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䮼Ɑపℾ㏼≻⮱下䕌ࣾᆂ喑 ऱㆨ矿ϔ䉱⎽䰭Ⅿ

ࣷᐭ䛴䛼ᕒޔ෋ߍ喑 尾矿হ废石ั⤳䬛䷅ᬒ䊸͒

ረȡ矿ᆞ废石᭜ౕ矿ϔ䉱⎽ᐭ䛴䓴⼸͚ϔ⩌⮱䲋矿

石废ᐰ➖喑 ͨ㺮ͧడᇖহ๦石喠 尾矿݆᭜䔶ܧ㇫矿

ऻܳ⻨ܧᲒ⮱ధҀ废᫆ȡ͑㔲ᬏᰶ䉱⎽ݖںࡃ⩕

喑 ᜾ప⃼ݺ喑 Όႅౕ⣜ධ↎ᴀ⮱䷻䮖嗀1嗂ȡⰛ߈⒉⮱

Ꭱϔ⩌⮱尾矿হ废石䊲䓴200Ϭॕ喑 ݖڣ⩕⢴̺䋠

19%嗀1-2嗂ȡጕ䛼ధ废⮱ളႅ̺ϲ⊗䉦๔䛼ౌౝ䉱⎽喑 
䔅чᄦᒀౝ⩌ᔮ⣜ධ䕍᜽͒䛺ᒞ৺喑 ̭ᬓั㒛̺

ᒀ喑 ᄳч᜽ͧ͒䛺⮱Ⴖڕ䮽ᗐ嗀2-3嗂ȡ废石जݣ᜽ᱧݣ

⴯喑 ᰬА⇠⴯⩕λౌ܊⌤ิݣȡ㔹尾矿⩞λႅౕ᜽

ฺܳᱯȠ ㆿᏓ㏳ぶ䬛䷅喑 ڣᏁ⩕ऄݝ䭽ݣ嗀4嗂ȡ

䔼Ⅱⵃ⩕λĄ⊤㐢೻ጯąᐧ䃫喑 ज㑀㼐೻ጯڲ

⋊喑 䭺ѻᲮ〜๖⅁̸೻ጯᢿⅡ߈ࢸ嗀5嗂ȡᵦᢛ⩌ϔጒ

㞧̺ह喑 䔼Ⅱⵃܳͧٺ☔䔼Ⅱⵃহ☔㐀䔼Ⅱⵃ͑๔

ㆨ嗀6嗂ȡٺ☔䔼Ⅱⵃ⩞⴯石ぶ俕̻᫆Ⅱ−ݣᓄ喑 ̺⩕

倅⍖☔㐀喑 ⩌ϔ㘪㕄ѻ喑 ѳႅౕႁ䯆ᭀൢඋȠ ោۨ

ᕔጛぶ䬛䷅喑 ́ᒵ䯫ݖ⩕尾矿ぶ㏳ㆿᒱధ废嗀7嗂ȡ☔

㐀䔼Ⅱⵃ䛴⩕⚑ⴥ石Ƞ 废ᬔ䮣⨤Ƞ 废ᐰ石ᱽぶధ废

҉ͧͨ㺮࣌᫆喑 䕇䓴倅⍖☔㐀ݣᓄ喑 ڣᑧᏓ䒰倅喑 
॥ⅡহԊⅡᕔ㘪хλٺ☔䔼Ⅱⵃ嗀8嗂喑 ఍ₑऄݝᎬ∈

ȡ⧵ڠ

Kimぶ嗀9嗂В䊑−হ䛾尾矿ͧͨ㺮࣌᫆喑 ᜽ݣߌ

