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Abstract: Brick kilns producing clay bricks are located in or around the urban areas of Pakistan, causing
community health hazard. This study investigated the use of industrial waste such as marble dust (MD) and
steel slag (SS) to produce unfired, environmental friendly bricks. Various mixtures containing gypsum, lime and
MD or SS were prepared, in different ratios in the laboratory. The setting time, compressive strength, water
absorption and saturation coefficient of research bricks were determined. These bricks attained compressive
strength superior to conventional burnt clay bricks in less than 7 days. However, water absorption of all the
research bricks exceeded the permissible limits set by Indian and American standards. In conclusion, use of MD
and SS as clay substitute is promising for making environment friendly, low cost bricks having sufficient
strength for use in construction industry. Further testing of brick mixtures and water absorption properties is
required before commercial preparation.
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INTRODUCTION locations to produce harder and generally what is

Burnt clay brick has been one of the basic building Pakistan is the larger user of energy and also employs a
materials used in construction activities since times large numbers of workers due to labor intensive manual
immemorial. With the continuously rising demand for brick making process. Suitable clays for brick
building bricks in the world, the reserves of alluvial soils manufacturing exist almost everywhere and the brick
suitable for making bricks are depleting day by day [1]. In making process can be done with the simple manual
view of the huge demand for building bricks along with process [3]. Though this industry is a wide spread
non-availability of suitable soil, the need to explore production activity and contribute a lot to the economy of
alternative raw materials and energy efficient technologies a country, it highly pollutes the environment and has
to reduce brick production impact on environment have found to have several issues regarding insufficient energy
been realized [2]. consumption, environmental degradation due to

There are two types of brick kiln units commonly haphazard manner of raw material mining, deforestation
working in Pakistan. The conventional type is the most due to fuel wood and mismanagement of the waste [4].
common one in which brick kiln owner lease a piece of Major environmental impacts by the this sectors are
land for a limited period usually not extended for more deforestation (fuel wood and mining); land degradation
than few years and establish a kiln on land. This land is accompanied by soil erosion, localized pollution and GHG
also the source of clay for the bricks. Once the lease emission in firing, loss of flora and fauna diversity and
period is over, the land is returned to the owner. Bricks are reduced aesthetic values of natural woodlands. The air
also manufactured in more formal industrial units. These pollution in the brick kiln affected areas is about three
units have gas fired furnaces and use clay from various times  higher than the normal. The largest air pollutants in

considered as better quality bricks [3]. The brick kiln in
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brick plants are the particulate emissions, which consist This research focus on 1) To investigate the utilization
of carbonates, silicates, fluorides, etc., emitted through potential of some easily available industrial waste as a
gases at temperature of 120–350 °C [4]. substitute for clay in conventional bricks 2) To completely

The widespread introduction of the new brick kiln eliminate the requirement of firing or autoclaving from the
technologies into developing countries has the potential brick manufacturing process 3) To evaluate the
to impact significantly on climate change and global mechanical properties such as water absorption and
warming by reducing CO2 emissions from the brick compressive strength of the bricks containing industrial
industry worldwide by over 252 million tones of CO2 per waste and comparing these properties with the
annum.. In a further innovative step it has been possible conventional burnt clay bricks available in Pakistani
to introduce a selective blend of solid by-products wastes market. 4) To study the effects of variation in mixture
into the manufactured bricks to partially replace normally composition of research bricks on their compressive
quarried clay [5]. The possibility of recycling of the waste strength and water absorption property.
in the brick industry is thus of increasing importance. In
addition to the environmental benefits in reducing the MATERIALS AND METHODS
land demand for disposing the waste, the recycling of
wastes can also help to conserve natural materials and to Sampling and Sample Preparation: The two waste
reduce the cost of waste treatment prior to disposal [6]. materials selected for study purpose are Marble Dust

