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ABSTRACT
This study investigated the use of water treatment sludge to replace cement in the production of paving tiles
for external use. The study utilized sludge-cement replacement percentages of 10%, 20%, 30%, 40% and
50%. Produced tiles were tested for water absorption and breaking (bending) strength. Leaching of sludge
metals from tiles was assessed using TCLP. The study showed that all produced tiles exhibited a water
absorption ratio of around 10%. The study concluded that produced tiles, except for 50% sludge-cement
replacement, comply with the breaking strength requirements of 2.8 MPa for tiles for external use. The TCLP
results indicated that metal leaching from tiles is negligible.
KEYWORDS: Cement, Tiles, Water treatment sludge, Breaking strength, Absorption, Heavy
metals.

INTRODUCTION
Water treatment plants that employ the conventional
processes of coagulation, flocculation and sedimentation
produce large quantities of sludge. Often, the volume of
generated sludge can be as high as 2% of the total
volume of water treated (Qasim et al., 2000). The cost
of treating and disposing the sludge can be a significant
part of the operating cost of a water treatment plant. In
Jordan, it is estimated that a quantity of 456 tons of
water treatment sludge is produced each year (MWI,
2007). As the disposal of sludge produced from water
treatment plants is expensive and difficult, beneficial
use options have been proposed (Townsend et al.,
2001).
Options for the management of water treatment
sludge have to be economically feasible and
environmentally sound. Reuse of water treatment sludge
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has been receiving considerable attention recently. This
is mainly due to the fact that this type of material, with
the exception of alum and ferric sludge, does not
contain pollutants that would pose threat to humans or
to the environment (Florida Department of
Environmental Protection, 2006). Babatunde and Zhao
(2007) presented various categories of beneficial reuse
of water treatment sludge. Baker et al. (2004) evaluated
the potential of reusing sludge from softening water
treatment for the production of construction materials in
the form of gypsum and cement.
The reuse of sludge in the production of construction
materials has been thoroughly investigated. Monteiro et
al. (2006) investigated the incorporation of oily wastes
in the production of different red ceramic products for
building construction. Hytiris et al. (2004) studied the
reuse of olive oil mill sludge as an additive for the
development of construction materials. Cheilas et al.
(2007) evaluated the reuse of sewage sludge from urban
wastewater treatment plants in a mixture with cement
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and jarosite/alunite precipitates to develop new
construction materials. Malliou et al. (2007)
investigated the reuse of sewage sludge as an additive in
order to develop new construction materials.
Chugh et al. (2006) prepared construction materials
for a variety of applications using up to 95% of coal
combustion by-products comprising sulfite-rich
scrubber sludge and fly ash. Ferreira et al. (2003)
identified and investigated nine possible applications of
municipal solid waste fly ash, which were grouped in
four categories and included construction materials
(cement, concrete, ceramics, glass and glass–ceramics),
geotechnical
applications
(road
pavement,
embankments), agriculture (soil amendment) and
miscellaneous (sorbent, sludge conditioning). Lim et al.
(2002) investigated the engineering properties of
modified sludge from water and wastewater treatment
by modifiers such as hydrated lime, loess and fly ash.
Ahmadi and Al-Khaja (2001) carried out an
investigation that utilized paper waste sludge as a
replacement to the mineral filler material in various
concrete mixes.
Research dealing with the reuse of waste and
recycled materials in production of paving tiles'
materials is not widely investigated. A report prepared
by the Technology Assistance Partnership (1999)
investigated the incorporation of mixed-color recycled
glass and inorganic binders into construction materials
in the form of paving tiles. The investigation involved
compressive strength, flexural strength and absorption
testing to assess the suitability of tiles for use. The study
concluded that the average compressive strength values
of tiles ranged from 14 to 27 ksi (96 MPa – 186 MPa),
which is much greater than the most severe ASTM
requirement of 8 ksi (55 MPa). Flexural tests resulted in
moduli of rupture ranging from 1156 psi (7.97 MPa) to
4483 psi (30.9 MPa) and all tiles tested were therefore
satisfactory. Absorption of water in glass tiles was
generally less than 1%. The study concluded that clay
and concrete tiles had water absorption of 4-5%.
Additionally, tiles made with an inorganic binder

