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Abstract: In view of increasing concerns over non-renewable resource depletion and waste
management, this study aimed to apply the Taguchi optimization technique to determine the
process conditions for producing bricks by incorporating thin film transition liquid crystal displays
(TFT-LCD) waste glass powder with reservoir sediments. An orthogonal array Lis(4%) was adopted,
which consisted of five controllable four-level factors (i.e., cullet content, drying method, preheat
time, sintering temperature, and error). Moreover, the analysis of variance method was used to
explore the effects of the experimental factors on the density, water absorption, shrinkage ratio, loss
of ignition, porosity, and compressive strength of the fired bricks. The microstructures of the fired
specimens were investigated by scanning electron microscopy. Then, the large-scale production
techniques for fired bricks containing recycled TFT-LCD glass cullet and reservoir sediments was
developed in a commercially available tunnel kiln. The test results showed that the structure of fired
specimen was loose at a sintering temperature ranged from 900-950 °C. However, the fired
specimen showed a significant densification at the sintering temperature of 1050 °C. In addition,
Taguchi method is a feasible approach for optimizing process condition of brick using recycled TFT-
LCD glass cullet and reservoir sediments and it significantly reduces the number of tests. On the
other hand, the characteristics of fired bricks developed in the tunnel kiln were in compliance with
Chinese National Standards class I building bricks criteria.

Keywords: reservoir sediments; cullet; brick; sintering; orthogonal array

1. Introduction

Bricks are mainly made from clay by burning it at high temperatures [1]. The manufacture of
bricks can be traced back to centuries CE. As early as 2000 BC, a large brick kiln was excavated in
Gujarat, India [1,2]. The use of clay in China to manufacture bricks and tiles as a building material
began in the Qin and Han dynasties and has a history of more than 2,200 years [1]. Therefore, it has
always been the most commonly used building material in mainland China. As for the bricks and
tiles used in Taiwan, they were first introduced by Chinese immigrants. It was not until the Dutch
occupied Taiwan in the 1620s that they started making bricks, and during the period of Zheng
Chenggang’s rule in the 1660s, it began to manufacture tiles. From the above, it can be seen that the
development of bricks and tiles in Taiwan has a history of more than 400 years.

With their attractive appearances and superior properties such as high compressive strength and
durability, excellent fire and weather resistance, good thermal and sound insulation, bricks have long
been widely used in building, civil engineering work, and landscape design [3]. The main raw
materials of clay bricks are natural resources such as clay or shale, but with the concept of sustainable
development and the raising awareness of environmental protection, the exploitation or acquisition
of these raw materials has become increasingly difficult in Taiwan. There have been many related
studies concerning the development of alternative sources of clay bricks [4-24]. These alternative
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45  materials include: surplus soil for construction projects, reservoir sediments, water purification
46  sludge, slag, inorganic sludge, stone waste, fly ash, palm oil fuel ash, incinerator ash and waste glass,
47  etc. Among them, many studies report the use of glass as a brick fluxing agent.

48 Harrison [4] added cullet to two types of clay, one as a buff clay and the other as a red clay, with
49  percentages of substitution of 0, 5, and 10% to explore its feasibility for brick making and to evaluate
50  the actual mass production process. The results of laboratory-scale trial firing showed that at the same
51  sintering temperature, the water absorption of the brick decreased with the increase of the amount of
52 cullet, while the compressive strength of the brick increased with the addition of cullet. In addition,
53 regardless of the type of clay, the color of the brick became darker as the added amount of cullet
54 increases. Smith [6] also used cullet to blend in clay, with substitution percentages of 0, 5, and 10%,
55  respectively, to assess the feasibility of the actual mass production process. The results of the firing
56  indicated that at the same sintering temperature, the water absorption rate of bricks after immersing
57  incold water for 24 hours decreased with the increase of the amount of cullet, while the compressive
58  strength of bricks increased with the increase of the amount of cullet. However, in the experimental
59  group, the water absorption and compressive strength of the brick blended with 5% cullet were
60  similar to those of the 10%, and there was no significant difference. Moreover, regardless of the
61  sintering temperature of 950 or 970 °C, the bricks presented a pristine appearance, and the color
62  difference between the control group and the experimental group was not significant. Rahman et al.
63  [7] investigated the performance of brick where cement is replaced by fly ash and palm oil fuel ash.
64  Their test results revealed that both fly ash and palm oil fuel ash incorporated bricks satisfied Class
65  1and Class 2 load-bearing brick requirements according to the Malaysian Standard MS76:1972 along
66  with water absorption requirements as per ASTM C55-11. Muntohar and Rahman [9] presented an
67  experimental study on the development of the shellcrete masonry block that made of oil palm kernel.
68  Their test results revealed that the greater oil palm kernel content tend to have a lower density and
69  absorbed water easily. Ean et al. [10] investigated the effects of pre-wetted unit bricks, mortar type
70 and slenderness ratio of prisms on the compressive strength and failure mode of sediment brick.
71 Their test results showed that pre-wetted sediment brick masonry exhibited higher compressive
72 strength of up to 20% compared to the dry sediment masonry. Especially, using cement-lime mortar
73 led to lower compressive strength compared to cement mortar. However, the sediment brick
74  masonry with the cement lime mortar exhibited higher compressive strength in comparison with
75  cement mortar masonry. On the other hand, in terms of production technology, the industry has
76  gradually emphasized clean production or research and development of burn-free processes to
77  reduce energy consumption. According to Kirby's results [11], the energy used to produce cullet/clay
78  bricks (natural gas) was 38.9% less than that of clinker/clay bricks.

79 In the thin film transition liquid crystal displays (TFT-LCD) manufacturing industry, Taiwan is
80  the leading country. According to statistics from the Department of Waste Management under the
81 Taiwan Environmental Protection Administration (EPA) in July 2008, the amount of used TFT-LCD
82  glass produced in Taiwan had grown very rapidly. Therefore, it is necessary to actively promote new
83  recycling applications of TFT-LCD waste glass in Taiwan. Basically, TFT-LCD waste glass can be
84  divided into three major types: waste glass, waste coated glass, and waste black glass. Among them,
85  waste glass is an uncoated glass that has not been injected with liquid crystal and can be sent to a
86  recycling organization for recycling and reuse; waste coated glass is a glass plate with a color filter or
87  atransparent conductive layer or alignment film; and waste black glass is a kind of coated glass with
88  polarizer attached. The main source of waste glass is the edge material, scrap or defective product
89  produced during the manufacture of liquid crystal panels. However, the current research on
90  incorporating TFT-LCD waste glass with reservoir sediments to produce bricks is extremely rare.

