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Table 1 Technical specifications of cement

6 I 551 H FAR TR R 4E R

0.045 mm J7 fLI 4% /% <10 5.8
2 5E M /mm <5 1.5
FrRUETIEE /% 27.5
Wt >45 198

FEELE ] /min
2803 <600 322
3d >3.5 45

YUY /MPa
28d >6.5 73
3d >17 24.6

YU R /MPa
28d >42.5 45.8

R2 EAHHANEAT

Table 2 Technical specifications of aggregate

PR ST mm | FEBFFE /(g - om™) | WA Z/% | FEREAE 1%
[0,2.36) 2.583 2.80
[2.36,4.75) 2.637 2.50
[4.75,9.5) 2.779 1.60 25
[9.5,19) 2.726 0.88
[19,31.5) 2.752 0.73

R3 NWPCB a9 4 S8R AR 53
Table 3 Composition and content of NWPCB %

w ABY | w(BH | w RS | w(ER | w(EA | w(E
HEMIE) | &48) | AR | k) | B | A

33~35 46~47 12~14 4~5 3~4

B 1 NWPCB424 % 4% A

Fig.1 Scanning electron microscope image of NWPCB
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Table 4 Technical specifications of butadiene-styrene 121 R
emulsion N
— e A I P2 T 2 AR A1)
EK2N E SIS N By
- (JTG/T F20—2015 ) 4fi: 47 1035 JH T 125 1 2 0 — 2%
A ENSREN S R TLN N s . e
e o A B 4 2 RURE HE 52 C-B- 1| B PR 0, 44
E‘{:ﬁ : - TR 26.5 mm 7 FLIFAE R AR U 4 B 12 £
H 6~7
; Hokb R L E S,
FiE/(mPa-s) 1 000~1 200
x5 HEHu@m
Table 5 Grading of aggregate %o
3 3R B0 0L B SRR T i R
e
26.5mm |19 mm |16 mm | 13.2mm| 9.5mm | 475 mm [2.36 mm | 1.18 mm | 0.6 mm | 0.3 mm | 0.15 mm | 0.075 mm
e PR | 1000 | 86.0 | 79.0 | 72.0 62.0 45.0 31.0 22.0 15.0 | 10.0 7.0 5.0
HECFFR | 1000 | 82.0 | 73.0 | 65.0 53.0 35.0 22.0 13.0 8.0 5.0 3.0 2.0
KB | 100.0 | 84.0 | 76.0 68.5 57.5 40.0 26.5 17.5 11.5 7.5 5.0 3.5
M4 2R 5 B EL , 155 1 0.6~1.18 mm Fll 0~ £6 FRETELRSE T NWPCB-KRAZ 4G

0.075 mm K48 0 4R R 2 S HBVIAR R, AR )E R
FA AR FER I 1 75 5, I NWPCB B ik 1 14 £ K
AR, BT, NWPCB 24 5 4 R BAR R Y
1%, SRS R 1Y 6%,
122 S

i SR, AR 5T A R A K R R A
A1 0 e KT % 8 R 2.490 glem’, B HE S K RN
4.982% ; NWPCB-7K Jfé 2 5 1 A7 1) Je K %% i ok
2.436 glem’, A KN 5.293% ; U1 NWPCB-
K e R E WA S AE NWPCB—/K I f4 5 i £1 h B A
TORFLWCH & W, R B T AR A &
(0 F 7K 8, 45 10 O M NWPCB-7K U8 4 i 1 0 1 &
IK %K 5.293% , 5 NWPCB-/K Jé Fa 5 W A 1) i 4
KRR
123 TRILWEBE

5, 8 2 7K U8 B A R A L2 1) B ZE AR A A -
FETCHLES Aok R e ARt Tad /2 rp, 7 d JE R
Pt e i B 2 it T A s o 0 R AR % AR
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SEEAPERERIFE I o PRI, AR SO B 7 d TR BR Ht
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[ A 5 K U8 19 5 b ) Y Bl PE NWPCB-/K T fa e
WA, BRI B 43 R O AN A4 I X HL kA7 )
(RS - . o N i I S I 7 S R
NWPCB- 7K Jé fa % B A 7 d Jo i BR bt & o 7
W6,