In Pakistan, different types of industrial/ mining (MD) and Steel Slag (SS) due to their easy availability and
byproducts as well as agricultural wastes are generated in the imense probelems that they are creating in
large quantities. There are different steel industries, water Rawalpindi/Islamabad. Steel slag samples were collected
treatment plants as well as sewage plants producing tons from two different industries the two industries selected
and tons of sludge having high cementatious and for sample collection on the basis of use of imported and
pozzolanic properties. Pakistan is a major producer of local raw materials. SH using the local raw materials and SI
onyx (green) and malagori white marble using the imported raw materials.
(http://en.wikipedia.org/wiki/Marble); hence large These waste materials were collected from the local
amount marble slurry is produced during cutting and industries in Islamabad. Morover, Clay (CL) sample was
polishing of marble. Similarly fly ash is generated in large collected from a brick production site at Lohi Bhair, near
quantities, as a waste product from thermal power plants Islamabad airport. Lime (L) in the form of lime stone was
and industrial plants using pulverized coal or lignite as collected from a hardware store and Gypsum (G) in
fuel for boilers [7]. powdered form was purchased from a hardware store. The

Pakistan being agriculture country produces large collected sample MD and CL was first oven dried for three
amount of agriculture waste e.g. bagasse, rice husks and hours at the temperature of 105 oC and then was ground
straws. Pakistan produces about four million tons of into fine powder. The sample was then passed through a
paddy each year from which 0.8 million tons of rice husk sieve of 60 mesh size to obtain particles of uniform size.
are separated as a by-product [8]. Sugarcane production The solidified sample of steel slag (SS) was first ground to
of Pakistan is 63.9 million tons per year with huge amount a powder form using specialized grinders. The ground
of bagasse production associated with its use sample was then sieved through the sieves of 60, 80, 100
http://www.pakissan.com/english/news/newsDetail.php and 200 mesh sizes. Due to small amount of sample that
?newsid=18994 could have been ground and sieved through the above

These agricultural wastes are normally used for fuel mentioned mesh sizes, the sample passing through 80, 100
purposes in some industries as well as for animal feel or and 200 mesh was mixed together to meet its amount
for heating purposes in winters by people. The resulting required for the study. Lime stone used in study was first
ash after burning of this agricultural waste is simply crushed and then ground to fine powder. It was later
dumped in open places and finds no use. Several sieved through 60 mesh size sieve.The sample G was
preliminary studies were undertaken for cement mortars already in the form of fine powder which was simply
and concrete to evaluate the industrial wastes in Pakistan, passed through 60 mesh sieve to obtain uniform particle
such as blast furnace slag, fly ash, rice husk ash, etc., as size.In Pakistan a conventional fired brick available in
well as on natural pozzolans. However, the published data market for walling is usually 22.9 cm x 11.4 cm x 7.6 cm in
on their use in the mortar and concrete is at best scarce, its length, width and height respectively. For the purpose
or non-existent, whereas for bricks, it does not exist at all. of  laboratory  scale   research,   the   wooden   moulds  of



World Appl. Sci. J., 32 (2): 278-288, 2014

280

internal dimension of 5.8 cm x 2.7 cm x 1.8 cm were used early strength in research bricks. L and G were also
for bricks i.e. almost 1/4th of the size of the brick replaced by CL in separate mixture designs to observe the
commercially available. The wooden moulds were change in mechanical properties of the bricks. Hence, four
prepared in ladder form having six open cavities so that it different mixture designs utilizing MD in different
was possible to make several bricks at one time. Each proportions were prepared for further research. For steel
mould was kept open from one face for easy de-molding slag only one mixture designs was selected. Only one best
of the prepared bricks. mix proportion was selected i.e. 1:2:4 for G: L: SH/ SI from