91 In general, the factors affecting the performance of fired bricks include raw materials
92 composition and firing conditions [1-7,22]. In a factorial design, as the design parameters or
93  parameter levels increase, not only the time and cost of the experiment increase significantly, but the
94 experimental conditions become more complicated. In contrast, the Taguchi method only tests pairs
95  of combinations instead of having to test all possible combinations [25-28]. This is mainly due to the
96  fact that Taguchi's orthogonal arrays are highly fractional orthogonal designs [25]. In particular, these
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97  designs can use only the minimum number of experiments to estimate the main effects, thereby
98  saving time and resources [25-28]. As a result, Taguchi method can effectively improve the quality of
99  products, and has the advantages of economy, operability, and robustness.
100 In view of the above considerations, the present study aimed at conducting an investigation on
101 the development of bricks by incorporating TFT-LCD waste glass with reservoir sediments. The
102 experiments were designed using an orthogonal array technique in an Lis array with four controllable
103 four-level factors. Moreover, the large-scale production techniques for producing clay bricks
104 containing recycled TFT-LCD glass cullet was developed in a commercially available tunnel kiln.

105 2. Experimental Details

106  2.1. Materials and Test Items

107 In this study, the main materials used included grinding TFT-LCD glass and reservoir sediments.
108  The TFT-LCD waste glass was used as an additive, and it was blended with reservoir sediments to
109  burn building bricks. The grinding TFT-LCD glass was collected from a panel factory in Taichung,
110 Central Taiwan. The reservoir sediments were collected from the Wushoh Reservoir located in
111  Central Taiwan. Each raw material sample was collected first, and the mineral composition, physical
112 properties, and chemical composition tests were performed to confirm that the composition and basic
113 properties were in line with the raw material requirements for burning high-quality clay bricks. For
114 reservoir sediments, X-ray powder diffraction analysis was used. The intensity of the spectral
115  analysis was used to compare the maps of the standard samples and the mineralogical composition
116  was quantitatively analyzed according to the standard mineralogy algorithm based on the material
117 chemical composition. Physical property analysis of raw materials included specific gravity, moisture
118  content, particle size analysis, and plasticity (liquid limit, plastic limit, and plasticity index). Chemical
119  analysis of raw materials was based on quantitative analysis of X-ray fluorescence. The result of any
120 test was the average of three specimens, to ensure the reliability of the results.

121 2.2. Experimental Program

122 The Taguchi method was adopted to design the experimental protocol. Cullet content, drying
123 method, preheat time, sintering temperature, and error were selected as the process parameters. The
124 fifth factor is for error calculation. The levels of these parameters are given in Table 1. In addition,
125  Table 1 also shows that density, water absorption, shrinkage ratio, loss on ignition, porosity, and
126  compressive strength of the resulting brick were used as the performance parameters for this research.
127 Moreover, an orthogonal array Lis(4%) was adopted, which consisted of five controllable four-level
128  factors (Table 2). The last column of the orthogonal array is left empty for the error detection of
129 experiments.

130 Table 1. Process parameters and design levels.
Levels of P t
Parameter (Experimental Control Factor) 1 evt; 50 arar:r;e < 1 Performance Parameter
Cullet Content, A (%) 0 10 20 30  Density (g/cm3)
Drying Method, B DMI  DM2 DM3  Dm4 Water Absorption (%)
. o
Preheat Time, C (min) 60 90 120 150 onhrinkage Ratio (%)
) ) Loss on Ignition (%)
Sintering Temperature, D (°C) 900 950 1000 1050 Porosity (%)
Error, E - - - - Compressive Strength (kgf/cm?)

131 The effects of the composition and firing conditions on the properties of the resulting brick were

132 evaluated with a laboratory-scale setup. On the other hand, the range analysis and analysis of
133 variance (ANOVA) were the mathematical statistics used to explore the effects of the experimental
134 factors on the performances of the produced bricks, thus optimizing the selected parameters.

135
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136 Table 2. Orthogonal array for Lis(4%).

Parameter (Level)

Experiment Number

A B C D E

Gl 0(1)* DM1(1) 60(1) 900(1) —1)
G2 0(1) DM2(2) 90(2) 950(2) -
G3 0(1) DM3(3) 120(3) 1000(3) —@3)
G4 0(1) DM4(4) 150(4) 1050(4) —(4)
G5 10(2) DM1 (1) 90(2) 1000(3) —(4)
G6 10(2) DM2 (2) 60(1) 1050(4) —@3)
G7 10(2) DM3 (3) 150(4) 900(1) —©)
G8 10(2) DM4 (4) 120(3) 950(2) —(1)
G9 20(3) DM1 (1) 120(3) 1050(4) -
G10 20(3) DM2 (2) 150(4) 1000(3) —(1)
Gl1 20(3) DM3 (3) 60(1) 950(2) —(4)
G12 20(3) DM4 (4) 90(2) 900(1) —(3)
G13 30(4) DM (1) 150(4) 950(2) —(3)
Gl4 30(4) DM2 (2) 120(3) 900(1) —(@)
G15 30(4) DM3 (3) 90(2) 1050(4) —(1)
G16 30(4) DM4 (4) 60(1) 1000(3) —(2)

137 Note: * The numbers in parentheses indicate the level of the factor.

138 2.3. Laboratory-scale Firing Test

139 In order to avoid the phenomenon that certain ingredients of raw materials are too concentrated

140  and cause unreasonable results, samples of the raw materials need to be subjected to aging treatment.
141  To facilitate the brick making process and achieve better firing results, the TFT-LCD waste glass and
142 reservoir sediments were first crushed, and then refinement processes such as crushing and ball
143 milling were applied to ensure homogenization of the raw materials (Figure 1).

(b) (c) (d)
144  Figure 1. Raw materials. (a) Original TFT-LCD waste glass; (b) Refined TFT-LCD glass powder; (c)
145  Original reservoir sediments; (d) Refined reservoir sediments.