7 d A FR AR JE 5% JE
Table 6 The 7 d unconfined compressive strength of
modified NWPCB-cement stabilized crushed stone with

different butadiene emulsion dosage

TRFLABE% | 7 AT BRYTHE 58 BE A FAE /M Pa
0 5.56
5 6.77
10 5.83
15 3.92

HR4E R 6 I &E Rl A, TARARBE N
5% 1) £5 1 0 NWPCB-7K R A& e W A7 7 d Te il
B B0 FE 5 B a5 v, il TR AL IR B
H 5%
1.3 REHE5FF

FH NWPCB SR BV 0 AR AN AE AL, TR FLI
VERIMB T, A 25 0028 B L , I ) 4 19 45 283K
PER P AIAAR , YR 5% KB, BT
NWPCB 5 KA KA FRTE R D AHZERR R
FHAR 2 #1004 5 20T DA = TR A R o A 1935 2
P BT A FEAL A B 7 R Sh 1 R R A R
N E R AR B Sk DT60ZEW , 3% 3 iy A Zh %0
2.2 kW, i £ A TR 4 kW, $EFIET R 120 s,
SR IR Bl if 52 32X 50 o) 2 % 2 4 A B A 0 31
T 45 A 46 5 SR FH R SE M 10 em (58 ) X10 em
(15 ) %40 em (K ) 9 32 23R, 33 5 4> 3 565 v 4
A B K PR WA AT IR B Y0 6 41 5 Rl
6 A0 TR A8 P55 2R R SE R 15 em (ELAR ) X
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Fig.2 Relationship between age and cumulative

water loss rate
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Fig.3 Relationship between age and cumulative

shrinkage strain
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Fig.5 Temperature shrinkage coefficient test results of
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Fig. 6 The relationship between the times of freeze-thaw

cycles and the rate of mass change
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Fig.7 Strength loss of freeze-thaw cycle
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Fig. 8 Relationship between drying time and water loss rate

FH &1 8 T AT, =K e A i A 1 2R K e Bl 7
BT B A3 N2 20 N TERE TR /N T 6 h
B, NWPCB-7K U Fst i W A7 119 2 7K 38T Bt i B e
K, Bt RAKFIK 0.88%; fEHE T B KT 6 hi),
=PRIV R B A B R KR KRB Y . X AT B2
H F NWPCB-/K U £ o2 W A il R A7 76 58 2 10 fL
Bt S i B T R A A T, P9 K A R R T
KA Ty AEMR BT S50 R KFT R, HET

R 18 iy, = K Je AR B A PR A S K 36
/T 0.02% , i HEAf E — R TRR AR ER A AL

M 18 he
2) BRI S WK RMER (K 9).
1.8
—e— EKIRRE RS
Lor —eo— NWPCB—KJeRE A
14F —a— U ENWPCB— /KRR E AT
12}
ok
ﬁ 1.0
E.’i 0.8
0.6
04
02
0.0 . L
0 3 6 9 12 15 18
BOKI /M

B9 EAREKEEKEY X R
Fig. 9 The relationship between soaking time and water

absorption

FH &1 9 mT N, =K e e e A 1) I 7K 3 il 2
BRI B 3G I 20 0N o FE IR Kk B R 6
h, =B K P A WA B IR K SR AR A 88 L 2 4
W 7K 232 B KB INEF I : NWPCB-/K 8 f2
FEWEA P NWPCB-/K e B A 3l /K e fa
FERAT 5 PR YRS E B AT R ACRIER K 6 h )5
H AR AL R B Y, 9138 TR K 15 b B 3k B KR
Ao BXFRI =FoK e e i A 7 i K i 8 1 5
W K ECR A S I K GHR A I — IR TR AR
R = K I KR 15 he

