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Mixing Water Treatment Residual with Excavation Waste Soil
in Brick and Artificial Aggregate Making

Chihpin Huang1; Jill Ruhsing Pan2; and Yaorey Liu3

Abstract: A large quantity of water treatment residual is generated each year from fresh water treatment plants in Taiwan
disposal of the nonhazardous sludge is impractical because of the high cost of transportation and an increasing scarcity of lan
Taiwan. The water treatment residual was characterized; the ceramic bodies were prepared and sintered to formulate into bui
and artificial aggregates. The sintering temperature requirement by the water treatment residual was higher than normally p
brick works due to the higher Al2O3 and lower SiO2 content. The excavation waste soil, practically clay, was blended with water trea
residual to improve the brick quality. Under the commonly practiced brick-making condition, up to 15% of water treatment resid
be added to produce first grade brick specified by the National Science Council(NSC). Test results of specific gravity, water absorpt
and compressive strength of the artificial aggregates confirmed its applicability in constructions as various degrees of lig
aggregates.
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CE Database subject headings: Aggregation; Bridge construction; Sludge disposal; Waste management; Taiwan.
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Introduction

In Taiwan, the daily production of fresh water is approxima
twelve million tons, resulting in a daily production
24,000–280,000 tons water treatment residual(WTR). This
amount is expected to increase dramatically because of th
creasing demand for higher-quality water by consumers an
more stringent quality standards regulated by the governm
Most WTR is disposed in landfills. This means of disposal is
longer practical in many modern urban municipalities becau
the difficulty in finding landfill sites and the costs of operat
landfills. Since the government will soon ban landfill dispo
searching for alternatives for sludge disposal has become a
ity for the water industry.

Thermal treatment of sludge was originally used for the
pose of volume reduction and stabilization of sludge. The fu
trend of sludge management, however, is to convert the wast
useful material(Tay and Show 1997; John 2001). A sintering
process can bond materials together, resulting in sintered ma
with sufficient strength and extremely low heavy metal leach
ity (Wang et al. 1998). Ashes of biological sludge and municip
waste incinerator have been recycled into construction mat
through this technique. Many studies on reusing sludge ash
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brick materials have been reported in both lab-scale and full-
applications(Anderson et al. 1996; Okuno 1997; Tay et al. 19
Wiebusch and Seyfried 1997; Liaw et al. 1998; Sorensen
2001). Sludge ashes have also been made into artificial coars
fine aggregates for concrete mix(Khanbilvardi and Afshari 1995
Tay et al. 1997; Liaw et al. 1998; Wainwright and Cress
2001), permeable blocks and pavement bricks(Nishigaki 2000);
and tile(Bernd and Carl 1997). These studies were done on co
bustion ashes of sewage sludge, industrial wastewater sludg
municipal solid waste. Although an industrial-scale experimen
brick production with dredge harbor sediments was repo
(Hamer and Karius 2002), no studies on resource reuse of
WTR have been reported.

Because of the similar mineralogical composition, the W
can be a potential substitute for brick clay. Previously, our l
ratory had explored the possibility of blending the WTR with d
sediment to make constructional bricks(Huang et al. 2001). Due
to depleting resources, there has been a growing trend in co
ing wastes into profitable products. Excavation waste soil(EWS)
is one of the examples. EWS is the soil excavated from
ground before construction. In Taiwan, approximately twenty
lion tons of EWS are generated each year, which needs
disposed of properly. Many local brick works have been inco
rating EWS as brick material. In this study, we blended the W
with the EWS to make bricks and artificial aggregates. The
acteristics of the products were examined and evaluated ac
ing to the Chinese National Standard(CNS) specification for vari
ous degrees of bricks and aggregates, as shown in Table 1
result will be adopted in a large-scale study on producing ma
able constructional products from the WTR.

