binder 
pastes to produce FRSIP specimens. Since the complete mixing of
preformed air bubbles with inorganic binder paste depends on
the W/B, two water/binder ratios of W/B = 0.4 and 0.5 were studied.
The design density of each FRSIP specimen was controlled by
changing the amount of preformed air bubbles introduced into 
the mixer, and four different densities of 0.7, 0.8, 0.9 and 1.0 g/
cm3 were considered. In addition to the amount of preformed air 
bubbles required for each FRSIP specimen, about 20% more than 
this was added because of the collapse and volume instabilit y of
the bubbles during stirring. After complete mixing of the pre- 
formed air bubbles and inorganic binder paste, the resulting FRSIP 
slurry was poured into steel moulds of 10 cm � 10 cm � 10 cm for 
compress ion tests and of 75 mm � 75 mm � 400 mm for bending 
tests. The FRSIP specimens were removed from the steel moulds 
next day and cured in air at room temperature. The 7-day, 28- 
day and 91-day compress ive and bending strengths of the FRSIP 
specimens were measured by conducting a series of compress ion 
and bending tests in a universa l testing machine.

The actual densities of the FRSIP specimens and solid inorganic 
binders were measured and recorded before mechanical testing. In
addition, the water absorption levels of the FRSIP specimens with 
different densities were measured and then compared with each 
other to evaluate the effects of density. Images of cross-sectio ns of
the FRSIP specimens were taken using a digital camera, and the pore 
size distribution s within them were analyzed using the image anal- 
ysis software in Matlab. FRSIP specimens with different densities of
0.7, 0.8, 0.9 and 1.0 g/cm 3 but the same dimensions of 60 cm �
60 cm � 10 cm and 60 cm � 60 cm � 6 cm were prepared for acous- 
tic testing. The transmission losses of the FRSIP specimens were 
measure d according to the standard method of ISO 15168, and com- 
pared with those of commercially available gypsum, cement and cal- 
cium silicate boards with dimensions of 60 cm � 60 cm � 10 cm,
which are widely used as noise-pro tection materials in Taiwan.
3. Results and discussion 

3.1. Viscosity of inorganic binder paste 

After mixing the CRS powders, alkaline activating solution and 
slag powders with a fineness of S4000 or S6000 for 35 min, the 



Fig. 1. Variation of viscosities with respect to time for inorganic binder pastes with 
various water/binder ratios and two finenesses of slag powders. Fig. 2. The 7-day, 28-day and 91-day compressive strengths of inorganic binders 

alkali-activated by mixing with alkaline activating solutions of different W/B and
AE%.
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Fig. 3. Variation of the water absorptions of the FRSIP specimens with different 
design densities of 0.7, 0.8, 0.9 and 1.0 g/cm 3.
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viscosities of each inorganic binder paste were measured and re- 
corded continuously for 20 min. The variations of the viscosities 
of inorganic binder pastes, with the same AE% = 9% and Ms = 1.0 
but different W/B = 0.4, 0.5 and 0.6, are shown in Fig. 1. It can be
seen that the viscosities of all the inorganic binder pastes increased 
steadily with respect to time, regardles s of the water/binder ratio 
in an alkaline activating solution and the fineness of slag powders.
The viscosities of the inorganic binder pastes with W/B = 0.4 are 
much greater than those with W/B = 0.5 and 0.6 at any time. In
addition, the viscosities of the inorganic binder pastes with 
S6000 slag powders are consistently larger than those with same 
W/B but made with S4000 slag powders. Therefore, the viscosity 
of an inorganic binder paste can be increased dramatically when 
the water/bind er ratio of the alkaline activating solution is re- 
duced, or the specific surface area of slag powders is increased.

When preformed air bubbles are mixed with an alkaline activat- 
ing solution, viscosities of less than 5000 CPS in the resulting inor- 
ganic binder paste are preferred for the first 20 min of stirring. If
the viscosity is greater than this, it is difficult to stir in a mixer,
and the collapse and destruction of the preformed air bubbles 
are more likely to occur, leading to a less dense microstru cture 
and lower compressive strength. In Fig. 1, the starting viscosities 
are much greater than 5000 CPS for the inorganic binder pastes 
with W/B = 0.4. In contrast, the viscosities of the inorganic binder 
pastes with W/B = 0.6 are around 700 CPS at the beginning, and 
then still less than 3000CPS even 20 min later. In other words,
the reaction rate of dissolution is higher than that of polyconden- 
sation for the first 5–10 min of stirring, providing a lower viscosity 
that is beneficial to the mixing of the preformed air bubbles and 
inorganic binder paste. However, the viscosities increase steadily 
when the stirring time is more than 10 min, because the polycon- 
densation reaction rate becomes faster than the dissolution reac- 
tion rate. Fig. 1 shows that the three inorganic binder pastes of
W/B = 0.6 and S4000, W/B = 0.6 and S6000, and W/B = 0.5 and 
S4000 are all good candidate materials for mixing with preformed 
air bubbles to produce FRSIP specimens.