3) TR I B R (K110) o

I TR
[ FiERs
8.85
8.30

7.42
6.86

TEMFR HUEDE B/ MPa

Wi K Ye R E
BEAT

NWPCB-/K Jé
TEREAT
vk
10 FREZHRREEH K
Fig. 10  Dry-wet cycle strength loss

H B 10 AT, 2817 5 TR R, =il
149 T BR ¢ s 560 32 4% B B 44 8 T 90% . = Al AF
Fig FEHC A0 B 5 0000 R 470 7 5 88 ) 3 B {8 el o

et NWPCB-/K 8
FaE A

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



46 kv EIXFEFER(OEAHFRK)

2023412 A

FN/NHET AR UCH < 8538 K AR E 1 A (96.3%) B
P NWPCB-7K e e % A1 (93.8% ) .NWPCB-7K Jig
FE AT (92.5%) o X VL2 5 T 146 B )5 4%
FA i e e R B R B /N . BLSR NWPCB /Y
B SRR e R E #F A WP sk FE AR B, B
J2 AR R BB JF A K, NWPCB-/K I Fa i i 1 5 3%
T 7K YRR WA () TR AR AR S A AR Y, TR
ZL IR U AT L k3 NWPCB-7K e B4 2 i A 1) T 1 A
AN RS

AT R FH v N I i 2 0 ) C-B-1 2%
J5C (4 A, 4B N 0.6~1.18 mm F10~0.075 mm i
J 2 5 A L 4 T Ak A AR R AR R AR A A R o
IKVERRE WA, FF B AT R FLBO K Je e i A
(P BE IR AT 0 AL o 8 A X 3 3 K U8 R R R A
NWPCB-7K e & 5 A1 A1l NWPCB-/K Je fa g
A R A7 WA 4 R 06 A BRI 56, X e 43 B = bk
VRS WA BRI E A B )y . EE45 R
mr.

1) £ T 43 PEBE 7 il , NWPCB-/K e §4 5E i A1
1K) - 24 45 22 0 3 3 /K U8 B E R A A T
5.4% B AN T K FL G B2t NWPCB-K Je £ i
AT 1 SF- 25 1 47 2 50088 NWPCB-/K e R s i1 1Y
/N T 19.0% . NWPCB [958 A XK Je e e A1 1)
+ 4 PR RE B2 R K, TR FLW T DL 3
NW PCB-7K e f& i i A 1) 1 4a PR fg

2) TE R4 P fE J7 1, NWPCB-/K Je £ 5 i A1
) S 257 308 45 2R B0 3 K YR RS B R A AR T
8.8% , 2 it T A FLI B M i NWPCB- 7K Je £ i i
A 349 9 45 2R O R BT 9 NWPCB- 7K R B i
A S — BN T 4.8%, X W] NWPCB 8%
3 20 AR RE AT DL K VR R E R Y TR 4 PR RE
TORFLBE S T A

3) TEPUTR Al PERE J7 1T, NWPCB- 7K Je f2 e i
A7 1) VR R A J5T 5 400 % Wk e T30 38 K IR AR E TR A
() 46 o RMT, = FROK PR RS E MR A 1 28 d TG
) R 47 1 548 5 % B2 {2415 T 90% .. NWPCB-7K ¢
R W A BT o m P e 5 Al K I AR R R
FOM Y. b, TR FL AT DLk 3 NWPCB-7K Jé
TR WA PR Rl BE

4) TE T 146 2R 4¢P 5 1, NWPCB-/K e 2 e

TS A A5 3 /K R AR R R A S 7 H B ) G KR K
YRR, = oK TR AR e WA 1Y 28 d TS BR BT e i
5% B H 2 8 T 90% , NWPCB- /K Jé #4 5 1 A1 1Y
T 1A PR 1 5 3 K R AR R AR R Y
IEAh, TR FL A 48 AT NWPCB-/K Y £ /8 1 A
BT IR AE ER AR 2 T PR AR E I

[ 2% 3Tk ]

[1] VEIT H M, DIEHL T R, SALAMI A P, et al.
Utilization of magnetic and electrostatic separation in
the recycling of printed circuit boards scrap [J]. Waste
Management, 2005, 25(1) : 67-74. DOI: 10.1016/j.
wasman.2004.09.009.