ิγ倅ႁ䯆⢴⮱☔㐀䔼Ⅱⵃ喑 ѳⵃҀᑧᏓ䒰ѻ喑 䭽
ᮜȡ䉧ᮀᶲぶ嗀10嗂䛴⩕⚑ⴥ石ͧͨ㺮࣌ݺ⩕Ꮑڣγݣ

᫆喑 Ꭳ⌨ߍγ䔯䛼㛕⋓ౌȠ 䪬石হ䧏⍐喑 ☔㐀ิݣ

⮱䔼Ⅱⵃᕔ㘪ϲ␎䋠పუᴴ۳B㏔㺮Ⅿ喑 䔼ⅡᕔᎣ

̺⤳ᘠȡᑍҠⶂぶ嗀11嗂䛴⩕⼭ౌ䛾ᆋ尾矿̻䒙▶⍐ͧ

㞜ສ⮱䔼Ⅱᕔᰶڤᓄ⮱䔼Ⅱⵃݣ 䔼Ⅱⵃ喑ݣ☔᫆࣌

হᑧᏓ喑 ѳ尾矿⌨ߍ䛼ϲͧ25%ȡᅪノ䦵ᄦጒ͇ధ

废ิݣ☔㐀䔼Ⅱⵃ⮱ⵁ⾣䒰็喑 ѳ๔็᪝ϔ৮ᕔ㘪

̺⤳ᘠ喑 ᝃ㔲ᄦ尾矿ぶ㏳ㆿᒱధ废⮱ݖ⩕⢴ѻȡ

䨉尾矿হ矿ᆞ废石ჹक़SiO2হAl2O3喑 ᭜ิݣ☔

㐀䔼ⅡⵃȠ ࣾ∎䮣⨤ぶϔ৮⮱х䉕࣌᫆ȡݖ⩕䨉尾

矿হ矿ᆞ废石ิݣ倅ᑧᏓ䔼Ⅱⵃ喑 ̺ϲजВ჋⣝䔆

ψధҀ废ᐰ➖⮱䉱⎽ݖںࡃ⩕喑 䔅㘪ᰶ᩵㼐۠఍ള

⼜㔹ᑂࣾ⮱Ⴖڕহ⣜ධ䬛䷅喑 ͧ尾矿废石⮱倅᩵ݖ

⩕ᐭ䓌γ᫝䕁ᒱ嗀12-13嗂ȡ

ͧ჋⣝䔼ⅡⵃᑧᏓ̻䔼Ⅱᕔ㘪⮱ࡼहхࡃ喑 ह
ᬣ倅᩵ݖ⩕䨉尾矿喑 ᱙ⵁ⾣В矿ᆞ废石҉ͧ俕᫆Ƞ 
䨉尾矿҉ͧ叼㐀ᱽ᫆喑 䕇䓴䄰ᣔ俕̻᫆叼㐀ᱽ᫆⮱

℁Ҹ喑 Ჱᐧ倅ႁ䯆⢴㐀Ჱ喑 ㏼̭⁎☔㐀ิݣ☔㐀䔼

Ⅱⵃ喑 Ꭳᣏ⾣☔ݣ⍖ᏓȠ Ԋ⍖ᬣ䬡Ƞ 废石俕᫆ㆿᒱ

Вࣷ尾矿ᣧ䛼4͗ڠ䩛࣯᪝ᄦ䔼Ⅱⵃ㐩वᕔ㘪⮱ᒞ
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৺喑 В᱌㣤ᓄᰶڤ倅ᑧᏓহ倅䔼Ⅱᕔ⮱䔼Ⅱⵃ喑 ͧ
䨉尾矿⮱䉱⎽ݖࡃ⩕᣽ӈ⤳䃧ӊᢛহឭᱜᩜᦾ喑 ᣕ
䄒䶳ഌ⮱जᠮ㐚ࣾᆂȡߕ

