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Unconfined compressive strength of phosphogypsum/lignin
solidified lead contaminated soil
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Abstract: Industrial solid waste phosphogypsum and lignin were used to solidify the artificially formulated lead
contaminated soil. Through the unconfined compressive strength (UCS) test, the effect of curing agent dosage
and curing age on the stress-strain curve, failure pattern and UCS of the soil with different levels of lead
contamination after solidification were investigated, and the curing effects of the two curing agents were
compared and analyzed. The microscopic characteristics of soil samples before and after curing were analyzed by
scanning electron microscopy (SEM) test. The results show that both phosphogypsum and lignin can increase

the UCS of stabilized soil and reduce the failure strain. UCS of solidified soil increases continuously with the
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increase of phosphogypsum content, and increases first and then decreases with the increase of lignin content.
Extended curing time can effectively improve the UCS of stabilized soil. With the increase of dosage and curing
age, the internal cementation level of soil increases, and the failure pattern of soil sample gradually changes
from local tension cracking to shear failure, showing brittle failure characteristics. The two curing agents have
their own advantages and disadvantages in curing soil. Lignin is more effective than phosphogypsum in curing
high concentration lead contaminated soil and has better resistance to deformation, while phosphogypsum has
better ability to improve strength and fix lead in a short time. SEM tests show that the curing agent can fill the
pores and cement soil particles, and the hydration products form a dense structure in the soil, which is
macroscopically expressed as strength enhancement.

Keywords: phosphogypsum; lignin; lead contaminated soil; unconfined compressive strength; microscopic

properties
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Table 1 Basic properties of Yangling loess

A A e KT 4% 1%/ et WA 2H A/ %

S wm/v mW/% merm - :
Xof 4% B (g/cm?) HAKKR/ Y% 2.000~0.075mm  0.075~0.005mm  <<0.005 mm
2.71 31.7 16.6 15.1 1.72 17.0 0.5 69. 4 30. 1
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Table 2 Main components of phosphogypsum
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Fig. 1 Stress-strain curve of phosphogypsum stabilized soil
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Table 3 Typical failure mode of phosphogypsum/ lignin

stabilized soil
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Fig. 4 Stress-strain curve of lignin stabilized soil
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Fig. 5 UCS of lignin stabilized soil
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strength of two types of stabilized soil
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Fig. 8 Dissolution characteristics of two kinds of

stabilized soils under different curing ages

FEPE A AR T A W AR A
M PR . 2. 096 AT WAL Rk BEETS Y +7E 7 d
FF 952 VAT S VR B A T R A L (AR W R b o, K
Ji A G HAT X PO W BEE T, S5 A R B R AE £
A T 2R R e ) B A R A PO BE AR T PR
HE, Ph™ 3 R D 28 d RSt T v B AT e
+ Pb? IR U A A 4. 78 .5, 27 mg/ L., FEA I 2
B PhE e R BRAE .

4 Bl REE S

SR F 4 i e % 3 06 00 5% T e Ak RS B
AR BRFT AT AR TR AL ALEE . BEH 0. 8%
NS g M6, 5% BEAE 2.0 RIETERE L 0.8%
Brim e £ 3R ERME R IR 7 d S 4K 300
51 3 000 i A7 LB 4, SR 25 R & 9 BT R .
300 15 T AT WL %875 Y 4 K [ 4k B AR FLBR 25 4 |
7 HEAG B 20 A RRAE L 3 000 4% F AT W% - PR 0k 8] Y
WA ARFS 5 R AT IE A5 I i AR AR O o

B 300 4% % b mT DL B 4 0. 8% S
Ye HFFE— SR BT 240, H 4 Uk 22 8] 77 76 42
KA AL IR, O 22 (8] (9 7 12 AN B %, R 45 0 R
PERLF . INABEAE R RS, + POk 2 18] /K
FLBR B S 7, AR 7 il 24 4% F/INFL R, J0kE 2 [
BB MBI R — A SR T M BR T e R



R FBRLF /RN E BT R 0GR R 97

(a) 0.8% #i5 gt &
(3001%)

(b) 0.8% Hyi5 g+
(30004%)

(c) 6.5 B £ F 184k 1
(3001#%)

(d) 6.5% B 1 & &1k 1
(30001%)

(e) 2.0% AP b1
(3001#%)

(f) 2.0% A f 2 [ 4k +
(30004%)

B9 7d#8H0.8% $HEL L SEME
Fig.9 SEM photos of 0.8 % Pb stabilized soil at 7 days age

WLEE TR 3 000 £5 iy B & B A 1T AL B 15 2 4=+
WOURL 22 1] (1 3% 42 07 2 22 O a5 - U ik, A A 6 1
T A B A RS54 L 52 0105 5 R AR .