Experimental Work: Initial trials were conducted in lab availability of the sufficient ground sample for the
involving brick preparation with different ratios of L, G research. For the MD bricks the ratios selected from the
and MD. The results of the initial trials are given in trail results are given in table 1.
Appendix A. Different ratios of steel slag, L and G were
also tested for brick preparation during these trials. Brick Preparation: According to the mixture designs of
Amount of water needed to prepare the mixture, setting bricks, the weighed quantity of G, L, CL and MD in their
time of the mixture in the mould and observations after the respective proportions were mixed in dry condition in a
brick preparation were recorded. No cracks were observed beaker. L, G and SS were also mixed in their respective
in any of the brick prepared during these trials but proportions. The ingredients were mixed thoroughly with
apparently early strength gained by marble dust bricks the addition of water until the mass attained a uniform
was not comparable with conventional fired bricks. CL consistency.The amount of water used to make the paste
was later added as an ingredient to the basic mixture was recorded. The mixture was then poured into the
composition of MD, L and G in different proportions to wooden moulds. Moulds were lubricated with paraffin oil
study the variation in mechanical properties of the MD prior to mixture addition to facilitate easy de-moulding of
bricks on its addition and with objective to gain some the  bricks  at  later  stage.  The  poured  mixture  was  then

the trial results for steel slag bricks preparation due to non
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leveled from the surface using a metallic bar. The mixture
was kept in the mould until it became harden and attained
the shape of the mould. Bricks were then de-moulded by
opening the loosely held face of the mould. Setting time
of the mixture was recorded. Bricks were then air dried for
the period of 24 hrs, followed by over night oven drying
at the temperature of 105 oC, The dried brick were then
fired in an electric furnace at 250, 350 and 450 °C for the
period of 120, 60 and 30 minutes respectively. The bricks
apparently lost their strength after firing and got Fig. 1: Compressive  strength  of  steel  slag bricks after
completely decomposed at the temperature of 450 °C. As 28 days
firing had no apparent positive effect on the research
bricks, the firing factor was completely eliminated from the
research and fired bricks were not tested for their
properties later in research. Hence after the preparation of
brick specimens, they were left unfired and were evaluated
for their properties after 1, 7 and 28 days. Chemical and
mineralogical analysis of all raw materials was done using
XRF (RIGAKU) and XRD respectively. Compressive
strength test of brick specimens were done by Bahria
Town Central Testing Laboratory. Compressive strength Fig. 2: Compressive strength of G: L: MD bricks after 1,
values of research bricks were later compared with Indian 7 and 28 days
standard (IS 1077: 1992) due to almost similar conditions
and methods of brick preparation in both India and mixture containing L, MD and CL. This was expected, as
Pakistan. it did not contain G as it acts as a set control as well as

Conventional burnt clay bricks available in local strength development admixture [11].
market of Pakistan were also tested for their compressive
strength for comparison purpose. Water absorption test Compressive Strength Test Results
was conducted according to the standard method Steel Slag Bricks: The compressive strength values of
specified by ASTM C67-90a. For comparison of water bricks containing steel slag from two different industries
absorption values of research bricks, Indian (IS 1077: are given in Table 1 & Figure 1. The data showed that:
1992) and American (ASTM C 62- 89a, 1990) standard was The steel slag bricks had higher compressive strength
used [9]. American standard was used because it specifies than the conventional burnt clay bricks available in the
limits for both 5 hr boiling water absorption and saturation market. The bricks containing slag from industry utilizing
coefficient whereas Indian standard specify limits only for local raw materials (SH) showed higher compressive
24 hr cold water absorption. strength than the bricks prepared from the steel industry

RESULTS AND DISCUSSION (SI) (Fig.1). This difference in compressive strength

Chemical Analysis: All the raw materials, except steel and aluminous than SI, hence acted as better pozzolanic
slag, were non-pozzolanic following ASTM C618 (1994) material and produced more cementatious properties when
criteria [10], according to which the total of SiO2 + Al2O3 chemically reacted with calcium hydroxide at ordinary
+ Fe2O3 should be over 70%. Only steel slag, which is temperatures [12]. SH also had high content of CaO
very well known pozzolanic materials, was confirmed as (Appendix 2) as compared to SI, which increases the
pozzolanic in this study. The XRF results are provided in basicity of steel slag and responsible for reactivity of steel
(Appendix 2). slag [13].