Materials and Methods

Raw Materials for Sintering

WTR and EWS were the raw materials for sintering. The W

was the dried sludge cake obtained from the Chin-Tan Water
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Treatment Plant in the northern part of Taiwan, in which p
meric aluminum chloride was used in the coagulation proc
The EWS was obtained from a local brick works. Basic cha
teristics of the raw materials, such as pH, water content, com
tible matter, ash content, and concentrations of heavy metal
other chemical components, were determined. The water co
combustible matter, and ash content were determined follo
the procedure NIEA 203.00T–205.0T regulated by the Env
mental Protection Agency-Republic of China. The chemical c
position was identified and analyzed by using the energy di
sive spectrometer and the inductively coupled plasma-at
emission spectrometer, respectively, and the heavy metal co
was determined with the atomic adsorption spectrophotom
The softening point, melting point, and pouring point(PP) were
determined with a melting kiln model CAF9701 by Carbol
The mineralogical composition was determined with the x
diffraction of MXP18, a product of MAX Science.

Preparation of Bricks and Artificial Aggregates

Before sintering, the raw materials were dried in the oven(105°C
for 24 h), pulverized, and sieved. Materials between Sieve No
and No. 200 were collected for test sample. The treated sa
were mixed and blended with appropriate amount of water,
then compacted and molded with a Carver No. 3851 press to
a quadrate die bolster of 63332 cm. The compact specime
were fired in the combustion chamber of an electrical kiln
Naber N100H furnace, under various firing temperatures
times.

To make artificial aggregates, the WTR was pelletized in
ball of approximately 2 cm in diameter. The ball was dried in
oven at 105°C for 24 h followed by the sintering process.

Brick Analysis

Physical characteristics of the sinter, namely, loss on ign
(LOI), firing shrinkage, water absorption, density, and comp
sive strength, as well as the toxicity characteristic leaching
cedure(TCLP), were analyzed.
• LOI. The LOI is calculated as

LOI =
W0 − W1

W0
3 100%

in which W0 andW1=weights of the specimen before and a
sintering, respectively.

• Firing shrinkage. The firing shrinkage is calculated as follow

Firing shrinkage =
V0 − V1

V0
3 100%

in which V0 and V0=volumes of the specimens before a
after sintering, respectively.

Table 1. CNS382.R2002 Brick Criteria

Bricks

Water
absorption

(%)

Compressive
strength

(kg/cm2)

Apparen
density
(g/cm3)

First degree ,15 .150 1.8–2.0

Second degree ,19 .100 1.8–2.0

Third degree ,23 .75 1.8–2.0

Pavement bricks ,2 .500 2.2–2.6
• Water absorption. Water absorption is calculated from the
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t

amount of water absorbed by the brick after immersio
water for 24 h,

Water absorptions%d = fsW1 − W0d/W0g 3 100%

whereW0 andW1=weights of the specimens before and a
the immersion.

• Bulk density. Bulk density is calculated from the weight,WS,
and the total volume,VS, of the brick

Bulk density =WS/VS sg/cm3d

• Compressive strength. The unconfined compressive strengt
the maximum compressing force a sinter can withstand b
it breaks. The bench-scale bricks were tested according
ASTM C39-81 procedure. The sinter was placed verticall
the platform of the press, a model 50-C41H4 press mac
made by CONTROLS, Italy, and was pressed until it
crushed. The compressive strength of the sinter is the
pressing force(kg force) divided by the pressed areascm2d.

Evaluation of Artificial Aggregates

The characteristics of the artificial aggregates, including w
absorption and specific gravity, were determined. The sin
balls were then used as the coarse aggregate and made i
ment mortar, in which the natural sand was the fine aggre
The concrete mixing ratio of 1:1:2 for cement: fine aggreg
coarse aggregate was adopted since a preliminary expe
proved that such combination resulted in the highest con
strength. A water-to-cement ratio of 1:2 was used in casting
concrete. After removing from the mold, the cement mortar
cured by immersing in potable water for 7, 14, and 28 days.
compressive strengths of the 7-day, 14-day, and 28-day co
specimen were tested.