T B AR E L, SO SRR VEIAZ
PAAEARIE S AEFE o 1 9(d) A3 38 43 0T AP B 3 &
B KB A AR A B A, R AU R R A s L TR A
UKL 22 8] LB b, O B 34 B A T A0 = A
€ &8 BUBUH AR 5 B A F R B L T 4R it
Ca’', 5+ Wk R K" Na' &4 5 7284, fii + 14
XCH J2 A8, 4 /N ) J2 ) B, 4 JB0RE ] B 36/ 5
7 K5 5 B0+ WORL T 25 5 W R R DR, s T
f1 8 A

P 9(D) A i 2 [ 4k A, i A 5 2 v 11 itk R
B BA R FAEMRE AR TRB A L IRG 4R
B8 45 90 I, I 5 T L ORE T AT 1 7 45 A B2 T
DO bR 235 #0122 ) BB 2 T, 0 1
FI Ny AR5 B A g AR AR Y AR ) B 5, BRI
ESSB Lk, 5 G ETELIE 353 X N4
i Ak 2 v e IR

5 #i8

SR Tl 1 B 50 B8 01 T T 6 A 5
0 A G 0 R B 4R
T A Bt 0 X8 PR 7D e 405 e
T R 3 5 1 0

LV 7T A R4 88K 5 4 6 T U
i B B RS SRS 9 B
1 1 15 34 00 L S 5 52 B 4 B 54
S50 T 98 A 6 e T R 380 i 15
800 S L TR WS 9 ORI Y 2.0%
B 3 47 0 18K 0 2 A 1 - T 0 R 38
HK.

2) Pl 1 0 1 AR5 02 A TR 3 T
RV E S e b 00 TR AL AR T B AR B
A LS T I 4 R M
5 0 R S 5 K A R
W4 1 A B LA R 3 R O T
114 BE AT R B PO, 0/ Pb* 2 H v

3)3 3 SEM S0 1 57 T 8 180 160 84 - R AL
B — 5 0 LR 1 2 K A 7
5 LT 1 P TR 0 2 R R
fl = T A e 45 O 5 1 - R A
iy B L F B 1 P R 3

£ & Uk

(1] MW, A4S, JRSEPR, 45 3% A 400 76 B AL 1 € 1k
ol R 5 g P Ry 0], A R AR SRR, 2018,
40(Sup2): 112-116.
FENG Y S, DU Y J, ZHOU S J, et al. Utilization of
activated steel slag to solidify/stabilize industrially heavy-
metal contaminated soils [J]. Chinese Journal of Geotech-
nical Engineering, 2018, 40(Sup2): 112-116. (in Chi-
nese)

[2 ] xU/hg . eI g 3 16 2 0 i A o B2 BT 58 (DL 7T 9%
PRI AR5, 2014,
LIU X Q. Legal system about contaminated sites
remediation in China [D]. Xuzhou, Jiangsu: China
University of Mining and Technology, 2014. (in Chinese)

[3] YANG Z P, WANG Y, LI X Y, et al. The effect of
long-term freeze-thaw cycles on the stabilization of lead
in compound solidified/stabilized lead-contaminated soil
[J]. Environmental Science and Pollution Research,
2021, 28(28): 37413-37423.

[4] MOUEDHEN I, COUDERT L, BLAIS J F, et al.
Study of factors involved in the gravimetric separation
process to treat soil contaminated by municipal solid

waste [J]. Journal of Environmental Management, 2018,



98 T AR5 x ¥ T F RGP E ) % 47 %
209: 23-36. 4686-4693.
[5] WANG L, CHEN L, GUO B L, et al. Red mud-en- SUO CX, CAOHY, CAOJW, etal. Performance of

[

[a—

[a—

hanced magnesium phosphate cement for remediation of
Pb and As contaminated soil [J]. Journal of Hazardous

Materials, 2020, 400: 123317.