[2] CUI J R, FORSSBERG E. Mechanical recycling of
waste electric and electronic equipment: a review [J].
Journal of Hazardous Materials, 2003, 99 (3) . 243-
263. DOI: 10.1016/S0304-3894(03)00061-X.

[3] L1J, XU Z M, ZHOU Y H. Application of corona
discharge and electrostatic force to separate metals and
nonmetals from crushed particles of waste printed
circuit boards [J]. Journal of Electrostatics, 2007, 65
(4): 233-238. DOIL: 10.1016/j.elstat.2006.08.004.

(4] DfRff, FEA, 254 5 ks MR B2 2 Al

H B Cu BT FE (] BRBERE A, 2006, 27 (9)
1895-1900. DOT: 10.13227/j.hjkx.2006.09.036.
MA Junwei, WANG Zhenzhen, LI Jinhui. Study on
recovery of copper from waste printed wiring boards by
electrostatic separation [J]. Environmental Science,
2006, 27 (9) : 1895-1900. DOI: 10.13227/j. hjkx.
2006.09.036.

[5] VEIT H M, BERNARDES A M, FERREIRA J Z, et
al. Recovery of copper from printed circuit boards
scraps by mechanical processing and electrometallurgy
[J]. Journal of Hazardous Materials, 2006, 137 (3) :
1704-1709. DOI: 10.1016/j.jhazmat.2006.05.010.

[6] NIU X J, LI Y D. Treatment of waste printed wire
boards in electronic waste for safe disposal [J]. Journal
of Hazardous Materials, 2007, 145 (3) : 410-416.
DOI: 10.1016/j.jhazmat.2006.11.039.

(7] R, BR¥S, B/, 5. 5237 i o IR 4 o B ol

w5 K Ue B 2 FL A R Y W 5T L), R A AR R
2021, 48 (10) : 30-34. DOI: 10.3969/j. issn. 1001-
702X.2021.10.007.
XU Fengguang, CHEN Hao, CHEN Xiaowei, et al.
Study on the preparation of cement base multi-hole
material by scrap circuit board grinding powder [J].
New Building Materials, 2021, 48(10) : 30-34. DOI:
10.3969/}.issn.1001-702X.2021.10.007.

[8] KAKRIA K, PRIYA S. Use of non-metallic powder

reclaimed from waste printed circuit boards in rigid

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



F205 % 64

RBIR 5 5 JE IR AR A B AL K R AL B IR IR IR IR AT R 47

[10]

[11]

[12]

[13]

[14]

concrete pavement [J]. TOP Conference Series:
Materials Science and Engineering, 2021, 1075(1) :
012032. DOI: 10.1088/1757-899x/1075/1/012032.
KUMAR K S, BASKAR K. Recycling of E-plastic
waste as a construction material in developing countries
[J]. Journal of and Waste
Management, 2015, 17(4) : 718=724. DOI: 10.1007/
s10163-014-0303-5.

W, BhSCHE, FBZH, 5. BEOR TR ERAES
JB B K YR AY I 2 A RE MBI ST LT ], 37 284 2 HUAE
AL, 2010, 37 (6) : 64-65, 68. DOI: 10.3969/j.
issn.1001-702X.2010.06.019.

YANG Jiajun, LU Wenxiong, ZHENG Aixin, et al.

Study on safety of the cement mortar comprising non-

Material ~ Cycles

metallic residue of discarded print circuit boards [Jl.
New Building Materials, 2010, 37 (6) : 64-65, 68.
DOI: 10.3969/j.issn.1001-702X.2010.06.019.