146 Figure 2(a) shows the resulting fine powders were thoroughly mixed to ensure homogeneity as
147  per the design ratio in Table 2. Subsequently, an appropriate amount of water (18% by weight
148  mixture) was added to the mixture, as shown in Figure 2(b). It is important to moisten each clay
149 particle surface to increase clay plasticity. In addition, through the rubbing process, the air in the
150  mixture was squeezed out, and in the course of the process, the uneven masses were combined and
151  kneaded again to obtain a smooth and well-proportioned embryo, as shown in Figure 2(c). Place the
152 plastic mixture after soil training into a test brick model with a length of 50 mm, a width of 50 mm,
153  and a height of 50 mm, as shown in Figure 3(a). Then a small universal compressive tester was used
154 to apply an appropriate pressure to press the plastic mixture in each brick mold to form a brick
155  embryo, as shown in Figure 3(b). There was a total of 16 groups of brick embryos (G1-G16) with 3
156  trials in each group, as shown in Figure 3(c). It must be noted that the shaped brick embryo must
157  possess sufficient tensile strength to maintain its shape.
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(a) (b)

158 Figure 2. Raw material mix. (a) Dry mix; (b) Water mixing; (c) Well-proportioned embryo.
P i " ‘ 7
b -+

.

(b) ©
159 Figure 3. Brick forming. (a) Placing plastic material in brick mold; (b) Applying load; (c) Brick
160 embryos.
161 After the formation of the "green" brick embryo, the moisture content will cause the brick

162 embryo to shrink during the drying process, which has a great influence on the quality of the finished
163 product. Therefore, the brick embryo must be dried. According to the design of the orthogonal table
164  in Table 1, the brick embryos were applied to four different drying methods (DM1: natural drying
165  for2days (dry at room temperature); DM2: natural drying for 1 day (dry at room temperature); DM3:
166  oven drying for 1 day (operating temperature 100 °C); and DM4: oven drying for 1 day (operating
167  temperature 50 °C).

168 After treatment with different drying methods, the moisture content of the 16 groups of brick
169  embryos is shown in Table 3. From the table, it can be seen that the moisture content of brick embryos
170  after “natural drying for 1 day” was the largest, ranging from approximately 14.2% to 14.9%, and the
171  moisture content of brick embryos after “natural drying for 2 days” was the next, approximately
172 between 10.3% and 11.6%. The brick embryos dried at “50 °C for 1 day” were about 1.1-3.3%. The
173 moisture content of the brick embryos that were “dried at 100 °C for 1 day” was the smallest, and the
174 moisture content was 0%.

175 Table 3. Moisture content of brick embryos.
. . Moisture Content of Green Brick Moisture Content of Dry Brick
Experiment Number Drying Method Embryos (%) Embryos (%)
G1 18.0 11.6
G5 18.0 11.1
G9 bMI 18.0 10.3
G13 18.0 10.4
G2 18.0 14.9
G6 18.0 14.8
G10 bM2 18.0 14.2
Gl14 18.0 14.3
G3 18.0 0.0
G7 18.0 0.0
Gl11 DM3 18.0 0.0
G15 18.0 0.0
G4 18.0 1.1
G8 18.0 1.6
G12 DM4 18.0 24
Gl16 18.0 3.3
176 After the brick embryos was dried, they were placed in an alumina crucible and placed in a

177  programmable high temperature electric furnace, as shown in Figure 4. Then, the temperature of the
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furnace was heated from room temperature to 500 °C. The preheating time is shown in Table 1. The
preheating process can not only make the brick embryos had a certain strength, but also can avoid
the bursting phenomenon during the firing process. Once the brick embryos had completed the
preheating process, they were immediately placed in another high-temperature electric furnace that
had been set at the sintering temperature for the firing operation. The sintering temperature used is
shown in Table 1, while the sintering time was kept constant. When the brick embryos had finished
the firing process, they were slowly cooled (in-furnace cooling). When the temperature of the bricks
fell to room temperature, their physical and mechanical properties were measured.

Figure 4. High-temperature electric furnaces (for baking on the left and for preheating on the right).

2.4. Test Methods and Data Analysis

As previously described, the characteristics of the resulting bricks were evaluated by six
performance parameters (brick density, water absorption, shrinkage ratio, loss of ignition, porosity,
and compressive strength). The density of the sintered bricks is determined by the Archimedes
principle, as shown below:

m
P M

Msat — Mimm

where p= brick density (g/cm?); mary = dry mass (g/cm?); mimm = immersed mass (g/cm?); and #sa = 24-
h saturated surface-dry mass (g/cm?).

The water absorption was determined by dipping the sintered bricks in water for 24 h, and oven
dried subsequent to immersion at 115 °C for not less than 24 h. The amount of absorbed water was
calculated by the following formula:

m_. -m
Water absorption (Wa) = % x100% @)
dry

To explore the volume change of the brick embryos, the size of the embryos before and after
sintering was measured. The shrinkage ratio was defined as the ratio of the volume of the fired
embryo to the volume of the unfired embryo, which was calculated as follows:

Shrinkage ratio (S;)= % x 100% 3)

where V; = initial volume of the green brick embryo; and Vs = volume of the sintered brick embryo.

Loss on ignition was defined as the mass loss of the dried brick embryo after firing and was
expressed as a percentage of the total initial mass. Compressive strength is usually defined as the
failure stress measured normal to the bed face of the brick. The compressive strength test was
performed in the dry specimens. The test method referred to the standard test of ASTM C67 [29].

The signal-to-noise ratio (S/N ratio) for each control factor can be used to evaluate the effect of
each selected factor on the quality characteristics being studied [25]. The S/N ratio is calculated by
the mean squared deviation (MSD) [30]. In fact, the purpose of any experiment is to determine the
highest possible S/N ratio for the result. If the S/N ratio (17) for the-smaller-the-better target for all the
responses is expressed in decibels (dB), it can be defined by a logarithm based on the MSD around
the target value, as shown below [30]:

d0i:10.20944/preprints201806.0229.v1
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n
1
1= =10 X logyo(MSD) = ~10xl0g1o(, Y ¥?) (4)
i=1
212 where 7 is the number of repetitions or observations; and yi is the observed data. In the case of the-
213 larger-the-better target, the S/N ratio (1) is generally derived from the reciprocal of its quality
214  characteristics value, as shown below [30]:

n
1 1
n=—10 X log,,(MSD) = _10X10g10(zz F) ®)
=17t

215  In this study, the observed values of brick density, water absorption, shrinkage ratio, loss of ignition,
216  and porosity were set to a minimum level, while the observed values of the compressive strength
217  were set to a maximum level. Moreover, the analysis of variance (ANOVA) was used to detect the
218  optimization of the observed values. This was accomplished by separating the total variability of the
219 §/N ratios into contributions by each of the process parameters and the error [31].