3.2. Optimal alkaline activating solution 

The compressive strengths of inorganic binders depend on the 
water/binder ratio, the alkali-eq uivalent content in the alkaline 
activating solutions, and the curing time. The 7-day, 28-day and 
91-day compressive strengths of the inorganic binders produced 
by mixing S4000 slag powders with various alkaline activating 
solutions of Ms = 1.0, AE% = 3%, 6%, 9%, 12% and 15%, and W/
B = 0.4 and 0.5 are presented in Fig. 2. It can be seen that the com- 
pressive strengths of the inorganic binders with W/B = 0.4 are high- 
er than those with W/B = 0.5, and that they increase along with the 
curing time. Meanwhile, the compressive strengths of the inor- 
ganic binders increase steadily at the beginning and then drop sig- 
nificantly after reaching a maximum at AE% = 9%, as the alkali- 
equivalent content is increased from 3% to 15%, regardless of W/B
and the curing time. Therefore, the optimal alkaline activating 
solution that produces the maximum compress ive strength of inor- 
ganic binders is that with W/B = 0.5, AE% = 9% and Ms = 1.0, when 
both their viscosity and compress ive strength are of interest.

3.3. Microstruc ture of FRSIP specimens 

It is known that the water absorption of a porous solid is related 
to its total porosity and the morphology of the interfacial area be- 
tween any adjacent connected air bubbles. Therefore, the water 
absorption capacity can be used to represent the microstructure 
and total volume of air bubbles within each FRSIP specimen. The 
water absorption of the FRSIP specimens with various design den- 
sities of 0.7, 0.8, 0.9 and 1.0 g/cm 3 are plotted in Fig. 3. It is seen 
that the water absorption of the FRSIP specimens decrease s stea- 
dily with increasing design density, due to the reduction in the 
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Fig. 4. The original and darkened images of the cross-sections of the FRSIP 
specimens with a water/binder ratio of 0.5 and different design densities of: (a)
0.7 g/cm 3, (b) 0.8 g/cm 3, (c) 0.9 g/cm 3, and (d) 1.0 g/cm 3 .
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Fig. 5. The pore size distributions of the FRSIP specimens with a water/binder ratio 
of 0.5 and different design densities of 0.7, 0.8, 0.9 and 1.0 g/cm 3.
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total volume of air bubbles. The water absorption can reach up to
90% when the density is reduced to 0.7 g/cm 3.

The microstructures of FRSIP specimens were further character- 
ized by analyzing the pore size distribution s within them using the 
image analysis software in Matlab. The original and darkened 
images of the cross-sections parallel to the direction of gravity of
the FRSIP specimens with a design density of 0.7, 0.8, 0.9 and 
1.0 g/cm 3 are shown in Fig. 4a–d respectively when W/B = 0.5.
The measured pore size distribution s of the FRSIP specimens are 
plotted in Fig. 5, and it can be seen that more than 80% of the pores 
in the FRSIP specimens are less than 0.3 mm. Since the density of
an FRSIP specimen is controlled by changing the amount of pre- 
formed air bubbles introduced into the mixture, the resulting pore 
size distribution depends on the amount of bubbles. The results 
show that the pore size distributions of the FRSIP specimens are al- 
most identical, as expected. Therefore, it can be said that effect of
density on the pore size distribut ion is insignificant.
3.4. Compressi ve and bending strengths of FRSIP specimens 

The actual densities , compressive strengths and bending 
strengths of the FRSIP specimens with design densities of 0.7,
0.8, 0.9 and 1.0 g/cm 3 were measured, recorded and then com- 
pared with each other. The relative density of each FRSIP specimen 
is the ratio of its actual density, q�, to that of solid inorganic binder,
qs. The measured 7-day, 28-day and 91-day compressive strengths 
of the FRSIP specimens, r�C , are plotted against their relative densi- 
ties, q�/qs, in a log–log scale in Fig. 6a–c, respectivel y. The com- 
pressive strengths increase with increasing relative density, and 
can be described by the following equation derived by Gibson 
and Ashby [19] from a cell-edge bending model for lower rela- 
tive-densi ty foams:

r�C ¼ C1rCS
q�

qs

� �m

ð1Þ

Here, rCS is the compres sive strength of the solid inorganic binder,
and the two microstruc tural coefficients, C1 and m, should be exper- 
imentall y determine d. By conductin g a series of regression analyses 
on the experime ntal results shown in Fig. 6, the exponen tial con- 
stants m = 2.37, 2.15 and 2.57 are obtained for the 7-day, 28-day 
and 91-day compr essive strength s of the FRSIP specimens, respec- 
tively. The measured expone ntial constants are within the range 
of 1.5 for low relative- density foams given in Gibson and Ashby 
[19] and 4.0 for porous solids suggeste d by Roy and Gouda [20].
Since the variations of the compress ive strengths in Fig. 6 and the 
pore size distribution s in Fig. 5 are insignificant, it can be conclu ded 
that the preformed air bubbles in the FRSIP specimens introduce d
by employi ng a mechanical foaming method are distrib uted ran- 
domly and uniformly.