Setting Time: Setting time of all the mixtures MD Bricks: Compressive  strength  values  of  bricks
incorporating steel slag and MD bricks, except the one containing G: L and MD in different ratios are given in
containing L, MD and CL, ranged from  9  to  17  minutes Table 1 and Figure 2. Table 1 shows that regardless of
(Table 1). The setting time increased  many  folds  for  the different  ratios  of  G:  L:  MD,  the compressive  strength

utilizing imported raw material for manufacturing process

values was due to the reason that SH was more siliceous
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Fig. 3: Compressive strength of G: L: MD: CL bricks after
1, 7 and 28 days

Fig. 4: Compressive strength of G: CL: MD bricks after 1, major source of Ca(OH)2 which is responsible for strength
7 and 28 days development by producing calcium trisulfoaluminate

increased with the time, i.e., from 1 day to 28 days. Higher with G and silica respectively. So in absence of Ca (OH)2,
strength than the conventional burnt clay bricks could be no reaction products are formed. Compressive strength of
achieved within 7 days. A less variation in the these bricks was slightly higher than the conventional
compressive strength values of bricks after 28 days was burnt clay bricks only after 28 days, but still less than the
observed, which shows that reaction of MD with L and G bricks with L as one of the ingredient which showed
once started has high initial rate, but it is stabilizing with compressive strength more than 1735 psi after 28 days.
time. Same trend in compressive strength with the age of Thus lime proved to have major role in strength
the bricks was observed by Kumar [14] in case of FaL-G development as well as a major ingredient in making green
bricks. bricks.

Compressive  strength  values  of  bricks  containing Table 1 and Figure 5 present the compressive
G,  L,  MD  and  CL  are  given  in  Table  1  and  Figure  3. strength values of  bricks  containing  L,  MD  and  CL.
The test data revealed that: All the bricks containing G, L, The results revealed that: The compressive strength
MD and CL gave compressive strength values much values for 1 day bricks were close the conventional burnt
higher than the conventional bricks, which could easily be clay bricks. There was an increase in compressive
achieved within 7 days (Fig.3). Regardless of the different strength from 1 day to 7 days. However, the values remain
mixture ratios, the compressive strength increased with almost same between 7 days and 28 days. This shows that
the time. Bricks attained better early strength with the after 7 days no further strength could be developed in
addition of CL but their eventual strength (1850 to 1900 bricks. As observed in G: CL: MD bricks, absence of L
psi) is far less than G: L: MD bricks (1950 psi – 2200 psi). resulted in very low values for compressive strength. In
So the addition of CL could not bring about major positive these mixtures, L was added and its positive affect on the
and eventual effect on the compressive strength of the strength development was also noticed. Absence of G did
bricks. Compressive strength values of bricks containing not show any major affect in compressive strength values
G, CL and MD are provided in Table 1 and Figure 4. The as compared to the earlier discussed bricks utilizing G as
Results revealed that: The absence of L in the bricks one of the ingredient in their mixture design. So G proved
resulted   in   marked   decrease   in   overall   compressive to  have  no  significant   role   in   strength  development

Fig. 5: Compressive strength of L: MD: CL bricks after 1,
7 and 28 days

strength of the bricks. Although both L and MD contain
calcium carbonate, but when L was completely eliminated,
MD alone could not produce sufficient strength in bricks.
This proves that sample of L did contain Ca(OH)2 which
was assumed to be present as an impurity in the limestone
sample Bricks after 1 and 7 days could not attain strength
comparable with locally available conventional burnt clay
brick or with the bricks utilizing L. This is because, L is a

hydrate [14] and calcium silicate hydrate [15] on reaction
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Fig. 6a,b: (a) 24 hr cold water absorption of bricks containing G: L: MD
(b) 5 hr boiling water absorption of bricks containing G: L: MD