VRAL, XUB, 220, 45 JET SWMM Y I FH i 6 43 3
AR 52 i B it SRR ATAN (], KU B R 24 2 40
(HARFHEMD L 2022, 19(2): 77-87. DOL: 10.19951/
j-cnki.1672-9331.2022.02.008.

XU Ke, LIU Meng, LI Sheng, et al. Low-impact
design and effect evaluation of sponge city in Yueyang
City based on SWMM [J].
University of Science & Technology (Natural Science) ,
2022, 19(2) : 77-87. DOI: 10.19951/j. cnki. 1672~
9331.2022.02.008.

X5, EER, 2RI, & T RIS KR B
A 1Y 7 2 R K AP SE B A A (D). DU RE M R,
2019, 50(6) : 6167-6173. DOI: 10.3969/j.issn.1001-
9731.2019.06.029.

LIU Fang, WANG Baomin, YUAN Xiaosa, et al.

Experimental analysis on mechanical properties and

Journal of Changsha

durability of cement concrete modified by styrene-
butadiene latex [J]. Journal of Functional Materials,
2019, 50(6): 6167-6173. DOI: 10.3969/j.issn.1001-
9731.2019.06.029.

JEA- AL A AR T . SBR R FL ik K Je kR E A
A OREPE RE (9 ML B BT 5 (], 38 38 45 1f £k, 2010, 38
(17): 140-144.

YAN Shijun, LI Ping, CHENG Disheng. Mechanism of
SBR
stabilized macadam [J]. Transport Standardization,
2010, 38(17): 140-144.

FEIE, TR, HIRE, % RIBHOK TR E T
A SR EE R HOE L) ] RV TRk (H
SRS M), 2021, 18(3) : 8-15. DOI: 10.19951/;.
cnki.eslgdxxbzkb.2021.03.001.

LI Xuelian, NING Zuofei, YE Junhong, et al. Strength

and its formation mechanism of vibration mixing cement

emulsion improving performance of cement-

stabilized macadam[J]. Journal of Changsha University

[15]

[16]

[17]

[18]

[19]

[20]

of Science & Technology (Natural Science), 2021, 18
(3) : 8-15. DOI: 10.19951/j. enki. cslgdxxbzkb.
2021.03.001.

XUHTHE , 32/ IR DN B A SE W A1 ) 2 2 R0
MR T )], SRS T AR, 2020, 36(1): 38—
43. DOI: 10.16544/j.cnki.cn43-1494/u.2020.01.007.
LIU Xinhai, PENG Xiaolin. Study on influence factors
of mechanical parameters of cement fly ash stabilized
crushed stone [J]. Journal of Transport Science and
Engineering, 2020, 36(1): 38-43. DOI: 10.16544/j.
cnki.cn43-1494/u.2020.01.007.

sk, AT EE A AF RSN HOK AR E A
Wy 1 A VERR T FE LT ). oh 23 i, 2021, 41(4) £ 332
336. DOI:10.14048/j.issn.1671-2579.2021.04.065.
ZHANG Xian'an, ZHOU Yuhao, LI Xuelian, et al.
Study on mechanical properties of cement stabilized
macadam by vibration stirring [J]. Journal of China &
Foreign Highway, 2021, 41 (4) 332-336. DOI:
10.14048 / j.issn.1671-2579.2021.04.065.

TKEH, HZA5, D, 5. AR YR E WA

PR AT R R BT SE LJ/OL ], v E A P22 4R
2023: 1-19[2023-12-08]. https://kns. cnki. net/kcms/
detail/61.1313.U.20231107.1253.002.html.

ZHANG Yang, TIAN Shaogiang, MA Tao,

Mechanical and  drying

et al.
performance shrinkage

characteristics of solid waste based geopolymer-
stabilized macadam [J/OL]. China Journal of Highway
and Transport, 2023: 1-19[2023-12-08 ]. https://kns.
cnki. net/kems/detail/61.1313. U. 20231107. 1253.002.
html.