220 3. Results and Discussion

221 3.1. Physical Properties and Chemical Composition Analysis of Raw Materials

222 In the case of raw materials for making bricks, the finer the particle size, the better. Due to the
223 greater dispersion and better uniformity of the finely divided raw materials, there is a relatively large
224 contact area between the particles, which allows them to have good thermal efficiency and firing
225  results at high temperatures. Furthermore, in addition to the easy mixing of raw materials having a
226  fine particle size, the strength of the produced brick embryos is high, and the fired bricks have a
227  relatively better compressive strength. In general, making high-strength bricks requires that the
228  particle size of the powdery materials should be less than 150 pm.

229 The particle size distribution characteristics for the grinding cullet and reservoir sediments are
230  shownin Figure 5. According to Figure 5, the diameter of the milled glass was larger, and its average
231  particle diameter was 357 um, which means that the glass should be ground again to facilitate the
232 batching or firing; the particle size of the reservoir sediments was fine, and the average particle size
233 was 30.34 um. From this, although the glass had been ground and refined, its particle size was still
234 large. In order to make the ingredients even and make high-strength bricks, the glass was sieved with
235  aNo. 100 sieve (<150 um), and the glass passed through the sieves was used as a test material.

1007, - - - 10
f : ] ]
902

0 T T 1T TTrIT TrTrTm0

0.01 01 1 10 100 1,000 10,000 001 ' "IUITW 1 I“;D ’ 100 o “"‘WI‘;UO o I“1‘0",0;0
Size{Microns) Size{Microns)
(@) (b)
236 Figure 5. Grain size distributions of TFT-LCD waste glass and reservoir sediments. (a) Refined TFT-
237 LCD glass powder; (b) Refined reservoir sediment.
238 Basically, the plasticity of raw materials has a great influence on the production of brick

239  embryos. In general, the plasticity index (PI) of raw materials should be between 12-16. Table 4 shows
240  that the plasticity of the glass was poor (no plasticity); the plasticity of the reservoir sediments (PI=14)
241  is better, which can meet the requirements for the production of brick embryos. For the specific
242 gravity analysis of raw materials, the specific gravity of the reservoir sediments was about 2.49, which
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243 was similar to the specific gravity of the general soil, while the specific gravity of the glass was
244  relatively small, about 2.3.

245 Table 4. Analytical results of physical properties of raw materials.

- ., Plasticity Index Average Particle size Maximum Particle Size Minimum Particle Size
Sample type Specific Gravity

1) (pm) (pm) (pm)
Reservoir Sediments 2.49 14 30.34 418.6 0.688
TFT-LCD Waste Glass 2.3 N.P. 357 1,408 4.62
246 The chemical composition of sediments and glass is shown in Table 5. Loss on ignition (LOI) at

247  450°C, reservoir sediments was 3.9%; glass had almost no ignition loss (0.04%), indicating that the
248  organic content of the raw material was low. As can be seen from Table 5, the main chemical
249 components of these two materials are approximately SiOz and Al20s, which account for 82% and
250  91% of the components, respectively. In addition, the main difference between the two is that the
251 AlO:s content of the reservoir sediments (23.8%) was higher, and the SiO: content of the glass (85.4%)
252 was significantly higher.

253 Table 5. Chemical composition of sludge and reservoir sediments.
Chemical Compositions (wt %)
Sample -
S5iO2 AlLOs  FexOs CaO MgO K20 Na20 oS LOI Total
Reservoir Sediments 58.4 23.8 59 3.6 2.6 42 15 - 3.9 100
TFT-LCD Waste Glass  85.4 5.6 0.2 - 2.5 - 6.3 - 0.04 100
254 Notes: LOI = loss on ignition; OS = organic substance content.

255  3.2. Density

256 Table 6 shows the experimental results and the corresponding S/N ratios using Equations (4) or
257  (5). In addition, the photographs of the bricks fired in each group are shown in Figure 6. As the
258  experimental design was orthogonal, the effect of each parameter used could be separated at different
259 levels. Taking the cullet content as an example, the mean S/N ratio at levels 1, 2, 3, and 4 were
260  calculated by averaging the S/N ratios of experiments 1-4, 5-8, 9-12, and 13-16, respectively. As for
261 the other parameters, the mean S/N ratio at each level was computed in a similar manner. The
262  influence of each selected factor on the quality characteristic investigated is described in detail below.

263 Table 6. Experimental results and S/N ratio.
. Experimental Results S/N Ratio (dB)
Experiment P m S LOL v I3 ,
Number (g/cm?) %) %) %) %) (MPa) P Wa Sr LOI Vv fe
G1 1.67 29.0 34.4 17.4 42.7 3.31 -4.45 -29.25 -30.73 -24.81 -32.61 10.40
G2 1.60 27.4 229 20.6 40.5 4.03 -4.08 -28.76 -27.20 -2628  -32.15 12.11
G3 1.66 18.9 28.3 5.6 28.4 6.93 -4.40 -25.53 -29.04 -14.96  -29.07 16.81
G4 1.57 30.3 22.2 7.6 44.1 5.05 -3.92 -29.63 -26.93 -17.62  -32.89 14.07
G5 1.84 18.5 47.6 16.3 28.6 9.50 -5.30 -25.34  -33.55 -2424  -29.13 19.55
G6 1.68 21.0 25.1 19.9 32.2 12.09 -4.51 -2644  -27.99 -2598  -30.16 21.65
G7 1.61 25.0 12.5 5.4 38.6 3.34 -4.14 -27.96 -21.94 -14.65 -31.73 10.47
G8 1.68 18.6 23.1 7.5 28.8 7.38 -4.51 -25.39 -27.27 -17.50  -29.19 17.36
G9 1.67 25.8 249 14.7 39.5 14.11 -4.45 -28.23 -27.92 -23.35 -31.93 22.99
G10 1.74 19.2 21.1 18.5 31.1 11.05 -4.81 -25.67  -26.49 -2534  -29.86 20.87
Gl11 1.69 20.4 22.0 4.7 32.0 5.95 -4.56 -26.19 -26.85 -13.44  -30.10 15.49
G12 1.73 18.5 23.8 7.0 29.5 4.19 -4.76 -2534  -27.53 -16.90  -29.40 12.44
G13 1.84 12.5 37.0 14.4 20.1 6.05 -5.30 -2194  -31.36 -23.17  -26.06 15.64
G14 1.72 18.8 21.7 17.8 30.0 3.78 -4.71 -25.48 -26.73 -25.01 -29.54 11.55
G15 1.72 17.7 19.1 4.1 28.4 14.70 -4.71 -24.96 -25.62 -12.26 -29.07 23.35
G16 1.77 13.7 31.2 7.6 21.7 10.49 -4.96 -22.73 -29.88 -17.62 -26.73 20.42

264 Note: p = density; Wa = water absorption; Sr = shrinkage ratio; LOI = loss on ignition; Vv = porosity; and fc=
265 compressive strength.
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() (0 (9]
266 Figure 6. Appearance of fired bricks. (a) G1; (b) G2; (c) G3; (d) G4; (e) G5; (f) G6; (g) G7; (h) G8; (i) G9; (j) G10; (k)
267  G11; (1) G12; (m) G13; (n) G14; (0) G15; (p) G16.