IO K R FAHLEN [T, K 5 38 T AR 2 4k (p 3
), 2024,46(4):202-210.

LIM, ZHANG R R, TIAN B X. Environmental effects
and instability mechanism of cadmium, lead and nickel
contaminated soil solidified by inorganic materials [J].
Journal of Civil and Environmental Engineering, 2024,
46(4):202-210.(in Chinese)

WANG Y G, HAN F L, MU J Q. Solidification/
stabilization mechanism of Pb( 1l ), Cd( Il ), Mn( Il ) and
Cr(Ill) in fly ash based geopolymers [J]. Construction
and Building Materials, 2018, 160: 818-827.

XU K, R, BB, A5 MC [ Al vk B AR
V5 Y R AR R E (D). R R R (A AR
Ji), 2016, 46(Supl): 51-56.

LIUS Y, XIAWY, WEIM L, et al. Leaching and
strength properties of Zn, Pb and Cd contaminated soils
stabilized by MC [J]. Journal of Southeast University
(Natural Science Edition), 2016, 46(Supl): 51-56. (in

Chinese)

(9] BReeZe, T8, SRR AR R BHAG A Yy %t M RE AN

[10

[13] ZE0,

]

[

BL 3 Y BF 5%
156-160.
CHEN X J, DING X, XU K Y. State-of-the-art review

JE g [J] 4+ T3, 2021, 35(2):

of lignin and its derivatives on the soil properties modifi-
cation [J]. Soil Engineering and Foundation, 2021, 35
(2): 156-160. (in Chinese)

KUMAR S, DUTTA R K, MOHANTY B. Engineer-
ing properties of bentonite stabilized with lime and phos-
phogypsum [J]. Slovak Journal of Civil Engineering,
2014, 22(4): 35-44.

FENG Y S, DU Y J, ZHOU A N, et al. Geoenviron-
mental properties of industrially contaminated site soil so-
lidified/stabilized with a sustainable by-product-based
binder [J]. The Science of the Total Environment,
2021, 765: 142778.

THSC, XERT, RN, L w A KRR R R R E L
bt H e S B O [T]. A 4 TRAE R, 2013, 35
(Sup2): 55-60.

DING J W, LIU T P, CAO Y P, et al. Unconfined
compression tests and strength prediction method for
solidified soils of dredged clays with high water content
[J]. Chinese Journal of Geotechnical Engineering, 2013,
35(Sup2): 55-60. (in Chinese)

WUk, BRI, &R A
e i 15 g kB (7] 2R 5 BEoE o i, 2021, 41(11):

[14]

(16]

[17]

(18]

[19]

[20]

(21]

(22]

red mud-calcium carbide residue-phosphogypsum solidi-
fied copper contaminated soil [J]. Acta Scientiae Circum-
stantiae, 2021, 41(11): 4686-4693. (in Chinese)

SR, W, AR . o U8 B R Ak R /R E SRR
H R KBRS R T] A A S TR
e, 2021, 40(Supl): 2968-2975.

GUO M S, PAN H, WANG F. Study on the strength
and leaching characteristics of solidified/stabilized lead
zinc and cadmium contaminated soil with red mud-based
curing agent [J]. Chinese Journal of Rock Mechanics and
Engineering, 2021, 40(Sup1): 2968-2975. (in Chinese)
TINGLE J S, NEWMAN J K, LARSON S L, et al.
Stabilization mechanisms of nontraditional additives [J].
Transportation Research Record: Journal of the Trans-
portation Research Board, 2007(1): 59-67.

CHEN Q S, INDRARATNA B, CARTER J, etal. A
theoretical and experimental study on the behaviour of
lignosulfonate-treated sandy silt [J]. Computers and
Geotechnics, 2014, 61: 316-327.

Kk BT LR AR R M R E A R RS
TR BT SED]. B At KRR, 2015.

ZHANG
application of silt solidified by lignin [D].