referred to as fondu (calcium aluminate cement) had
absorption percentages from 1 to 4%.
Reuse of sludge in the production of paving cement
tiles is a subject that deserves investigation. Paving tiles
that will be investigated in this study are cement tiles of
the typical type used in Jordan for external use. This
type of cement tiles is commonly used for sidewalks.
The objective of this research is to investigate the
potential of reuse of water treatment sludge in
producing a construction material in the form of paving
tiles. The sludge will be incorporated in the lower layer
of the paving tile as a cement replacement. This will
serve a dual purpose of reducing the cost of production
of this construction material in addition to providing an
environmentally friendly option for the disposal of the
increasing amounts of sludge generated by water
treatment industry.
METHODOLOGY
Materials
Sun dried ferric chloride sludge was used in this
application. Sludge samples were collected from Zai
drinking water treatment plant in Jordan. This plant
supplies the western side of the Capital Amman with
approximately 300,000 m3/day of drinking water, and is
located in the middle of the country. Complete sieve
analysis for the sludge was carried out using a
mechanical shaker according to ASTM C136-06. The
particle size distribution of the sludge is shown in
Figure (1). The sludge particle size is well-graded, and
the sludge particle size used in the experiments was that
passing sieve number 30 (0.60 mm). The bulk density of
the sludge was 787 kg/m3. The pH of the sludge was
determined in a suspension of 20 g of sludge solids and
80 ml of deionized water (USEPA, 2001). The pH was
also determined for all tile specimens prepared with
sludge-cement replacement. The heavy metal content of
the sludge was determined according to the standard
methods for the examination of water and wastewater
(APHA, 1999).
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Figure 1: Particle size distribution of water treatment sludge
Pozzolanic Portland cement was used in this
investigation. The cement is reported to have a specific
gravity of 3.15, and meets ASTM C150-07
requirements. Sand with the grading shown in Figure
(2) was used in this study. The quality and grading of
sand used meet ASTM C33/C33M-08 requirements.
The sand used has a unit weight of 14.8 kN/m3, a
saturated-surface dry (SSD) specific gravity of 2.29 and
a percent water-absorption of 3.65.
Cement Tiles
The cement tiles used in this investigation consist of
two layers. The upper layer has a thickness of 10 mm
and is made of cement and quartz with a proportion of 1
to 3; in addition to 1.8 liters of water per square meter
of tile. The lower layer has a thickness of 25 mm and is
made of cement and sand with a proportion of 1 to 6; in
addition to 7.1 liters of water per square meter of tile
(JISM 2007). Manual manufacturing of cement tiles was
carried out. The sludge replacement of cement was
performed only in the lower layer. One square meter of
tile was prepared for each percentage of sludge-cement
replacement. Four tile specimens of (400mm × 400mm
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× 35mm) were obtained and tested from each square
meter. Five percentages of cement-sludge replacement
were investigated (10%, 20%, 30%, 40% and 50%). The
mix needed to produce each square meter of tile
required 6.25 kg of cement, 37.5 kg of sand and 7.1
liters of water.
The weathering resistance of the produced tile was
determined by testing the percent water absorption.
Absorption test was carried out according to BS EN
13748-2:2004. The tiles were first dried in an oven at a
temperature of about 230°F (110°C) for a 24 hour
period. The tiles were allowed to cool to room
temperature and weighed. This weight was recorded as
the dry weight. The tiles were then immersed in a tank
of water at approximately room temperature and left to
soak for a 24 hour period. The tiles were removed from
the water and any water adhering to the upper face was
removed with a moist sponge after 24 hours. The
sample was then weighed again to get the saturated
weight.
The breaking (bending) strength and breaking load
tests were carried out according to BS EN 137482:2004. Each tile specimen was placed with its upper
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face uppermost on a transverse testing machine that has
a scale accuracy of ±3% over the range of the
anticipated test loads and capable of inducing 3 point
bending into the sample without torsion while the load
inducing bar was equidistant between the supports.