1 实　验

1.1 透水砖制备

䔼Ⅱⵃิݣ≮⼸ຯఫ 1 ᝭⹧ȡᄳ废石হ尾

矿★᎟ऻ喑Ҭ⩕ᴴ۳よܳᱧᄳ废石よܳͧㆿᒱͧ

2.00~3.35 mm喍6~10 Ⱋ喎Ƞ0.85~2.00 mm喍10~20 Ⱋ喎Ƞ 
0.60~0.85 mm喍20~30Ⱋ喎ぶ̺हㆿᏓ㏔ݘ喑尾矿݆よ

䔶ܧㆿᒱ74 µm喍200Ⱋ喎В̸⮱㏳ㆶȡᠶ⚔䃫䃎䙺

℁喑ᄳ̺हㆿᒱ废石হ74 µm喍200Ⱋ喎В̸尾矿⩕ᤲ

៹ᱧ⌤व౴࠭喑᫆࣌ڒߍᕨ䉕䛼8%⮱Ⅱ喑ᤲ ៹౴࠭

ऻݣᓄ⌤व᫆ȡ⼝ः250 g⌤व᫆喑ᩫ  mmf 100ڒ
100 mm⮱᫦ᒏ὎͚ڤ喑ݣࢸ᜽ಸȡᄳ᜽ಸ⮱ⵃಜВ

105 ℃★᎟12 h喑䮼ࢠ䒙⼨㜠侙ᑄ▶͚喑В10 ℃/min
㜠䃫Ⴧ⮱☔᜽⍖ᏓȡԊ⍖̭Ⴧᬣ䬡☚ߍ⍖䕌⢴ࡴ⮱

ऻ喑䮼▶ۤࢡ㜠ბ⍖ȡᰭ㏵ᓄݝ䔼Ⅱⵃ喑⩕λᕔ㘪

≸䄂ȡ

1.2 测试表征

䅞З喍XRF喎ٶٶᕔ㘪㶕ᒮ喟 䛴⩕Xᄱ㏬㢔ࡃ⤳
হXᄱ㏬㵺ᄱٶ䅞З喍XRD喎ܳ Ჽ䨉尾矿হ废石⮱ࡃ

႓᜽ܳࣷ➖Ⱕ㏱᜽喑 䛴⩕侙ᅁ᪴ㆿᏓܳᲽЗܳᲽ䨉

尾矿⮱ㆿᏓܳጰȡ

ោៅᑧᏓ≸䄂喟 ᠶ⚔Ȩ䔼Ⅱ䌜䲏ⵃহ䔼Ⅱ䌜䲏

Წȩ喍GB/T 25993ÿ2023喎͚ 䭱ᒂA⮱᫦∂䔈㵹≸䄂ȡ

䔼Ⅱ㈨᪝≸䄂喟 ᠶ⚔Ȩ䔼Ⅱ䌜䲏ⵃহ䔼Ⅱ䌜䲏

Წȩ喍GB/T 25993ÿ2023喎͚ 䭱ᒂC⮱᫦∂䔈㵹≸䄂ȡ

䃎ツڙᐼ㻮ᐼ喍1喎喟 

 
Q LK

A H t
×

=
× ×

 ᐼ喍1喎

ᐼ͚喟 Kͧ䔼Ⅱ㈨᪝喑 cm/s喠 Qͧᬣ䬡 tڲ⮱䔼Ⅱ䛼喑 
mL喠 Lͧ䄂ᵤࣇᏓ喑 cm喠 Aͧ䄂ᵤ̷㶕䲏⼜喑 cm2喠 H
ͧⅡ๡ጛ喑 cm喠 tͧ䔼Ⅱᬣ䬡喑 sȡ

᭫⅁ႁ⢴≸䄂喟 ӊᢛపუᴴ۳Ȩ䮣⨤ⵃ≸䄂᫦∂ 
す3䘕ܳ喟 ॥Ⅱ⢴Ƞ ᭫⅁ႁ⢴Ƞ 㶕㻯ⰥᄦჳᏓহღ䛺

⮱≸Ⴧȩ喍GB/T 3810.3ÿ2016喎⮱㻱Ⴧ䔈㵹≸䄂ȡ

2 结果与讨论

2.1 铜尾矿和废石理化性能分析

᱙ⵁ⾣Ҭ⩕⮱䨉尾矿হ废石Გ㜗↌㺬Ⱞ᳽䨉

矿ȡ࣌᫆㏼ܳٲ᎟✒ऻよܳ喑 废石ㆿᒱ㠰డᣔݣ

ౕ 0.60~3.35 mm喍6~30 Ⱋ喎喑 尾矿䔶⩕ㆿᒱ 74 µm 
喍200Ⱋ喎В̸ȡఫ2ͧ74 µm喍200Ⱋ喎В̸尾矿⮱ㆿ

Ꮣܳጰఫ喑 尾矿ㆿᒱͨ㺮ܳጰౕ0.25~200 µm喑 D50

ͧ9.118 µmȡ

尾矿হ废石⮱ͨ㺮ࡃ႓᜽ܳ㻮㶕1ȡ͑㔲⮱ͨ

㺮ࡃ႓㏱᜽౴ͧSiO2 হAl2O3喑 尾矿͚SiO2Ƞ Al2O3Ƞ 
CaO䉕䛼ܳ᪝ᕨহ䓫84.41ݝ%喑 䔆⻺᜽ܳ䙺℁ᰶݖ

λౕ☔㐀䓴⼸͚ᒏ᜽क़䒶石矿➖⮱Ҁ㈨喑 ᰶߖλ෋

ᱽ᫆⮱㜡ჳᏓ喑 ᭜̭⻺⤳ᘠ⮱☔㐀ᱽ᫆嗀11嗂ȡఫ3ߍ

ఫ1ȟ䔼Ⅱⵃิݣጒ㞧≮⼸ఫ

Fig. 1ȟProcess flow diagram for preparation of permeable brick
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ఫ2ȟ74 µm喍200Ⱋ喎В̸尾矿ㆿᏓܳጰఫ

Fig. 2ȟParticle size distribution diagram of tailings  
below 74 µm 喍200 mesh喎
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表1 尾矿和废石主要成分

Table 1 Chemical components of tailings and waste rock （%， mass fraction）

᜽ܳ SiO2 Al2O3 CaO Fe2O3 K2O MgO TiO2 ☔๞

尾矿᜽ܳ 65.90 11.81 6.70 6.21 5.97 0.32 0.32 2.42

废石᜽ܳ 58.70 18.70 2.31 7.90 6.26 0.65 0.52 ÿ
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ͧ䨉尾矿⮱XRDఫ䅞喑 ᭫⹧ͨڣ㺮矿➖᜽ܳͧ石