268 In general, the lighter the brick is, the better it is for transportation and construction. Therefore,
269  the smaller the density, the better. Table 6 shows that the density of the produced brick ranged
270  between 1.57 and 1.84 g/cm?®. Moreover, the lowest value of density was 1.57 g/cm?® (experiment
271 number G4). Table 7 (i.e., the response table) shows the mean S/N ratio at each level of the parameters
272 (A-E) for density, while Figure 7 shows the S/N response graph for density. As shown in Equation
273 (4), the larger the S/N ratio, the smaller the variance of density around the desired (the-smaller-the-
274  better) value. From Table 7 and Figure 7, it can be seen that the cullet content was the most important
275  factor affecting the responses; the maximum value of response was at the lowest level of the cullet
276  content. In other word, the greater the amount of TFT-LCD waste glass powder added, the higher
277  the density of the resulting bricks. The results of the ANOVA of density are given in Table 8. In
278  addition, the F values were obtained for a 95% level of confidence and the percentage contribution of
279  each parameter was also calculated. The sintering temperature was the most significant factor that
280  contributed to the total density of the brick. The main contributions from the parameters were: cullet
281  content (40.97%), preheat time (20.73%), and sintering temperature (17.21%). Thus, based on the
282 results of the S/N ratio and ANOVA analyses, the optimal combination of parameters and their levels
283 for achieving minimum density is A1BsCsDy, i.e., cullet content at level 1, drying method at level 3,
284  preheat time at level 3, and sintering temperature at level 4.

285 Table 7. S/N response table for density.
Mean S/N Ratio (1, Unit: dB) .
Parameter Lovel 1 Lovel2 Zevel 3 Loveld Delta (Max.  — Min. 1)) Rank
Cullet Content, A (%) -4.21 -4.61 —4.65 -4.92 0.71 1
Drying Method, B -4.88 -4.53 -4.45 -4.54 0.43 3
Preheat Time, C (min) -4.62 -4.71 -4.52 -4.54 0.19 5
Sintering Temperature, D (°C) -4.52 -4.61 -4.87 -4.40 0.47 2
Error, E -4.62 -4.41 -4.74 -4.62 0.33 4
286 Table 8. Analysis of variance and F test for density.
Parameter Sqi:rrg (Osf 5 zreeg;;i:: Variance (MSz) F Value (F2) Foosss CO:;E::;EQ( py  Note
Cullet Content, A (%) 1.01 3 0.34 10.88 9.28 40.97 Significant
Drying Method, B 0.43 3 0.14 4.61 9.28 14.96
Preheat Time, C (min) 0.09 3 0.03 1.00 9.28 20.73
Sintering Temperature, D (°C) 0.48 3 0.16 5.15 9.28 17.21
Error, E 0.23 3 0.08 2.48 9.28 6.13
All Other 0.09 3 0.03
Total 2.24 15 0.75 100
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288 Figure 7. S/N response graph for density.
289  3.3. Water Absorption
290 It can be seen from Table 6 that the water absorption of the produced brick ranged between 12.5-

291  30.3%. Water absorption is an important indicator of the characteristics of building bricks, and its
292 water absorption should not be too high. This is because the durability of bricks depends to a large
293 extent on their water absorption. Generally speaking, high water absorption of the sintered brick will
294 reduce its service life. According to CNS 382 [32], the water absorption of building bricks requires
295 that the first-class bricks have a water absorption of 15% or less for 24 hours, and a second-class brick
296  has a water absorption of 19% or less for 24 hours. The lowest value of water absorption was around
297 12.5% and was obtained with Sample G13. Table 9 shows the mean S/N ratio at each level of the
298  parameters for water absorption, while Figure 8 shows the S/N response graph for water absorption.
299  Itis evident from Table 9 and Figure 8 that the cullet content was the most critical factor affecting
300  water absorption; the maximum value of response was at the highest level of cullet content. In
301  addition, the greater the amount of TFT-LCD waste glass powder added, the lower the water
302  absorption of the resulting bricks. The results of the ANOVA of water absorption are given in Table
303  10. As can be easily seen from Table 10, the cullet content was the most significant factor that
304  contributed to the total water absorption of the brick. In addition, the sintering temperature also
305  affects the water absorption of the bricks. This is because a higher sintering temperature ensures the
306  completion of the crystallization process and closes the open pores in the sinter. The contributions
307  from these parameters were: cullet content (58.57%), sintering temperature (23.93%), drying method
308  (1.77%), and preheat time (0.61%). Therefore, based on the results of the S/N ratio and ANOVA
309  analyses, the optimal combination of parameters and their levels for achieving minimum water
310  absorption is AsBsC2Ds, i.e., cullet content at level 4, drying method at level 4, preheat time at level 2,
311  and sintering temperature at level 3.

312 Table 9. S/N response table for water absorption.

Mean S/N Ratio (1, Unit: dB)

Parameter Tovell Lovel2 Lovel3 Loveld Delta (Max. = Min. n) Rank
Cullet Content, A (%) -28.29 —26.28 -26.36 -23.78 4.51 1
Drying Method, B -26.19 -26.59 -26.16 -25.77 0.82 4
Preheat Time, C (min) -26.15 -26.10 -26.16 -26.30 0.20 5
Sintering Temperature, D (°C) -27.01 -25.57 -24.82 -27.32 2.50 2
Error, E -26.32 -26.92 -24.81 —26.66 2.11 3
313 Table 10. Analysis of variance and F test for water absorption.
Sum of Degree of . Percentage
Parameter Square (557) Frfe dom Variance (MSz) F Value (Fz) Foosss Contributiorg: ®) Note
Cullet Content, A (%) 41.05 3 13.68 481.07 9.28 58.57 Significant
Drying Method, B 1.32 3 0.44 15.51 9.28 1.77
Preheat Time, C (min) 0.09 3 0.03 1.00 9.28 0.61
Sintering Temperature, D (°C) 16.82 3 5.61 197.13 9.28 23.93 Significant
Error, E 10.66 3 3.55 124.94 9.28 15.12 Sub significant
All Other 0.09 3 0.03
Total 69.94 15 23.31 100.00



http://dx.doi.org/10.20944/preprints201806.0229.v1
http://dx.doi.org/10.3390/su10072503

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2018

316

317
318
319
320
321
322
323
324
325
326
327

328

329

330
331

d0i:10.20944/preprints201806.0229.v1

=22

-24 —

-26 —

S/N Ratio (dB)

-28

-30

3.4. Shrinkage Ratio

T T T T
0 0 20 30
Cullet content (%)

T T T
1 2 3

T
4

Drying method
Experimental control factors and their levels

Figure 8. S/N response graph for water absorption.