of the bricks but act only as a setting material in the brick types of bricks was almost similar to each other and less
preparation. Bricks gain much better strength after 1 and than  their  respective  24hr  cold  water  absorption
7 days as compared to bricks utilizing G, but their eventual (Figure 7). 5hr boiling water absorption values were found
strength is little lower than G:L:MD and G:L:MD:CL to be complying with the permitted limit of water
bricks. This can be attributed to the formation of calcium absorption for Grade MW bricks in ASTM C 62- 89a, 1990
sulphoaluminate hydrate, which is formed in presence of [9]. Bricks also showed high values of saturation
G and adds a little to the compressive strength. In coefficient, which must be equal to or less than 0.88 for an
absence of G, calcium aluminate hydrate is only formed average of five building bricks according to ASTM
which has given high early strength to bricks [16]. In specifications.
bricks with ratios 2:5:2 and 3:4:2 for L, MD and CL
respectively, the compressive strength first increased till MD  Bricks:  Table  1  and  Figures  6a and 6b presents
7 days but eventually a decrease was noticed in the the  results  of  water absorption for G: L: MD bricks in
results after 28 days. This decrease in compressive cold and boiling water respectively. The test data
strength can be credited to the experimental error, which indicated that: The values ranged from 24% to 41% by
may have occurred due to major variation in the weight for 24 hr in cold water and 5hr in boiling water,
compressive strength of the individual brick specimens. which do not comply with limits, set by Indian and
Average of five bricks was taken to calculate the American  standard  for  24  hr  cold   water  absorption
compressive strength of one ratio, which may have had and  5hr  boiling  water  absorption,  respectively. No
marked variation in it. Ten or more bricks should be tested trend  in  water  absorption  values  and  subsequently  in
to calculate the average strength to avoid such error in the  saturation  co-efficient  could  be  observed  in 1,
the results. and  28  days  bricks due to the large variation in the

Water Absorption Test ranged from 0.96 to the highest value of 1.46, which is
Steel Slag Bricks: Results for water absorption test of again much higher than the limit of 0.88 set by ASTM
steel slag bricks are presented in Table1. The results specification.
indicated that: 24 hr cold water absorption test carried out The results for cold and hot water absorption of
on bricks containing SH and SI showed slightly higher bricks containing G, L, MD and CL are given in Table 1
value than permitted by Indian standard. This high value and Figures 7a and 7b. Results indicated that: Water
of water absorption of SH than SI containing bricks can absorption for G, L, MD and CL bricks ranged from 31%
be credited to the relatively high content of silica and to 47% by weight, which is much higher than permissible
alumina in SH as compared to SI, both of which have limit of Indian and American standards. It was also
property to absorb water [17]. In addition CaO content of noticed that the addition of CL in bricks resulted in further
SH was more than SI, which can increase the water increase in water absorption of bricks as compared to
absorption property of bricks [18] 2) Results also previously discussed bricks without CL. It is due to the
indicated that the 5hr boiling water absorption for both porosity of clay that makes it capable of holding water [9].

results for each ratio. Saturation coefficient of the bricks
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Fig. 7a,b: (a) 24 hr cold water absorption of bricks containing G: L: MD: CL
(b) 5 hr cold boiling water absorption of bricks containing G: L: MD: CL

Thus addition of CL enhanced the water absorption CONCLUSION
property of bricks. Further CL also contained 10% CaO,
which also cause an increase in water absorption of bricks This research work has demonstrated the feasible
[15, 16]. 7 days bricks showed the highest values for cold way for  using  industrial  waste  such  as  steel  slag and
water absorption which decreased with time in 28 days MD as a clay substitute to produce bricks. The
bricks. Whereas, 5 hr boiling water absorption was manufacturing  process  of  the  bricks  is  simple  and
observed to be the highest in 28 days old bricks. does not require any firing or autoclaving, specialized
Saturation co-efficient ranged from 0.92 to 1.13, which is plant or machinery. Therefore, the energy consumption
less than G: L: MD bricks, but still higher than the ASTM and environmental  problems  are almost nil compared
(C 62- 89a, 1990) standard [9]. However, this is deceiving with conventional burnt clay bricks. Compressive
as water absorption of these bricks is much higher than strength of all the research bricks increases with the age
bricks containing G, L and MD. of the bricks. Generally, the compressive strength test