㠞Ƞ ₐ䪬石Ƞ 石㚼Ƞ 倅ᇚ石喑 ओक़ᄾ䛼᫦㼐石Ƞ 叱䧮

矿হ䛾ξ⃺ぶ矿➖ȡ尾矿͚⮱ⷞ䛾ᆋࡃव➖ज䭺ѻ

☔㐀⍖Ꮣ喑 Ӱ䔈⋟Ⱕᒏ᜽ȡ☔ݣ䓴⼸͚喑 ܳ㼐⮱ⷠ

䚥⯽হ⶘䚥⯽ज᣽倅ᱽ᫆⮱ႁ䯆⢴喑 ϻ㔹᣽ࡴⵃҀ

⮱䔼Ⅱᕔ㘪ȡ

ఫ4᭜俕᫆废石⮱XRDఫ䅞喑 ͨڣ㺮矿Ⱕͧ石

㠞Ƞ зݖ石Ƞ ݖ㯴㏦石হₐ䪬石ȡ͚ڣ⮱石㠞হ䪬

石Ⱕᰶڤ䒰倅⮱⶙Ꮣ喑 ҉ͧ俕᫆㘪෋ᑧⵃҀ⮱᪡Ҁ

ᑧᏓ嗀14嗂ȡ

2.2 烧结温度对烧结透水砖性能及形貌的影响

ͧ⶛ჇᰭҠ☔㐀⍖Ꮣ喑 䔶ःㆿᒱͧ0.85~2.00 µm 
喍10~20Ⱋ喎⮱废石ͧ俕᫆喑 Ԋ⍖ᬣ䬡䃫Ⴧͧ60 min喑 
尾矿ᣧ䛼ͧ50%喑 ☔㐀⍖Ꮣᣔ200 1~160 1ౕݣ ℃ȡ

尾矿͚क़ᰶK2OȠ Na2Oぶⷞ䛾ᆋ⅔ࡃ➖喑 ज҉ͧߖ

ڲ℃ 200 1~160 1ౕڣ喑 Ҭ◦⛁ڞ⮱䭺ѻҀ㈨ݯ⛁

㘪์⩌᜽䋠䛼⋟Ⱕ喠 㔹废石俕᫆⮱ͨ㺮᜽ܳ石㠞

喍SiO2喎হ䪬石⮱⛁◦౴倅λ1 200 ℃喑 ౕ☔᜽䓴⼸͚

ͨ㺮䊤俕᳣ᩜᦾ҉⩕ȡ఍ₑ喑 ౕₑ⍖Ꮣࡧ䬡ڲ喑 尾
矿⛁㲺Ꭳ඘ٲȠ 叼㐀倅⛁◦⮱废石俕᫆喑 ᭜჋⣝ⵃ

Ҁ☔㐀̻ႁ䯆᜽ಸ⮱ڠ䩛ȡ

ఫ5᭫⹧γ̺ह☔㐀⍖ᏓᄦⵃҀោៅᑧᏓহ䔼

Ⅱᕔ㘪⮱ᒞ৺ȡजВⰸܧ喟 ⵃҀ⮱ោៅᑧᏓ䮼☔㐀

⍖Ꮣ⮱ࡴ倅㔹෋๔喑 1 200 ℃ᬣ䓫4.65 MPa喠 ⵃҀ⮱

䔼Ⅱᕔ㘪݆ॵⰥࣺ䊸߬喑 䮼Ɑ☔㐀⍖Ꮣ⮱̷ࡴ㔹䭺

ѻ喑 1 200 ℃ᬣ܍ͻͧ0喑 ̺ิڤ䔼Ⅱ㘪߈ȡ䔆᭜⩞

λࡴ⍖䓴⼸͚喑 废石㶕䲏࠲㸦䭱Ɑ⮱尾矿䷄ㆿ䔽⌽

ᒏ᜽⛁㲺⋟Ⱕ喑 Ҭ俕᫆䷄ㆿϔ⩌叼䔋喑 ́⍖Ꮣ䓴倅

чߍᔘ叼䔋➖䉕⮱ࣺᏁ䕌⢴嗀14嗂ȡ俕᫆䷄ㆿ䬡⮱ႁ䯆

䔽⌽㷘⛁㲺⋟Ⱕ඘ٲ喑 ䷄ㆿ㐀वᰡߍ㜡ჳ喑 ⵃҀោ

ៅᑧᏓᓄݝ᣽倅ȡ㔹ౕ䒰ѻ☔㐀⍖Ꮣᬣ喑 ⩌᜽⮱⛁

㲺⋟Ⱕ䒰ᄾ喑 ☔㐀⼸Ꮣ̺䋠喑 俕᫆䷄ㆿ䬡ႅౕ๔䛼

ႁ䯆喑 ఍ₑ䔼Ⅱ㈨᪝䒰๔喑 ͧ42.2f10−2 cm/sȡ䮼Ɑ

⍖Ꮣ⮱䔈̭ₒࡴ倅喑 䔆ψႁ䯆㷘᫝⩌᜽⮱⛁㲺⋟Ⱕ

඘ٲ喑 䔼Ⅱ䕇䖀㷘ൢඋ喑 ᄩ㜡䔼Ⅱ㈨᪝ᕒ̸ޔ䭺嗀15嗂ȡ

ఫ 6 ᭜☔㐀⍖Ꮣܳͧݘ 1 160Ƞ 1 170Ƞ 1 180Ƞ  
1 200 ℃喑 Ԋ⍖ᬣ䬡౴ͧ60 min⮱䔼Ⅱⵃ䄂ᵤ⮱᫚䲏

⚔❴ȡ⩞ఫजⴒ喑 ⍖Ꮣͧ1 160 ℃ᬣ喑 废石䷄ㆿ͸䬡

⮱☔㐀⼸Ꮣ䒰ѻ喑 ⩹䭽⌲ᮝ喑 ႅౕ๔䛼䕇ႁ́ႁ䯆

๔ᄼܳጰ̺౴ȡ䮼Ɑ⍖Ꮣࡴ倅喑 废石䷄ㆿౕ⛁㲺尾

矿࠲㸦̸㐀वᓄᰡͧ㉔ჳ喑 ႁ䯆᪝䛼अᄾȡᒀ⍖Ꮣ

ͧ1 200 ℃ᬣ喑 俕᫆䷄ㆿ䬡܍ͻ㷘⛁㲺尾矿඘␎喑 ႁ

ఫ3ȟ尾矿XRDఫ

Fig. 3ȟXRD pattern of tailings
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ఫ4ȟ废石XRDఫ