Concentration (mg/L)

Cd
Cr
Cu
Fe
Pb
Mn
Ni
Zn

<0.008
<0.01
<0.01
2.68
<0.01
<0.05
<0.03
0.35

Table 2: pH of sludge-cement mixtures
Sample description

pH value

10% sludge tiles
20% sludge tiles
30% sludge tiles
40% sludge tiles
50% sludge tiles

11.5
10.4
10.1
10.1
10

RESULTS AND DISCUSSION
Sludge Characterization
Results of metal concentration measurements of raw
sludge indicated that; with the exception of iron, the
content of these metals in sludge is very low, as shown
in Table (1). The iron content of raw sludge is attributed
to the ferric chloride sludge used in this investigation.
The pH of the sludge was measured and found to be
9.2. The pH of the sludge-cement mixture was also
measured and reported in Table (2). The Table shows
that cement-sludge mixtures have elevated pH values.
This can be attributed to the basic nature of Pozzolanic
Portland cement (Derucher et al., 1998).

Table 1: Metal concentrations in raw sludge
Metal

using the method described in standard methods
(APHA, 1999).

The Toxicity Characteristic Leaching Procedure
(TCLP) proposed by the USEPA (1992) was employed
to simulate the leaching of heavy metals from tile
specimens. Tile specimens with each of the slugdecement replacement percentage were crushed. Ten
grams of dry tile specimen and the appropriate
extraction fluid were combined with a 20:1 ratio of
liquid to dry sample into polypropylene extraction
bottles. The bottles were sealed and placed on an
agitator with a rotational speed of 59 rpm for a period of
18 hours. All samples in this study were ground to
<0.85 mm. At the end of agitation, liquid in each bottle
was separated from solid phase. The pH of the separated
TCLP extracts was then measured and all extracts were
acidified to pH less than 2 for long-term preservation.
Heavy metal concentrations were then measured by ICP

Water Absorption of Tiles
Commercially produced tiles are regarded
acceptable depending on their facial and structural
soundness, dimensional characteristics and physical
properties. The most important physical requirements
are water absorption and breaking strength. As a result,
tiles have to satisfy both water absorption and breaking
strength requirements. Tiles are classified as nonvitreous when the water absorption is above 7%, semivitreous when water absorption is between 3% and 7%,
vitreous when water absorption is between 0.5% and
3% and impervious when water absorption is less than
0.5% (Mishulovich and Evanko, 2003).
In general, water absorption of tiles is investigated to
indicate the weathering resistance of tiles and ensure its
durability. The abrasion resistance and slip resistance
tests are usually carried out for the upper layer of tiles.
Accordingly, these tests were not conducted because
this investigation dealt with cement replacement in the
lower layer of tiles. More water absorption of tiles
indicates less durability and resistance to the natural
environment. Figure (3) shows the average percent
absorption of tiles versus percent cement replacement.
The water absorption percentage reported in the Figure
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is the average value of four tile specimens. The Figure
indicates that all tiles produced are non-vitreous.

Additionally, tiles produced with various sludge-cement
replacements have a water absorption of around 10%.
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Figure 2: Particle size distribution of sand
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Figure 3: Average percent absorption of tiles versus percent sludge-cement replacement
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Figure 4: Average breaking strength of tiles versus age for all percent sludge-cement replacements

4
Breaking strength (MPa)

3.6

3.4

0

5
3.3

3.2

5
3.1

5
2.9

2.9

0

2.8

Strength
Limit

5
2.4

2.4
2

Breaking
Strength

1.6
1.2
0.8
0.4
0
0

10

20
30
40
Cement replacement %

50

60

Figure 5: Comparison between breaking strength requirement (BS EN 13748-2:2004) and 28-day average
breaking strength of tiles for all percent sludge-cement replacements
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Figure 6: Average 28-day breaking strength of tiles versus percent sludge-cement replacements

Table 3: Metal concentrations in raw sludge, and TCLP regulatory limits along with results of
heavy metals of the TCLP for different sludge-cement replacements