Results and Discussion

Basic Characteristics of Raw Materials

The basic physical properties of the WTR and EWS are sum
rized in Table 2. Both samples are low in organic content and
in ash content. The low LOI and volatile matter of both EWS
WTR suggest that incineration is not necessary before sinte
The required sintering temperature can be estimated from th
of the material. They are approximately 60 to 80% of the
The PPs of WTR and EWS were 1,520 and 1,412°C, res
tively. This can be explained by their differences in chem

Table 2. Characteristics of Water Treatment Residual and Excav
Waste Soil

Parameters
Water treatment

residual
Excavation
waste soil

pH 6.59 6.83

Moisture content(%) 6.27–11.73 2.87

Ash content(%) 74.82–86.64 93.63

LOIa (%) 7.09–13.45 3.50

Volatile matterb (%) 5.35 2.75

Pouring point(°C) 1,520 1,412

Note: LOI5loss on ignition.
aFired at 800650°C for 3 h.
bCombusted at 550650°C for 3 h.
compositions, as given by Table 3. The major chemical composi-
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tions of WTR and EWS were silicon, aluminum, and iron oxid
Since the chemical compositions of the EWS and clay are
tremely similar, the EWS can be an excellent substitute for b
clay. The WTR, on the other hand, has much higher Al con
and lower SiO2 content than the EWS. Since the strength of
brick depends largely on silica, the strength of the brick m
from WTR may be impaired. Since the melting point of alum
about 2,300°C, is the highest among all compositions, sint
of the WTR will consume substantially more energy.

Properties of Bricks Made from Excavation Waste Soil
and Water Treatment Residual

Sintering environment affects the quality of the sinter critica
The effect of sintering temperature and time were tested, u
compressive strength as an index. Fig. 1 shows that compre
strength increased with the increasing sintering temperature
though longer sintering produced stronger bricks, the differ
between 3 and 6 h was so insignificant that 3 h of sintering
should be sufficient for the bolster of size 63332 cm to produc
a satisfactory brick in the temperature range f
800 to 1,100°C. Therefore, 3 h of sintering time was chose
the rest of this study. Bricks were first made from the WTR
EWS, separately. The brick property was evaluated for five a
LOI, firing shrinkage, water absorption, bulk density, and c
pressive strength.

Table 3. Chemical Compositions of Water Treatment Resid
Excavation Waste Soil, and Clay

Composition

(W/W) (%)

Water treatment
residual

Excavation
waste soil Clay

SiO2 52.75 60.37 61.95

Al2O3 20.15 15.42 16.95

Fe2O3 6.75 7.25 9.27

K2O 3.69 2.91 0.14

Na2O 0.872 0.66 0.02

CaO 0.3 0.32 0.45

Note: W/W5weight of compound/weight of raw material.

Fig. 1. Compressive strength versus firing temperature of excav
waste soil at various firing times
274 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / FEBRUAR
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Loss on Ignition
The weight loss of the specimens during sintering is mostly d
the organic compounds and the inorganic CaCO3. Wang et al
(1998) indicated that the organic compounds in the com
specimen can gasify and/or oxidize to CO2 and H2O, while the
CaCO3 decomposes into CO2 and CaO at a high temperature.
indicated in Fig. 2, the WTR and EWS exhibited a distinctiv
different extent of LOI, 18% for the WTR versus 10% for
EWS. And, varying sintering temperature from 800 to 1,10
has a minimal effect on the LOI for both waste soils. This
because most of the volatile substances had escaped before
ing 800°C.

Firing Shrinkage
Too much volume shrinkage can cause the distortion and b
age of bricks. Therefore, the dimensional change during sint
is another way of monitoring the sinter quality. Unlike the sin
ing of incinerator ashes, no swelling occurred during the cour
sintering. Fig. 3 shows that the shrinking of EWS sinterin
much milder than that of WTR. At 950°C, the temperature c
monly practiced in brick works, the firing shrinkage of the E
sinter is insignificant. Above that, it increases with the sinte

Fig. 2. Weight loss on ignition of excavation waste soil and w
treatment residual at various sintering temperatures

Fig. 3. Firing shrinkage of excavation waste soil and water treat
residual brick specimens at various sintering temperatures
Y 2005
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temperature. An 18% volume reduction was observed at 1,10
The change in the sintering of the WTR is much more dram
Significant shrinkage began to occur at 950°C, and a 45%
ume reduction was determined at 1,100°C. The extent of d
fication is much higher than that of the corresponding LOI
shown in Fig. 2, which suggests the formation of a new cry
line phase.