WY | BT HU B B A K YR i A A B R
W5 [D]. B AT . B Rt ARl K 2%, 2020. DOL:
10.27242/d.cnki.gnjlu.2020.000211.

ZHEN Zhen. Experimental study on cement stabilized
MSWI-BA macadam base based on crack resistance
[D]. 2020.
DOI: 10.27242/d.cnki.gnjlu.2020.000211.

TREEET, B, 2RI, TCHLES A RHER A RUE M RN
Wit Re (). @M & J S, 2014(5) : 60. DOI:
10.3969/}.issn.1672-1675.2014.05.052.

ZHANG Jianming, YANG Ran, CAI Qiong.

Temperature shrinkage properties of inorganic binders

Nanjing: Nanjing Forestry University,

synthetically stabilized materials [1].
Guide to Building Materials, 2014 (5) : 60. DOI:
10.3969/j.issn.1672-1675.2014.05.052.

WV e , JE B, A RS LIRS R K R AR
WA bR R R IR A s (). B BR 5 T
&, 2023, 23(27): 11816-11827.

YAO HU  Huimin, HAN

Experimental study on the effect of redispersible latex

Development

Jianglong, Feng.

powder on the properties of cement stabilized crushed

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



48 kI RFEFER(AAHFR) 20234 12

stone material [J]. Science Technology and SHANG Xiaoru. Research on technical performance of
Engineering, 2023, 23(27): 11816-11827. cement stabilized construction waste pavement base
[21] F& AT . /K Ve Fe e 50 3o o T 366 2 1) B R MR e F [D]. Xi’an: Chang'an University, 2019.

FEID ] 9% KREKR:, 2019,

Experimental study on temperature and humidity resistance of cement
stabilized crushed stone mixed with non-metallic materials recycled from
waste printed circuit boards

ZHANG Enyuan', GUO Guanghui’®, LI Sheng'

(1. Key Laboratory of Special Environment Road Engineering of Hunan Province , Changsha University of Science & Technology,

Changsha 410114, China; 2. Qingyuan Jinyun Renewable Resources Co., Ltd., Qingyuan 511517, China)

Abstract: [Purposes] The study aims to alleviate the demand of natural fine aggregate for cement stabilized
macadamia base, the problem of waste circuit board non-metallic materials being difficult to deal with was
solved. [Methods] Non-metallic materials recycled from waste printed circuit Boards (NWPCB) was
substituted by equal volume for fine aggregates of 0~0.075 mm and 0.6~1.18 mm in cement stabilized
macadam, and styrene butadiene emulsion was added to optimize the performance of NWPCB-cement stabilized
macadam. Through dry shrinkage test, temperature shrinkage test, freeze-thaw cycle test and dry-wet cycle
test, the influence of NWPCB incorporation on the damage resistance of cement stabilized macadamia was
studied, and the effect of styrene butadiene emulsion modified NWPCB cement stabilized macadamia was
proved. [Findings] The average shrinkage coefficient of NWPCB-cement stabilized crushed stone is 5.4%
larger than that of conventional cement stabilized crushed stone, and the average shrinkage coefficient of
NWPCB-cement stabilized crushed stone is 4.8% lower than that of ordinary cement stabilized crushed stone.
After freeze-thaw cycle and dry-wet cycle, the residual value of 28 d unconfined compressive strength of
NWPCB-cement stabilized crushed stone is above 90%. The above indexes of the NWPCB-cement stabilized
crushed stone modified by butadiene emulsion are better than those of the unmodified NWPCBvcement
stabilized crushed stone. [ Conclusions] Cement stabilized crushed stone mixed with NWPCB still has good
temperature and humidity resistance , and butadiene emulsion can play an optimization role.

Key words: non-metallic materials recycled from waste printed circuit boards; butadiene emulsion; solid

waste utilization; dry shrinkage ; temperature shrinkage ; freeze-thaw cycle; dry-wet cycle
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