In a similar way, the 7-day, 28-day and 91-day bending 
strengths of the FRSIP specimens , r�B, increase with increasing rel- 
ative density, as shown in Fig. 7a–c respectively , and can be de- 
scribed by the following equation:



Fig. 6. The (a) 7-day (b) 28-day and (c) 91-day compressive strengths of the FRSIP 
specimens with same W/B = 0.5 but different design densities.

Fig. 7. The (a) 7-day (b) 28-day and (c) 91-day bending strengths of the FRSIP 
specimens with same W/B = 0.5 but different design densities.
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r�B ¼ C2rBS
q�

qs

� �n

ð2Þ

In Eq. (2), rBS is the bending strength of solid inorganic binders, and 
the two microstruc tural coefficients, C2 and n, should again be
determine d experime ntally. The exponen tial constants n = 2.56,
2.39 and 1.28 are obtained from a series of regression analyses on
the 7-day, 28-day and 91-day bending strengt hs of the FRSIP spec- 
imens shown in Fig. 7, respective ly.

From Figs. 6 and 7, it is noted that the variation of bending 
strengths is slightly larger than that of the compressive strengths,
because the former are more sensitive to the maximum-si ze crack 
within each FRSIP specimen. For comparison, the compress ive 
strengths of the FRSIP specimens are plotted against their 



Fig. 11. Comparison of the transmission losses of commercially available gypsum,
cement and calcium silicate boards with a thickness of 10 cm, and the FRSIP 
specimen with a design density of 0.8 g/cm 3 and a thickness of 6 cm.

Fig. 10. The transmission losses of the FRSIP specimens with same thickness of
10 cm but different design densities.

Fig. 8. Comparison between compressive strengths and bending strengths of the 
FRSIP specimens with same W/B = 0.5 but different design densities.

Fig. 9. The transmission losses of the FRSIP specimens with same thickness of 6 cm
but different design densities.
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correspondi ng bending strengths in Fig. 8. Based on the experi- 
mental results in Fig. 8, the following relationship between com- 
pressive strength and bending strength can be obtained from a
regressio n analysis:
r�C ¼ 10:4r�B � 1:04 MPa ð3Þ

It can thus be said that the compress ive strength of a FRSIP 
specimen is roughly 10 times its bending strength.
3.5. Transmiss ion losses of FRSIP specimens 

The transmission losses of the FRSIP specimens with a thickness 
of 6 cm but different densities are presented in Fig. 9. It is seen that 
the transmission losses of the FRSIP specimens with a design den- 
sity of 0.8 g/cm 3 are higher than those of 0.7, 0.9 and 1.0 g/cm 3

when frequency is within the range of 100–1000 Hz. The difference 
between the transmission losses of the FRSIP specimens is less 
than 4 dB, and becomes insignificant when the frequency is larger 
than 1000 Hz. When the thickness is increased to 10 cm, as shown 
in Fig. 10, the transmission losses of the FRSIP specimens increase 
with increasing density when the frequenc y is less than 2000 Hz,
but become independent of density when it is higher than 
2000 Hz. In other words, the transmission losses of the FRSIP spec- 
imens can be described by the well-known mass law if their thick- 
nesses become equal to or thicker than 10 cm. Based on the 
experime ntal results in Figs. 9 and 10, it can be concluded that 
the transmission losses of the FRSIP specimens are affected by their 
density and thickness, and thus their surface density, which is the 
product of these. Furthermore, the transmission losses of the FRSIP 
specimen with a design density of 0.8 g/cm 3 and a thickness of
6 cm are compare d with those of gypsum, cement and calcium sil- 
icate boards with a thickness of 10 cm, as shown in Fig. 11, and it
can be seen that a thinner FRSIP specimen provides better noise 
protectio n than a thicker gypsum, cement or calcium silicate 
board.
4. Conclusion s

Based on the experimental results, the findings of the work can 
be summari zed as follows.
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1. The viscosities of inorganic binder pastes increase significantly
when the water/binder ratio of alkaline activating solutions and 
the size of slag powders are reduced.

2. The alkaline activating solution that produces the maximum 
compressive strength of inorganic binders is W/B = 0.5,
AE% = 9% and Ms = 1.0.

3. The water absorption of the FRSIP specimens increases as the 
density decreases, and it can be up to 90% when the density is
reduced to 0.7 g/cm 3.

4. More than 80% of the pores within the FRSIP specimens are less 
than 0.3 mm in diameter, and the effect of their density on the 
pore size distribution within them is insignificant.

5. The compressive and bending strengths of the FRSIP specimens 
increase with increasing relative density.

6. The transmission losses of the FRSIP specimens are affected by
their density and thickness.

7. The transmission losses of the FRSIP specimen with 0.8 g/cm 3

and a thickness of 6 cm are superior to those of gypsum, cement 
and calcium silicate boards with a thickness of 10 cm.
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