Water absorption tests on bricks containing G, MD results of all the research brick types are superior
and CL are given in Table 1showed that: When L was compared to the conventional burnt clay brick available in
completely eliminated from the mixture design of the the Pakistani market. Water absorption and saturation
bricks, the other 2 components, i.e., MD and CL alone coefficient of all the research bricks (except 5hrs boiling
could not avoid intrusion of water into bricks. No brick water absorption for steel slag bricks) exceeded the
could resist dissolution on immersion in water. Similar permissible limits set by Indian and American standards.
tendency of low compressive strength was also observed However, the advantage of a greater compressive
in these bricks. Therefore, presence of L appeared to be of strength of unfired steel slag and MD bricks than locally
significant importance as a constituent in bricks. Table 1 available conventional burnt clay bricks indicated the
gives the water absorption test results for bricks potential of the use of steel slag and MD as an alternate
containing L, MD and CL. Results pointed out that: material for brick preparation.
Absence of G also negatively affected the water The  study  was  a  preliminary  attempt  at  waste
absorption property of bricks.  All  bricks  got  dissolved reuse in construction industry in Pakistan. Efforts should
when immersed in cold water except two ratios of 1 day be made to increase awareness amongst the users,
bricks i.e. 1:4:4 and 1:5:3. No brick was able to resist professionals and investors for using these waste
dissolution after immersion in boiling water for 5hrs. materials for solving the housing problems in addition to
Therefore, G along with L is an important ingredient in balance economy, achieve energy conservation and
preparing these bricks. Bricks with 11% L content could maximize environmental problems reduction. Further study
initially resist water dissolution and absorbed water to an on the control, disposal and re-use of these waste
acceptable limit of 25% by weight. But as the L proportion materials should be undertaken by the industry as well as
was increased in the bricks (and the CL proportion was the government, as it would be the key in moving towards
correspondingly decreased), the bricks showed poor a resource-recycling society. The advantages of waste
resistance towards water absorption and completely got recycling, energy conservation and environment
dissolved even on cold water immersion. friendliness    should     stimulate    the    re-use    of   such
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industrial wastes as a brick additive on commercial scale 9. American society of testing and materials (ASTM)
in the near future. However, a thorough additional study 1990 Specification for building brick (Solid Masonry
is definitively warranted. Units Made from Clay or Shale). ASTM C62-89a.
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Appendix A.1: Results of trial mixtures
a. Results of trial mixtures of steel slag (SH) bricks 
Ratios Percentage composition Water required for mix
(G: L: SH) (G: L: SH) preparation for 1 brick (ml) Setting time (mins) Observations
1:1:4 17:17:66 2.8 26 Less water requirement
1:1:5 14:14:72 1.9 16 Less water requirement
1:1:6 13:13:74 3.9 13 decreased setting time
1:1:7 11:11:78 3.5 13 decreased setting time
1:1:8 10:10:80 3.4 14 -
1:1:9 9:9:82 3.8 16 -
1:1:10 8:8:84 4.2 82 Increased setting time
1:2:4 14:29:57 3.2 8 decreased setting time
1:2:5 12:25:63 3.2 12 decreased setting time
1:2:6 11:22:57 3.1 18 -
1:2:7 10:20:70 3.5 20 -
1:2:8 9:18:73 3.8 23 -
1:2:9 8:17:75 3.7 27 -
1:2:10 7:15:78 3.6 38 -
1:3:4 12:38:50 2.8 39 Less water requirement
1:3:5 11:33:56 3.0 35 -
1:3:6 10:30:60 3.6 17 -
1:3:7 9:27:64 3.8 20 -
1:3:8 8:24:67 4.2 18 -
1:3:9 7:23:70 4.4 31 -
1:3:10 7:22:71 4.6 121 Increased setting time
1:4:4 12:44:44 3.1 21 -
1:4:5 10:40:50 4.0 27 -
1:4:6 9:36:55 4.6 25 -
1:4:7 8:33:59 5.5 22 -
1:4:8 7:31:62 7.8 97 Increased setting time
1:4:9 7:29:64 7.5 31 High water requirement
1:4:10 6:27:67 8.0 29 High water requirement