Water Absorption
Water absorption is the weight of moisture in the pores to
weight of the sintered specimen. It is a function of densifica
and open pores. Absorption of moisture is one brick quality r
nalized by the NSC. High water absorption resulted in moss
tamination and recrystallization of the liquid CaCO3 on the brick
surface, which shortened the life of the brick as a pavement
sintering process closes the open pores of the sintered bod
sulting in less water absorption. Fig. 4 shows that water ab
tion decreases with increasing sintering temperature. The
made from the WTR shows a progressive reduction in wate
sorption with the increased firing temperature. Since the
limit for water absorption of the first degree bricks is 15%
sintering temperature of 1,050°C was required. On the o
hand, the water absorption of the EWS brick was substan
low and insensitive to sintering temperature.

Bulk Density
Bulk density is the ratio of the weight-to-total volume of the m
and the open pores. Consequently, the changes in both the
density and the porosity affected the bulk density of the sint
specimens. During the sintering process, the distance betwe
particles in the sinter decreased with the increasing temper
The viscous phase started to appear, which was called
growth. The bulk density increased with the increasing sinte
temperature due to densification. As shown in Fig. 5, for E
the CNS bulk densityf criteria or primary bricks, 1.5 g/cm3, can
be achieved at as low as 800°C. To meet the same criteri
WTR will have to be sintered at 1,000°C. The EWS contain
higher amount of Fe2O3, 7.25% in comparison with the 6.75%
the WTR, which can lower the sintering temperature and incr

Fig. 4. Water absorption of excavation waste soil and w
treatment residual brick specimens at various sintering tempera
the melting of the glass phase.

JOURNAL OF
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Compressive Strength
Compressive strength determines the potential for construc
application of the bricks. Compressive strength affects the p
ity, pore size, and types of crystallization. The CNS criteria
first, second, and third degree, and pavement bricks are 150
75, and 500 kgf/cm2, respectively, given in Table 1. Fig. 6 sho
that the compressive strength increases with the sintering
perature. There appeared to be a change in this dependen
tween 900 and 1,000°C. The increase in compressive str
above 1,000°C was much more dramatic, especially for the
bricks. It suggested that 900°C was the starting temperatu
neck growth. To meet the CNS standard for first-degree br
the EWS must be fired at 950°C, in contrast to 1,050°C fo
WTR.

In summary, direct reuse of WTR in brick making may no
economically sound because of the extra energy required to
duce quality bricks. Since the EWS was apparently a sui
substitute for brick clay, the WTR was blended into the EW
various proportions as raw material for bricks. Their brick c
acteristics were examined.

Fig. 5. Bulk density of excavation waste soil and water treatm
residual brick specimens at various sintering temperatures

Fig. 6. Compressive strength of excavation waste soil and w
treatment residual brick specimens at various sintering tempera
ENVIRONMENTAL ENGINEERING © ASCE / FEBRUARY 2005 / 275
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Brick Properties of Mixed Waste Solid

Various amounts of the WTR, 0 to 30% on weight basis, w
mixed with the EWS to make bricks. The brick qualities w
evaluated on their compression strength, bulk density, and
absorption.

Compressive Strength
Fig. 7 shows the variation of compressive strengths with the
dition of WTR. At 950°C, bricks containing 15 to 30% WTR c
be used as second- and third-degree construction bricks. Wh
sintering temperature was increased to 1,050°C, bricks fro
three samples met the first-degree bricks criteria. Therefo
large amount of WTR can be treated this way if energy consu
tion can be overcome.