Fig. 4ȟXRD pattern of waste rock
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Fig. 5ȟEffects of firing temperature on flexural strength and 
permeability coefficient of permeable brick
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䯆㏳ᄼ喑 䕇ႁ䒰ᄾȡ

ౕ1 180 ℃☔᜽⍖Ꮣ̸喑 ☔㐀䔼Ⅱⵃ᫚䲏俕᫆

叼व㉔ჳ喑 ႅౕ䒰็䒰๔䕇ႁ喑 ⵃҀ㐩वᕔ㘪хᐯ喑 
ោៅᑧᏓͧ 3.59 MPa喑 䔼Ⅱ㈨᪝ͧ 6.1f10−2 cm/s喑  
䓫ݝȨ䔼Ⅱ䌜䲏ⵃহ䔼Ⅱ䌜䲏ᲬȩGB/T 25993ÿ
2023㺮Ⅿ喑 䔉䊲䔼Ⅱぶ㏔A㏔ᴴ۳喍2.0f10−2 cm/s喎ȡ
⍖Ꮣ㐔㐚ࡴ㜠1 190 ℃喑 ᅪノⵃҀ⮱ោៅᑧᏓ᣽ࡴ

㜠4.49 MPa喑 䔼Ⅱ㈨᪝ࢡ䭺㜠1.9f10−2 cm/s喑 ѻλ

పუᴴ۳䔼Ⅱぶ㏔A㏔㺮Ⅿȡ㐩̷᝭䔝喑 1 180 ℃᭜

☔㐀䔼Ⅱⵃ⮱ᰭҠ☔᜽⍖Ꮣȡ

2.3 保温时间对烧结透水砖性能及形貌的影响

ͧ䔈̭ₒ⶛Ⴧᰭх☔㐀᲎У̸⮱Ԋ⍖ᬣ䬡喑 ౕ
1 180 ℃☔㐀⍖Ꮣ̸喑 䃫ჇԊ⍖ᬣ䬡40~100 min喑 ⵁ
⾣Ԋ⍖ᬣ䬡ᄦ䔼Ⅱⵃᕔ㘪⮱ᒞ৺㻱ᒸȡఫ7᭫⹧γ

̺हԊ⍖ᬣ䬡ᄦ☔㐀䔼ⅡⵃោៅᑧᏓহ䔼Ⅱ㈨᪝

⮱ᒞ৺ȡ⩞ఫजⴒ喟 ⵃҀោៅᑧᏓ䮼Ԋ⍖ᬣ䬡⮱

ᐣ䪬䔽ₒ෋๔喑 ϻ1.15 MPa෋㜠5.13 MPa喠 ̻͸Ⱕ

ࣺ喑 䔼Ⅱ㈨᪝ॵ⣝䔿ۼ䊸߬喑 ϻ32.9f10−2 cm/s䭺㜠

1.5f10−2 cm/sȡ
ᐣ䪬Ԋ⍖ᬣ䬡喑 ⵃҀڲ䘕☔㐀ࣺᏁᰡܳٲ喑 ⵃ

Ҁڲ⮱⛁㲺⋟Ⱕ෋็喑 俕᫆䷄ㆿ͸䬡㐀वᰡ㉔ჳ喑 
叼㐀߈ᰡᑧ喑 ᪡ҀᑧᏓᓄݝγ᣽倅ȡ♣㔹喑 Ԋ⍖ᬣ

䬡䓴䪬чϔ⩌䓴็⛁㲺⋟Ⱕ喑 䔈㔹඘ٲⵃҀڲ䘕⮱

ႁ䯆喑 ۼᄾⅡ≮䕇䖀喑 䭺ѻⵃҀ⮱䔼Ⅱ㈨᪝嗀16嗂ȡ⩞

ₑज㻮喑 Ԋ⍖ᬣ䬡⮱ᣔݣᄦλ☔㐀䔼Ⅱⵃ㐩वᕔ㘪

䩛҉⩕ȡڠᰶڤ

ఫ8ͧ☔㐀⍖Ꮣ 1 180 ℃ᬣ喑 Ԋ⍖ᬣ䬡ܳͧݘ

40Ƞ 80Ƞ 100 min⮱䔼Ⅱⵃ䄂ᵤ⮱᫚䲏⚔❴ȡ⩞ఫ8
जⴒ喑 ᒀԊ⍖ᬣ䬡ͧ40 minᬣ喑 ᫚䲏⮱⛁㲺尾矿䒰

ᄾ喑 废石䷄ㆿ͸䬡叼㐀⪼Ძ喑 ႁ䯆๔ᄼ̺౴喑 ็ͧ䕇

ႁȡᒀԊ⍖ᬣ䬡ͧ60 minᬣ喑 ⵃҀڲ䘕☔㐀⼸Ꮣᰶ

᝭᣽倅喑 俕᫆叼㐀ᩦ઱喑 ѳႁ䯆㐀Ჱᐭ໸㷘⋟Ⱕ඘

ఫ6ȟ̺ह☔㐀⍖Ꮣ̸䔼Ⅱⵃ᫚䲏⚔❴

Fig. 6ȟPhotos of permeable brick section at different firing temperatures喟 喍a喎 1 160 ℃喠 喍b喎 1 170 ℃喠 喍c喎1 180 ℃喠 喍d喎 1 200 ℃

(a) (b)

(c) (d)

10 mm  

  
10 mm

10 mm

10 mm

ఫ7ȟԊ⍖ᬣ䬡ᄦ䔼ⅡⵃោៅᑧᏓȠ 䔼Ⅱ㈨᪝⮱ᒞ৺

Fig. 7ȟEffects of holding time on flexural strength and 
permeability coefficient of permeable brick
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 喑ߍᄾȡ䮼ⱭԊ⍖ᬣ䬡෋ۼ喑 䕇ႁ᪝䛼䒰40 minᬣٲ