Sludge
10%
20%
30%
40%
50%
Limits

Cd
(mg/L)
<0.008
<0.008
<0.008
<0.008
<0.008
<0.008
1.0

Cr
(mg/L)
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
5.0

Cu
(mg/L)
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
10

Fe
(mg/L)
2.68
<0.10
<0.10
<0.10
<0.10
<0.10
-

Breaking Strength of Tiles
The breaking strength of tile specimens was
determined according to BS EN 13748-2:2004
requirements. The standards state that the minimum 28day breaking strength is 2.8 MPa for tiles intended for
external use. Figure (4) shows the average breaking
strength of tiles versus age for all percent sludge-cement
replacements. The breaking strength reported in the
Figure is the average value of four tile specimens. The
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Pb
(mg/L)
<0.1
<0.10
<0.10
<0.10
<0.10
<0.1
5.0

Mn
(mg/L)
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
-

Ni
(mg/L)
0.03
<0.03
<0.03
<0.03
<0.03
<0.03
2

Zn
(mg/L)
0.35
<0.10
<0.10
<0.10
<0.10
<0.1
10

Figure indicates that the breaking strength of all tiles
produced develop with age. The 28-day strength for
tiles made with 10%, 20%, 30%, 40% and 50% sludgecement replacements was 98.5%, 92.7%, 86.8%, 85.3%
and 72.1%, respectively, of the strength of reference
tiles. However, with the exception of 50% sludgecement replacement, all of the tiles produced comply
with the minimum breaking strength of 2.8 MPa
required by the standards. This is illustrated in Figure
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(5), which shows a comparison between breaking
strength requirement and 28-day average breaking
strength of tiles for all percent sludge-cement
replacements.
Figure (6) presents the average 28-day breaking
strength of tiles versus percent sludge-cement
replacements. The Figure indicates the presence of an
inversely proportional linear relationship between
sludge-cement percent replacement and breaking
strength. The data presented in Figure (6) are regressed
using a line and yielded the equation:
Breaking Strength (MPa) = -0.018 × (% Replacement) +
3.48
The above equation has a coefficient of
determination (R2) of 0.925 and a coefficient of
correlation (r) of -0.956, indicating that when one
variable increases the other tends to decrease
(Montgomery and Runger, 1999). The above equation
indicates a decrease in the breaking strength of tiles
produced as the amount of sludge-cement replacement
increases, and can be employed to further predict
breaking strengths of tiles produced with sludge-cement
replacement percentages not investigated in this study.
Toxic Characteristic Leaching Procedure (TCLP)
The Toxicity Characteristic Leaching Procedure
(TCLP) was developed by the USEPA (1992) to
simulate the leaching of metals and organic compounds
from solids under severe temperature and pressure
conditions normally encountered in landfills. The TCLP
was carried out in this investigation to assess the
leachability of possible heavy metals from tiles made
with sludge replacement.
Table (3) shows metal concentrations in the raw
sludge and TCLP regulatory limits along with results of
heavy metal concentrations in mg/L of the TCLP for tiles
with the different sludge-cement replacements used in the
study. Investigation of the Table indicates that very low
concentrations of metals are detected when compared to
the regulatory limits of these metals. This can be
explained by the chemical composition of raw sludge

presented in the first row of Table (3), where measured
metals were all acceptable. This is in agreement with the
finding of the Florida Department of Environmental
Protection which stated that, in general, water treatment
sludge do not contain pollutants that would pose threat to
humans or to the environment (Florida Department of
Environmental Protection, 2006).
CONCLUSIONS
This study investigated the use of water treatment
sludge for cement replacement in the production of
paving tiles for external use. The study concluded that
all tiles produced are non-vitreous, with a water
absorption that is around 10%. The breaking strength
results showed development with age, and that, with the
exception of 50% sludge-cement replacement. All of the
tiles produced comply with the minimum breaking
strength of 2.8 MPa required by the standards.
Additionally, the study concluded that a decrease in the
breaking strength of tiles is accompanied with an
increase in the amount of sludge-cement replacement,
and presented a linear relationship to predict breaking
strengths of tiles produced with sludge-cement
replacement percentages not investigated in this study.
The study showed that very low concentrations of
metals are detected in the TCLP leachate of tiles. This
investigation ultimately concluded that sludge-cement
replacement can potentially be used to yield paving tiles
that comply with the standards for tiles intended for
external use. This will eventually lead to a significant
reduction in the cost of tiles and provide a safe and
environmentally sound option for the disposal of water
treatment sludge.
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