b. Results of trial mixtures of steel slag (SI) bricks 
Ratios Percentage composition Water required for mix
(G: L: SI) (G: L: SI) preparation for 1 brick (ml) Setting time (mins) Observations
1:1:4 17:17:66 2.2 14 Less water requirement
1:1:5 14:14:72 2.2 16 Less water requirement
1:1:6 13:13:74 2.6 17 -
1:1:7 11:11:78 3.0 19 -
1:1:8 10:10:80 3.1 24 -
1:1:9 9:9:82 3.8 20 -
1:1:10 8:8:84 3.7 68 Increased setting time
1:2:4 14:29:57 2.4 28 Less water requirement
1:2:5 12:25:63 2.2 15 Less water requirement
1:2:6 11:22:57 2.8 12 decreased setting time
1:2:7 10:20:70 3.4 14 -
1:2:8 9:18:73 3.5 25 -
1:2:9 8:17:75 3.9 20 -
1:2:10 7:15:78 4.1 63 Increased setting time
1:3:4 12:38:50 3.6 45 -
1:3:5 11:33:56 3.4 36 -
1:3:6 10:30:60 3.0 46 -
1:3:7 9:27:64 3.2 25 -
1:3:8 8:24:67 3.4 27 -
1:3:9 7:23:70 4.1 25 -
1:3:10 7:22:71 4.0 21 -
1:4:4 12:44:44 3.4 20 -
1:4:5 10:40:50 3.5 26 -
1:4:6 9:36:55 3.9 25 -
1:4:7 8:33:59 4.2 29 -
1:4:8 7:31:62 3.9 57 Increased setting time
1:4:9 7:29:64 4.5 26 High water requirement
1:4:10 6:27:67 5.1 29 High water requirement
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c. Results of trial mixtures of G: L: MD bricks 
Ratios Percentage composition Water required for mix
(G: L: MD) (G: L: MD) preparation for 1 brick (ml) Setting time (mins) Observations
1:1:4 17:17:66 2.4 12 Less water requirement
1:1:5 14:14:72 2.6 15 Less water requirement
1:1:6 13:13:74 3.1 16 decreased setting time
1:1:7 11:11:78 3.7 22 -
1:1:8 10:10:80 4.2 25 -
1:1:9 9:9:82 4.4 32 -
1:1:10 8:8:84 4.1 29 -
1:2:4 14:29:57 3.2 18 -
1:2:5 12:25:63 3.7 19 -
1:2:6 11:22:57 3.9 17 decreased setting time
1:2:7 10:20:70 4.7 41 Increased setting time
1:2:8 9:18:73 5.5 22 High water requirement
1:2:9 8:17:75 4.9 29 -
1:2:10 7:15:78 5.2 53 Increased setting time
1:3:4 12:38:50 4.6 21 High water requirement
1:3:5 11:33:56 3.4 32 -
1:3:6 10:30:60 3.2 36 -
1:3:7 9:27:64 3.9 23 -
1:3:8 8:24:67 4.3 29 -
1:3:9 7:23:70 4.1 22 -
1:3:10 7:22:71 5.0 31 -
1:4:4 12:44:44 3.9 34 -
1:4:5 10:40:50 3.4 29 -
1:4:6 9:36:55 3.8 37 -
1:4:7 8:33:59 3.7 59 Increased setting time
1:4:8 7:31:62 3.0 37 -
1:4:9 7:29:64 3.9 31
1:4:10 6:27:67 4.9 32 High water requirement