尾矿☔㐀ᰡܳٲ喑 ⛁㲺⋟Ⱕ෋็́≮ߕᕔᰡສ喑 ඘ٲ

废石䷄ㆿ͸䬡⮱ႁ䯆喑 ᄩ㜡䕇ႁᅧᄥअᄼȠ ᪝䛼ۼ

ᄾȡᒀԊ⍖ᬣ䬡ͧ100 minᬣ喑 俕᫆䷄ㆿ͸䬡叼㐀ٲ

ܳ喑 㐀Ჱ㜡ჳ喑 ѳ๔䛼ႁ䯆㷘ൢඋ喑 䕇ႁᒵᄾȡ

Ԋ⍖ᬣ䬡ͧ60 minᬣ喑 ⵃҀោៅᑧᏓͧ3.58 MPa喑 

䔼Ⅱ㈨᪝ͧ 8.7f10 −2 cm/sȡ㮪♣ڣ䔼Ⅱᕔхλ

80 min䄂ᵤ喑 ѳោៅᑧᏓ䒰ѻ喑 㔹80 min⮱ᵤ৮ౕᑧ

Ꮣ喍4.01 MPa喎হ䔼Ⅱᕔ喍4.6f10−2 cm/s喎͸䬡ःᓄγ

ᰭҠᎠ㶎喑 ౴␎䋠పᴴA㏔㺮ⅯȡԊ⍖ᬣ䬡ᐣ䪬㜠

100 minᬣ喑 㮪♣ⵃҀ⮱ោៅᑧᏓ᣽倅㜠5.13 MPa喑 

ѳ䔼Ⅱ㈨᪝᭫㦄䭺ѻ㜠 1.5f10−2 cm/s喑 ᱗㘪␎䋠 

A㏔䔼Ⅱⵃ⮱㺮Ⅿȡ఍ₑ喑 ϻ㐩वᕔ㘪㻿Ꮣࣾܧ喑 

䔶᠖80 min҉ͧᰭҠԊ⍖ᬣ䬡ȡ

2.4 废石粒径对烧结透水砖性能及形貌的影响

ౕ1 180 ℃☔᜽⍖Ꮣহ80 minԊ⍖ᬣ䬡⮱☔㐀

⮱Ꮣ̸喑 䔈̭ₒᣏ⾣俕᫆废石ㆿᒱᄦ䔼Ⅱⵃᕔ㘪ݣ

ᒞ৺喑 㐀᳉ຯఫ9᝭⹧ȡजВⰸܧ喑 䮼Ɑ俕᫆ㆿᒱ

⮱෋๔喑 䔼Ⅱⵃ⮱ោៅᑧᏓহ䔼Ⅱ㈨᪝䘪ॵ̷ࡴ䊸

߬ȡᒀ俕᫆ㆿᒱͧ 2.00~3.35 mm喍6~10Ⱋ喎ᬣ喑 䄂

ᵤ⮱ោៅᑧᏓ䓫ݝምթ4.23 MPaȡ䔆ज㘪᭜఍ͧ䒰

๔ㆿᒱ⮱俕ౕ᫆⛁㲺尾矿ڲ䘕㘪ᒏ᜽ᰡ็Ƞ ᰡᑧ⮱

叼㐀ᶒ喑 ҬⵃҀᰡߍ➏ధȡहᬣ喑 ᒏ⟣̺㻱݆⮱๔

俕᫆䷄ㆿ䬡ള⼜ᒏ᜽⮱䬡䯆䒰๔喑 ͧ䔼Ⅱ᣽ӈγᰡ

็Ƞ ᰡ๔⮱䕇䖀喑 ϻ㔹෋ᑧγ䔼Ⅱᕔ㘪嗀17嗂ȡ

ఫ 10 ̷ͧ䔝☔㐀ጒ㞧̸喑 ̺ह俕᫆废石ㆿ

ᒱ[2.00~3.35 mm喍6~10Ⱋ喎Ƞ0.85~2.00 mm喍10~20Ⱋ喎Ƞ 

0.60~0.85 mm喍20~30Ⱋ喎]⮱䔼Ⅱⵃᵤ᱙᫚䲏⚔❴ȡ

जВⰸܧ喟 ๔ㆿᒱ俕᫆͸䬡叼㐀㉔ჳ喑 䔼Ⅱႁ䯆䒰

๔喑 䕇ႁᅲ็喠 ࣺ͸喑 ᄼㆿᒱ废石͸䬡ႁ䯆䒰ᄼ喑 ο

̺Ⱕ䔋ȡ఍ₑ喑 Ҭ⩕2.00~3.35 mm喍6~10Ⱋ喎⮱废石

俕᫆ᬣ喑 ☔㐀䔼Ⅱⵃ㐩वᕔ㘪ᰭҠȡ

ఫ8ȟ̺हԊ⍖ᬣ䬡̸䔼Ⅱⵃ᫚䲏⚔❴

Fig. 8ȟPhotos of permeable brick section at different holding times喟 喍a喎 40 min喠 喍b喎 60 min喠 喍c喎 80 min喠 喍d喎 100 min

  

  