T T T T
60 90 120 150
Preheat time (min.)

900 950 1000 1050
Sintering temperature ('C)

In the firing process, the volume of brick embryo shrank. Table 6 shows that the shrinkage ratio
of the produced brick ranged between 12.5 and 47.6%. In other words, the largest value of shrinkage
ratio was around 47.6% and was obtained with Sample G5. Table 11 shows the mean S/N ratio at each
level of the parameters for shrinkage ratio, while Figure 9 shows the S/N response graph for shrinkage
ratio. From Table 11 and Figure 9, it can be seen that the drying method was the most important
factor affecting shrinkage; the maximum value of response was drying method 3. The results of the
ANOVA of shrinkage ratio are given in Table 12. The contributions from these parameters were:
drying method (48.44%), preheat time (27.63%), and sintering temperature (16.55%). As a result,
according to the results of the S/N ratio and ANOVA analyses, the optimal combination of parameters
and their levels for achieving minimum shrinkage ratio is AsBsCiDs, i.e., cullet content at level 3,
drying method at level 3, preheat time at level 4, and sintering temperature at level 1.

Table 11. S/N response table for shrinkage ratio.

Mean S/N Ratio (7, Unit: dB)

P Del . 11— Min. Rank
arameter Level 1 Level 2 Level 3 Level 4 elta (Max. 1 in. 1) an
Cullet Content, A (%) -28.47 -27.69 -27.20 -28.40 1.27 5
Drying Method, B -30.89 -27.10 -25.86 -27.90 5.03 1
Preheat Time, C (min) -28.86 -28.48 -27.74 -26.68 2.18 4
Sintering Temperature, D (°C) -26.73 -28.17 -29.74 -27.12 3.01 2
Error, E -27.53 -26.74 -28.98 -28.51 2.24 3
Table 12. Analysis of variance and F test for shrinkage ratio.
Sum of Degree of . Percentage
z) FValue (Fz Fooss, -
Parameter Square (S52) _ Freedom Variance (MSz) F Value (Fz) 00533 o tribution ) Note
Cullet Content, A (%) 4.44 3 1.48 1.00 9.28 0.00
Drying Method, B 54.99 3 18.33 12.40 9.28 48.44 Significant
Preheat Time, C (min) 11.08 3 3.69 2.50 9.28 27.63
Sintering Temperature, D (°C) 21.71 3 7.24 4.89 9.28 16.55
Error, E 12.14 3 4.05 2.74 9.28 7.38
All Other 4.44 3 1.48
Total 104.35 15 34.78 100.00
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Figure 9. S/N response graph for shrinkage ratio.
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332 3.5. Loss on Ignition

333 Loss on ignition is the basis for calculation of the balance of energy required for production.
334  From Table 6, it is clear that the loss of ignition of the produced brick ranged between 4.1 and 20.6%.
335  Moreover, the lowest value of loss on ignition was 4.1% and was obtained with Sample G15. Table
336 13 shows the mean S/N ratio for each level of the parameters for loss on ignition, while Figure 10
337  shows the S/N response graph for loss of ignition. From Table 13, it can be seen that the drying
338  method was the most significant factor in controlling ignition loss. The results of the ANOVA of loss
339  on ignition are given in Table 14. The contributions from these parameters were: drying method
340  (97.79%), cullet content (1.28%), preheat time (0.76%), and sintering temperature (0.18%). As a result,
341  according to the results of the S/N ratio and ANOV A analyses, the optimal combination of parameters
342  and their levels for achieving minimum loss on ignition is A4BsC2Ds, i.e., cullet content at level 4,
343 drying method at level 3, preheat time at level 2, and sintering temperature at level 4.

344 Table 13. S/N response table for loss on ignition.

Mean S/N Ratio (1, Unit: dB)

P, i Delta (Max. n — Min. Rank
arameter Level 1 Level 2 Level 3 Level 4 clta (Max. 1 in. ) an
Cullet Content, A (%) 2092 -2059 -19.76 -19.51 141 2
Drying Method, B 2389 2565 -13.83 -17.41 11.82 1
Preheat Time, C (min) -20.46 -19.92 -20.20 -20.19 0.54 4
Sintering Temperature, D (°C) -20.34 -20.10 -20.54 -19.80 0.74 3
Error, E -19.98 -20.47 -20.25 -20.08 0.49 5
345 Table 14. Analysis of variance and F test for loss on ignition.
Sum of Degree of . Percentage
Parameter Square (S52) _ Freedom Variance (MSz) F Value (Fz) Foos33 Contribution (P) Note
Cullet Content, A (%) 5.35 3 1.78 9.48 9.28 1.28 Sub significant
Drying Method, B 367.01 3 122.34 650.91 9.28 97.79 Significant
Preheat Time, C (min) 0.59 3 0.20 1.04 9.28 0.76
Sintering Temperature, D (°C) 1.23 3 0.41 2.19 9.28 0.18
Error, E 0.56 3 0.19 1.00 9.28 0.00
All Other 0.56 3 0.19
Total 374.74 15 12491 100.00
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347 Figure 10. S/N response graph for loss on ignition.
348  3.6. Porosity
349 Porosity and pore size distribution have long been considered key parameters in determining