d. Results of trial mixtures of G: CL: MD bricks 
Ratios Percentage composition Water required for mix
(G: CL: MD) (G: CL: MD) preparation for 1 brick (ml) Setting time (mins) Observations
1:1:4 17:17:66 4.4 26 Less water requirement
1:1:5 14:14:72 4.5 23 decreased setting time
1:1:6 13:13:74 4.2 24 Less water requirement
1:1:7 11:11:78 4.7 21 decreased setting time
1:1:8 10:10:80 4.0 35 Less water requirement
1:1:9 9:9:82 4.4 37 -
1:1:10 8:8:84 4.9 39 -
1:2:4 14:29:57 5.0 22 -
1:2:5 12:25:63 5.6 21 High water requirement
1:2:6 11:22:57 4.9 26 -
1:2:7 10:20:70 5.9 32 High water requirement
1:2:8 9:18:73 4.9 39 -
1:2:9 8:17:75 4.7 38 -
1:2:10 7:15:78 5.2 40 -
1:3:4 12:38:50 3.9 42 Less water requirement
1:3:5 11:33:56 4.3 44 -
1:3:6 10:30:60 4.8 46 -
1:3:7 9:27:64 5.4 47 -
1:3:8 8:24:67 5.8 98 Increased setting time
1:3:9 7:23:70 5.0 37 -
1:3:10 7:22:71 5.9 39 -
1:4:4 12:44:44 5.1 41 -
1:4:5 10:40:50 5.4 43 -
1:4:6 9:36:55 6.8 52 -
1:4:7 8:33:59 6.0 31 High water requirement
1:4:8 7:31:62 5.4 37 High water requirement
1:4:9 7:29:64 5.9 40 -
1:4:10 6:27:67 5.4 52 Increased setting time
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e. Results of trial mixtures of G: L: MD: CL bricks 
Ratios Percentage composition Water required for mix 
(G: L: MD: CL) (G: L: MD: CL) preparation for 1 brick (ml) Setting time (mins) Observations
1:1:4:4 10:10:40:40 3.9 23 decreased setting time
1:1:5:3 10:10:50:30 3.5 25 Less water requirement
1:1:6:2 10:10:60:20 4.7 34 -
1:1:7:1 10:10:70:10 4.9 30 High water requirement
1:2:4:3 10:20:40:30 4.0 26 decreased setting time
1:2:5:2 10:20:50:20 4.2 28 -
1:2:6:1 10:20:60:10 5.8 40 Increased setting time
1:3:4:2 10:30:40:20 3.8 38 Less water requirement
1:3:5:1 10:30:50:10 4.7 35 Increased setting time
1:3:6:1 10:30:60:10 4.8 37 High water requirement
1:4:4:1 10:40:40:10 5.2 51 High water requirement

f. Results of trial mixtures of L: MD: CL bricks 
Ratios Percentage composition Water required for mix
(L: MD: CL) (L: MD: CL) preparation for 1 brick (ml) Setting time (mins) Observations
1:4:4 11:45:44 3.7 157 Less water requirement
1:5:3 11:56:33 4.7 168 decreased setting time
1:6:2 11:67:22 4.9 200 High water requirement
1:7:1 11:78:11 4.9 224 Increased setting time
2:4:3 22:45:33 4.0 176 -
2:5:2 22:56:22 4.8 167 decreased setting time
2:6:1 22:67:11 5.0 240 High water requirement
3:4:2 33:45:22 4.5 198 -
3:5:1 33:56:11 4.8 225 Increased setting time
3:6:1 33:67:11 4.5 210 Increased setting time
4:4:1 44:45:11 5.3 250 High water requirement

Appendix 2: Chemical analysis of raw materials
Oxides L MD G CL SH SI
SiO 2.13 0.65 1.37 54.97 36.64 29.192

Al O 0.50 0.51 0.21 11.11 10.09 6.192 3

Fe O 0.20 0.14 0.42 4.75 28.50 51.902 3
*

CaO 53.19 54.42 32.59 10.15 9.98 5.46
MgO 2.56 1.13 0.17 2.00 - -
SO 0.00 0.00 45.54 0.00 - 0.373

K O 0.05 0.04 0.10 2.05 0.51 0.232

Na O 0.12 0.17 0.48 1.43 - -2

TiO 0.03 0.02 0.04 - 3.61 1.402

MnO 0.01 0.01 0.02 - 9.95 4.31
LOI 42.10 42.50 19.76 0.82 0.18 0.13**

*Fe O as total iron2 3

**Loss on ignition at 1000 °C