(a) (b)

(c) (d)

10 mm 10 mm

10 mm10 mm

ఫ9ȟ废石ㆿᒱᄦ䔼ⅡⵃោៅᑧᏓȠ 䔼Ⅱ㈨᪝⮱ᒞ৺

Fig. 9ȟEffects of waste rock particle size on flexural strength and 
permeability coefficient of permeable brick
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2.5 尾矿掺量对烧结透水砖性能及形貌的影响

ౕ☔᜽⍖Ꮣͧ1 180 ℃Ƞ Ԋ⍖ᬣ䬡80 minȠ 废石

ㆿᒱͧ2.00~3.35 mm喍6~10Ⱋ喎᲎У̸喑 䔈̭ₒ㔰ᄌ

尾矿ᣧ䛼ᄦⵃҀ㐩वᕔ㘪⮱ᒞ৺喑 㐀᳉㻮ఫ11ȡ⩞

ఫजⴒ喑 ោៅᑧᏓ䮼Ɑ尾矿ᣧ䛼⮱෋ߍ㔹䔽⌽᣽

倅喑 䔼Ⅱ㈨᪝䮼Ɑ尾矿ᣧ䛼⮱෋ߍ䔽⌽䭺ѻȡ䔆᭜

఍ͧⵃҀ尾矿क़䛼倅喑 倅⍖⛁㲺⋟Ⱕ෋็喑 俕᫆䷄

ㆿ叼㐀ᰡͧ㉔ჳ喑 ϻ㔹᣽倅γោៅᑧᏓȡहᬣ⋟Ⱕ

䛼⮱෋ߍч䕍᜽ⵃҀႁ䯆ൢඋ喑 䔼Ⅱ䕇䖀ۼᄾ喑 ᄩ

㜡䔼Ⅱᕔ䭺ѻȡ

̷ౕ䔝☔㐀ݣᏓ̸喑 废石ㆿᒱͧ2.00~3.35 mm

喍6~10Ⱋ喎Ƞ ̺ह尾矿ᣧ䛼喍20%~70%喎⮱䔼Ⅱⵃ䄂ᵤ

᫚䲏⚔❴ຯఫ12᝭⹧ȡजВⰸܧ喑 䮼Ɑ尾矿ࢍ℁⮱

᣽倅喑 倅⍖⛁㲺Ⱕ෋็喑 俕᫆废石͸䬡叼㐀ᰡ㉔ჳ喑 

㐀Ჱᰡ㜡ჳ喑 䔼Ⅱ䕇ႁ᭫㦄अᄾȡᒀ尾矿ᣧ䛼ͧ60%

ᬣ喑 䄂ᵤោៅᑧᏓज䓫5.81 MPa喑 䔼Ⅱ㈨᪝ࢡ䭺㜠

1.1f10−2 cm/s喑 ᱗㘪␎䋠పუᴴ۳A㏔䔼Ⅱᠴᴴȡ㐩

व㔰㭾喑 ☔㐀䔼Ⅱⵃ⮱ᰭҠ尾矿ᣧ䛼Ꮑᣔ50ౕݣ%ȡ

ఫ10ȟ̺ह废石ㆿᒱ⮱䔼Ⅱⵃ᫚䲏⚔❴喟 喍a喎 6~10Ⱋ喠 喍b喎 10~20Ⱋ喠 喍c喎 20~30Ⱋ

Fig. 10ȟPhotos of permeable brick section for different waste rock particle sizes喟 喍a喎 6~10 mesh喠 喍b喎 10~20 mesh喠 喍c喎 20~30 mesh