Water Absorption
The content of WTR in the brick mixture slightly affects wa
absorption, as shown in Fig. 8, in comparison with its effec
compressive strength. The standard for the first-degree bric

Fig. 8. Water absorption of brick specimens from various addit
of water treatment residual at different firing temperatures

Fig. 7. Compressive strength of brick specimens from var
additions of water treatment residual at different firing temperat
276 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / FEBRUAR
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be met by a 15% WTR addition at 950°C sintering or 30% W
addition at 1,050°C sintering. The result also suggests that b
made this way are not suitable for pavement.

Bulk Density
The change in bulk density signifies the degree of densifica
As indicated in Fig. 9, the addition of WTR had a minimal imp
on the bulk density of the sinters. Although raising the sinte
temperature increased the sinter density, in general, the effe
also very limited. Densities of all sintered slags—except t
from the 1,050°C sintering of EWS—were lower than 2 g/c3,
which suggested the use as lightweight coarse aggregates fo
struction purposes. The WTR was made into aggregates a
property was evaluated.

Evaluation of Aggregates Made from Water Treatment
Residual

To function as a constructional aggregate, the aggregate m
dimensionally stable with suitable density and water absorp
and not present any harmful reaction with the hydrated ce
phase constituents. The concrete mortar must have comp
mechanical strength. The TCLP result(not shown here) has con
firmed that no detectable hazardous element was released
the aggregates. The properties of the sintered aggregates wo
discussed in terms of volumetric specific gravity and water
sorption, and the compressive strength of the concrete spec

Volumetric Specific Gravity
The aggregate properties made from mixed waste solids
evaluated for potential reuse as light aggregates. Specific g
was the most critical parameter in the evaluation since it d

Table 4. Specific Gravity and Water Absorption of Artificial Aggrega
Made from Water Treatment Residual

Properties

Sintering temperature

1,000°C 1,050°C 1,100°C

Specific gravity 1.12 1.71 1.78

Water absorption(%) 37 15.48 14.47

Fig. 9. Bulk density of brick specimens from various additions
water treatment residual at different firing temperatures
Y 2005
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nated the usage of the sintered product. Table 4 summariz
specific gravities of artificial aggregates made from the WT
various sintering temperatures. They range from 1.12 to
meeting the criteria for lightweight aggregates.

Water Absorption
Water content is extremely important during cement mix
Water absorption of aggregates affects the water available d
concrete mixing and the hardening process of the concret
shown in Table 4, 37% water absorption was determined fo
1,000°C-sintered aggregates. No significant change in wate
sorption rate was observed above 1,050°C.

Compressive Strength of Concrete Specimen
The concrete specimens were prepared by blending the art
lightweight aggregates with natural sand and cement in a w
ratio of 2:1:1 for natural sand: light weight aggregate: cem
The specimens were cured for 7–28 days in the curing r
Their compression strengths were tested. The results were
sented in Fig. 10. To meet the standard for constructional
crete, the specific gravity of the lightweight aggregate
1.4–2.0 g/cm3 and the compressive strength of the concrete
from 175 to 420 kgf/cm2. Only aggregates made from 1,100
sintering met this requirement.

Conclusion

Incineration was not required before the sintering proces
WTR and EWS due to their low organic contents. The E
resembled the brick clay in its chemical composition and, he
sintering property. A higher sintering temperature was require
the WTR to achieve a qualified brick property due to its lo
silica and higher alumina contents. The brick property of
WTR sinter could be enhanced by the addition of the EWS.
firing temperature dominated the percentage of WTR which c
be added in the mixture. By operating at the temperature

Fig. 10. Compressive strength of concrete specimen prepared
aggregates from different firing temperatures and various c
times
JOURNAL OF

J. Environ. Eng. 2005
monly practiced in the brick kiln, 15% was the maximal W
addition to achieve first degree brick quality. Artificial aggreg
could be produced from the WTR employing granulation and
tering techniques. Within the sintering temperature range stu
the aggregates fell in the light-weight category. The conc
strength indicated that only the artificial aggregates prepare
sintering at 1,100°C were comparable to those using other
mercially available light-weight aggregate.
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