350  the durability of bricks. Moreover, the smaller the porosity of the brick, the better the compressive
351  strength. From Table 6, it is clear that the porosity of the produced brick ranged between 20.1 and
352 42.7%. Moreover, the lowest value of porosity was 20.1% and was obtained with Sample G13. Table
353 15 shows the mean S/N ratio for each level of the parameters for porosity, while Figure 11 shows the
354  S/N response graph for porosity. From Table 15, it can be seen that the cullet content was the most
355  significant factor in controlling porosity. The results of the ANOVA of porosity are given in Table 16.
356  The contributions from these parameters were: cullet content (53.16%), sintering temperature
357  (26.57%), drying method (2.48%), and preheat time (1.23%). As a result, according to the results of the
358  S/Nratio and ANOVA analyses, the optimal combination of parameters and their levels for achieving
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359  minimum porosity is AsBsCiDs, i.e., cullet content at level 4, drying method at level 4, preheat time at
360 level 1, and sintering temperature at level 3.
361 Table 15. S/N response table for porosity.
Mean S/N Ratio (1, Unit: dB) .
Parameter Lovel 1 Lovel2 Lovel 3 Loveld Delta (Max. 17— Min. 1) Rank
Cullet Content, A (%) 3168  -30.05 -30.32 -27.85 3.83 1
Drying Method, B 2993  -3043 -29.99 -29.55 0.88 4
Preheat Time, C (min) 2990  -29.93 -29.93 -30.13 023 5
Sintering Temperature, D (°C) -30.82 -29.38 -28.69 -31.01 2.32 2
Error, E -3018  -30.64 -28.67 -30.42 1.97 3
362 Table 16. Analysis of variance and F test for porosity.
Sum of Degree of . Percentage
Parameter Square (S52) _ Freedom Variance (MSz) F Value (Fz) Foosss Contribution (P) Note
Cullet Content, A (%) 30.16 3 10.05 217.13 9.28 53.16 Significant
Drying Method, B 1.54 3 051 11.10 9.28 248
Preheat Time, C (min) 0.14 3 0.05 1.00 9.28 1.23
Sintering Temperature, D (°C) 15.14 3 5.05 109.00 9.28 26.57 Significant
Error, E 9.49 3 3.16 68.32 9.28 16.56 Sub significant
All Other 0.14 3 0.05
Total 56.48 15 18.83 100.00
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364 Figure 11. S/N response graph for porosity.
365  3.7. Compressive Strength
366 The compressive strength of a brick determines its application potential. Its value is usually
367 affected by the porosity, pore size, and type of crystallization. From Table 6, it is clear that the
368 compressive strength of the produced brick ranged between 3.31 and 14.7 MPa. Moreover, the
369  maximum compressive strength was 14.7 MPa and was obtained with Sample G15. Table 17 shows
370 the mean S/N ratio for each level of the parameters for compressive strength, while Figure 12 shows
371 the S/N response graph for compressive strength. From Table 17, it can be seen that the sintering
372 temperature was the most significant factor in controlling compressive strength. Tay et al. [33] pointed
373 out that the clays used to make bricks are low in refractoriness, and vitrification occurs at
374 approximately 1100°C. The resulting viscous bodies reduce porosity and form bonds between the
375 particles, resulting in better strength and hardness of the bricks. The aforementioned phenomenon is
376 generally referred to as porcelainizing. After the brick was porcelainized, it turned from red to
377 grayish black with a glassy phase. From Table 17 and Figure 12, it can be seen that as the sintering
378 temperature increased, the bond between the particles became larger, the pores in the sintered body
379 were reduced, and the compactness was improved, so that the compressive strength of the brick
380 increased. In other words, as the roasting temperature of the brick increased, the compressive
381 strength of the resulting brick increased. In addition, the greater the amount of TFT-LCD waste glass
382 powder, the greater the compressive strength of the brick. The results of the ANOVA of compressive
383 strength are given in Table 18. The contributions from these parameters were: sintering temperature
384  (71.28%), cullet content (17.98%), and preheat time (6.19%). As a result, according to the results of the
385  S/Nratio and ANOVA analyses, the optimal combination of parameters and their levels for achieving
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386  maximum compressive strength is AsBiCsDs, i.e., cullet content at level 3, drying method at level 1,
387  preheat time at level 3, and sintering temperature at level 4.

388 Table 17. S/N response table for compressive strength.

Mean S/N Ratio (1, Unit: dB)

Parameter Lovel 1 Lovel2 Lovel 3 Loveld Delta (Max. 17— Min. 1) Rank
Cullet Content, A (%) 13.35 17.26 17.95 17.74 4.60 2
Drying Method, B 17.14 16.54 16.53 16.07 1.07 5
Preheat Time, C (min) 16.99 16.86 17.18 15.26 1.92 4
Sintering Temperature, D (°C) 11.22 15.15 19.41 20.51 9.29 1
Error, E 17.99 16.50 16.64 15.17 2.82 3
389 Table 18. Analysis of variance and F test for compressive strength.
Sum of Degree of . . Percentage
Parameter Square (S52) _ Freedom Variance (MSz) F Value (Fz) Foosss Contribution (P) Note
Cullet Content, A (%) 56.53 3 18.84 24.36 9.28 17.98 Significant
Drying Method, B 2.32 3 0.77 1.00 9.28 0.00
Preheat Time, C (min) 9.38 3 3.13 4.04 9.28 6.19
Sintering Temperature, D (°C) 217.24 3 7241 93.61 9.28 71.28 Significant
Error, E 16.03 3 5.34 6.91 9.28 4.55
All Other 2.32 3 0.77
Total 301.50 15 100.50 100.00
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391 Figure 12. S/N response graph for compressive strength.
392 3.8. Microscopic Analysis of Bricks
393 Scanning electron microscopy (SEM) was employed to determine the morphology and

394 microstructure of the bricks and capture high resolution digital images. The comparison of SEM
395  images of sintered specimens with pure reservoir sediments (experimental numbers G1-G4) is shown
396  in Figure 13. From Figures 13(a)-(b), it can be seen that when the sintering temperature was between
397 900 and 950 °C, due to the fact that the temperature required for densification had not yet been
398  reached, the bonding between some powders was not satisfactory. Therefore, the brick specimen was
399  highly porous. In contrast, as can be seen from Figure 13(c), when the sintering temperature was
400  increased to 1000 °C, the powder was provided with a higher neck growth power, resulting in faster
401 interparticle adhesion and distance reduction, and the inside of the brick specimen also showed
402  densification. Further, when the sintering temperature was increased to 1050 °C, the high
403  temperature promotes the diffusion between the particles of the specimen, resulting in a sufficient
404  viscous amorphous glass phase, which can fill the pores between the original particles and gradually
405  cut off the connection between the pores, as shown in Figure 13(d). The fusing together of the clay
406  particles in fired bricks resulted in pore closure which will ultimately lead to reduction in porosity.
407  On the other hand, comparing the SEM images of the specimens with the same waste glass content
408  (experimental numbers G9-G12), it can be seen that the internal compactness of the sintered specimen
409  also had a close relationship with the sintering temperature, as shown in Figure 14. It is clear from
410  Figure 14 that the glassy phase was evenly distributed in the clay body. At 900 °C, the temperature
411  did not reach the sintering point and the interparticle bonding was poor. After sintering at a high
412 temperature (1050 °C), the pores between particles were filled due to diffusion and viscous flow, and
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413  bonds were formed between the particles in the sintered brick, which can increase the degree of
414  densification and further increase the compressive strength of the brick.