   

(a) (b) (c)

10 mm 10 mm 10 mm

ఫ11ȟ尾矿ᣧ䛼ᄦ䔼ⅡⵃោៅᑧᏓȠ 䔼Ⅱ㈨᪝⮱ᒞ৺

Fig. 11ȟEffects of tailing content on flexural strength and 
permeability coefficient of permeable brick
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Fig. 12ȟPhotos of permeable brick section for different tailing content喟 喍a喎 20%喠 喍b喎 50%喠 喍c喎 70%

   

(a) (b) (c)

10 mm 10 mm 10 mm

2.6 烧结机理分析

☔㐀䔼Ⅱⵃ⮱ោៅᑧᏓͨ㺮ः۠λ尾矿̻俕

᫆废石⮱叼㐀ᑧᏓ嗀18嗂喑 हᬣऄݝ☔㐀䓴⼸͚ⵃಜ

⮱➖⤳Ƞ ࡃ႓Вࣷ矿➖႓अࡃ⮱ᒞ৺ȡ̺ह⍖Ꮣ

☔㐀ᓄݝ⮱䔼ⅡⵃXRDఫ䅞㻮ఫ 13ȡᒀ☔᜽⍖Ꮣ

ͧ 1 160 ℃ᬣ喑 尾矿͚石㚼Ƞ 倅ᇚ石Ƞ ᫦㼐石Ƞ 叱

䧮矿Ƞ 䛾ξ⃺喑 Вࣷ废石͚зݖ石Ƞ 㯴㏦石ぶ矿Ⱕ

㵺ᄱም౴⊵๞喑 㶕ᬻ䔆ψ矿Ⱕౕ倅⍖̸ࣾ⩌γܳ
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㼐喠 हᬣ喑 ᫝ᮣⰥ䧍䪬石হ䊑䧮矿䮼⍖Ꮣ⮱ࡴ倅㔹

෋็ȡ

ౕధⰥ☔㐀䭣⃢喑 尾矿͚ऱ⻺矿➖⮱ᮣᵩ㷘ⵡ

౼ऻ喑 ᒏ᜽⮱䲋ᮣᔮ➖䉕㐀ᮣ⩌᜽䧍䪬石喑 䘕ܳ䪬

石̻石㠞Ƞ ⵲䨊䚥⯽ᒏ᜽ѻڞ⛁➖喑 ӰҬ尾矿⛁㲺喑 
ᒏ᜽⋟Ⱕ喑 ٲ඘λ俕᫆䷄ㆿ͸䬡喑 䊤ݝ叼㐀҉⩕ȡ

㐩̷᝭䔝喑 ᣕ≸ₑ䓴⼸ࣺᏁຯ̸ [ᐼ喍2~7喎]嗀15-16嗂喟 

  ᐼ喍2喎

  ᐼ喍3喎

  ᐼ喍4喎

  ᐼ喍5喎

  ᐼ喍6喎

  ᐼ喍7喎

䭣⃢喑 䮼Ɑ⍖Ꮣ䭺ѻ喑 倅⍖⛁Ҁ䔽⌽ۤࢡౕۤ
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Fig. 13ȟXRD patterns of raw materials and permeable bricks 
sintered at different temperatures
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Fig. 14ȟSEM image of permeable brick cross-section under 
optimal process conditions
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Preparation and Properties of Sintered Permeable Brick Made from Copper 
Tailings and Mine Waste Rock

Li An喑Gao Yang喑Yu Jin喑Tu Yu喑Li Bingrong喑Wang Quanyong

(Jiangxi Copper Technology Institute Co.喑 Ltd.喑 Nanchang 330001喑 China)

Abstract喟To explore new pathways for utilization of copper tailings and mine waste rocks, these two materials were selected as raw 

materials to prepare sintered permeable brick. X-ray diffraction (XRD) and X-ray fluorescence spectrometry (XRF) techniques were 

employed to analyze mineral phase structure and chemical composition of tailings and waste rocks. Sintering mechanism was then 

analyzed. Compression molding method, with waste rocks as aggregates, was chosen to prepare sintered permeable bricks with a high 

content of tailings. An in-depth exploration was conducted on the effects of four factors, namely firing temperature, holding time, particle 

size of waste rocks, and content of tailings, on comprehensive performance of the brick. Ideal combination of the factors required further 

enhancement of mechanical strength while ensuring permeability performance of the brick, achieving a balance between strength and 

permeability of the brick. Research results indicated that the optimal process parameters were a firing temperature of 1 180 ℃, a holding 

time of 80 min, a particle size of waste rocks ranging from 2.00 to 3.35 mm (6~10 mesh), and a tailings content of 60%. Permeable brick 

prepared under this process exhibited a flexural strength of 4.23 MPa and a permeability coefficient of 10.1f10−2 cm/s, both of which 

complied with requirements of the national standard GB/T 25993ÿ2023 "permeable paving bricks and permeable paving flags".

Key words喟 tailing喠 waste rock喠 sintered permeable brick喠 intensity喠 permeability coefficient
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