(b) | © | ()

415 Figure 13. Comparison of SEM images of sintered specimens with pure reservoir sediments (magnified 5000
416 times). (a) G1 (sintering temperature 900 °C); (b) G2 (sintering temperature 950 °C); (c) G3 (sintering temperature
417 1000 °C); and (d) G4 (sintering temperature 1050 °C).

@ ®) @
418 Figure 14. Comparison of SEM images of sintered specimens with glass and reservoir sediments (magnified 5000
419 times). (a) G9 (sintering temperature 1050 °C); (b) G10 (sintering temperature 1000 °C); (c) G11 (sintering

420 temperature 950 °C); and (d) G12 (sintering temperature 900 °C).

421 3.9. Performance of Fired Bricks in Tunnel Kiln

422 After laboratory-scale brick firing, the best combination was selected based on the pore structure,
423  physical properties, and mechanical properties of the bricks, and a commercial tunnel kiln was used
424 to burn the bricks. The brick-fired tunnel kiln is mainly composed of three parts: preheating, firing,
425  and cooling, as shown in Figure 15. It was a continuous moving ware kiln where the clay products to
426  be fired were passed on trolleys through a long horizontal tunnel. The tunnel kiln is 2 meters high
427  and 2.2 meters wide with a total length of 130 meters. The main focus is on mass production
428  technologies such as raw material processing, brick embryo manufacturing, and firing parameters
429  adjustment (such as sintering temperature, trolley speed, and kiln atmosphere). In addition, the
430  quality of the fired bricks was examined to verify the feasibility of mass production of bricks by
431  incorporating TFT-LCD waste glass powder with reservoir sediments.

(@) (b) (©
432 Figure 15. Commercial tunnel kiln. (a) Preheating kiln; (b) Sintering kiln; (c) Cooling kiln.
433 Regarding the performance requirements of bricks in building construction, more attention is

434 paid to their compressive strength and water absorption. Taking CNS 382 for first-class bricks as an
435  example, the compressive strength should be greater than 14.7 MPa and the water absorption should
436  be less than 15% [32]. According to Table 9 and Table 10, the optimal combination of the lowest
437  obtainable water absorption is estimated to be AsBsC2Ds, and according to Table 17 and Table 18, the
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438  optimal combination of the maximum compressive strength is estimated to be AsBiCsDa. In view of
439  this, an experimental combination of fired bricks in the tunnel kiln was proposed. The process
440  conditions are shown in Table 19. Among them, P1 is the optimal combination for producing bricks
441  with the lowest water absorption rate, and P2 is the optimal combination for producing bricks with
442 the highest compressive strength.

443 Table 19. Process conditions in tunnel kiln.
Experiment Parameter
Number Cullet Content, A (%) Drying Method, B Preheat Time, C (min) Sintering Temperature, D (°C)
P1 30 DM4 90 1000
P2 20 DM1 120 1050
444 The test results of the fired bricks in the tunnel kiln are shown in Figure 16 and Table 20. From

445  Table 20, it can be seen that the water absorption and compressive strength of the two finished bricks
446  met the requirements of CNS 382 [32]. Among them, experiment number P1 can obtain lower water
447  absorption rate (12.9%); experiment number P2 can obtain higher compressive strength (48.2 MPa)
448  and larger rupture modulus (0.68 MPa). In addition, the density of the two finished bricks was
449  similar, about 2.2 g/cm3. Compared with the results of the laboratory-scale test, the fired bricks in the
450  tunnel kiln had a higher density and a smaller water absorption. Basically, the cost of bricks for a
451  brick kiln factory includes clay fees, personnel operation and management fees, fuel fees, and
452  transportation fees. However, the use of TFT-LCD waste glass and reservoir sediments to
453  manufacture bricks does not require material fees, and waste disposal fees (government subsidies)
454  are available. Therefore, at least 40% of the cost of each brick can be reduced. This not only solves the
455  problem of disposal of a large amount of TFT-LCD waste glass and reservoir sediments, but also
456  creates a new turning point for the transformation of the brick-making industry.

(b)
457 Figure 16. Appearance of fired bricks in the tunnel kiln. (a) Experiment Number P1; (b) Experiment Number

458 P2.
459 Table 20. Test results of fired bricks in tunnel kiln.
Experiment Finished Brick Features
Number Density (g/cm?) Water Absorption (%)  Compressive Strength (MPa)  Rupture Modulus (MPa)
P1 2.21 12.9 35.2 0.62
P2 2.24 14.5 48.2 0.68

460 4. Conclusions

461 This study presented an application of the Taguchi optimization technique in determining the
462  process condition for producing bricks by incorporating TFT-LCD waste glass powder with reservoir
463  sediments. Experimental results show that by combining TFT-LCD waste glass powders with
464  reservoir deposits, it is possible to produce bricks that comply with CNS standards. Based on the
465  above results and discussion, the following conclusions were drawn:

466 1. The fired bricks in laboratory-scale had densities ranging between 1.57 and 1.84 g/cm?, water
467 absorption ranging between 12.5 and 30.3%, and compressive strength ranging between 3.31 and
468 14.7 MPa. These values were comparable to the general requirements of bricks for buildings.
469 2. TFT-LCD waste glass can be successfully used in brick manufacture incorporated with reservoir
470 sediments. The water absorption and compressive strength of the fired bricks in the tunnel kiln
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471 are in line with the requirements of CNS 382 for first-class bricks (i.e., the compressive strength
472 should be greater than 14.7 MPa and the water absorption should be less than 15%).

473 3. The Taguchi method provides a simple, systematic, and efficient methodology for optimizing
474 process conditions of bricks by using grinding TFT-LCD cullet and reservoir sediments and it
475 drastically reduces the number of tests.

476 4. The use of TFT-LCD waste glass and reservoir sediments to manufacture bricks does not require
477 material costs, and in particular, government subsidies are also available in Taiwan. Therefore,
478 the cost per brick can be reduced by at least 40%.
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