T. Study on technology and engineering
Nanjing:
Southeast University, 2015. (in Chinese)

S ER BT B R e T b R T g KUK A AR - GB
36600—2018 [S]. dbst: HrE kil i pit, 2018.

Soil environmental quality-Risk control standard for soil

contamination of development land: GB 36600—2018

[S]. Beijing: Standards Press of China, 2018. (in
Chinese)
XUk . Tk #2444 R 15 9 - K FH M RE T

FE[D]. P H R A R, 2019,

LIU X. Study on compound solidification of heavy metal
contaminated soil with industrial waste and its road per-
formance [D]. Chongqing: Chongqing Jiaotong Universi-
ty, 2019. (in Chinese)

Wik 3, EFEM, I, 5. ARBUR B RS oM 2 1
P MR T ], 1%, 2021, 42(9): 2405-2415.
JIS G, WANG B Z, YANG X J, et al. Experimental
study of dispersive clay modified by calcium lignosulfo-
nate [J]. Rock and Soil Mechanics, 2021, 42(9): 2405-
2415. (in Chinese)

+ AR5 7 AR dE: GB/T 50123—2019 [S]. db 5t h
o) i pkE, 2019.

Standard for geotechnincal testing method: GB/T 50123—
2019 [S].
Chinese)
WA 4 ) 5 i B PRI R U vk BRR RS R vk HI/T 299—
2007 [S]. dbat: o EEREERL2 AL, 2007,

Beijing: China Planning Press, 2019. (in



% 14

AL FBEL R /R E BT J 6 AN AR IR 99

Solid waste-Extraction procedure for leaching toxicity-
Sulphuric acid &. nitric acid method: HJ/T 299—2007
[S]. Beijing: China Environment Science Press, 2007.
(in Chinese)

fff, E/NER, AN, A5 B - T AL 3 e Y T
FRATC T 088 B2 5 fOM AR A LT ] 0 P ik 5 TR Rl 222 i
2021, 29(2): 376-386.

HE J, WANG X Q, SHI X K, et al. Unconfined com-
pressive strength and microscopic characteristics of soft
soil solidified with soda residue and ground granulated
blast furnace slag [J]. Journal of Basic Science and Engi-
neering, 2021, 29(2): 376-386. (in Chinese)

AR, EFER, RAER, F . SIA0E KA SRE
HET] IR EE L, 2000(8): 52-54.

SHIY X, WANG Z Y, WU D, et al. Forming condi-
tion and stability of ettringite [J]. Concrete, 2000(8): 52-
54. (in Chinese)

SREAR, T RH, A, F L RS FORBTR R
Bz OB L TE M R B R R e T S (0], A
2020, 41(Sup2): 1-6.

ZHANG J W, KANG F X, BIAN H L, et al. Experi-
ments on unconfined compressive strength of lignin modi-
fied silt in Yellow River flood area under freezing-thaw-
ing cycles [J]. Rock and Soil Mechanics, 2020, 41(Sup2):
1-6. (in Chinese)

KONG X H, SONG S G, WANG M Y, et al. Experi-

mental research of low liquid limit silt stabilized by lignin

[27]

(28]

(29]

[30]

in the flooding area of Yellow River [J]. Geotechnical
and Geological Engineering, 2019, 37(6): 5211-5217.
US EPA T. EPA method 9100: Saturated hydraulic con-
ductivity, saturated leachate conductivity, and intrinsic
permeability [R]. Bristol, United States, 1986.

f& W S W) 4 500 b IR TR 4 ) GB/'T 5085.3—
2007 [S]. b5t H EFREEREF AL, 2007.
Identification standards for hazardous wastes-Identifica-
tion for extraction toxicity: GB/T 5085.3—2007 [S].
Beijing: China Environmental Science Press, 2007. (in
Chinese)

BOE S, WivE, EEE . CaO WAL A [ L/ FaE L E
EJRAG R LRI a4k, 2018, 39(1): 29-35.
ZHANG D W, XIANG L, CAO Z G. Effect of CaO on
ettringite stabilization/solidification of lead-contaminated
soil [J]. Rock and Soil Mechanics, 2018, 39(1): 29-35.
(in Chinese)

PERME TR, XIEAS, ORI R At T R X
i 5 R AR 5 OV A5 A 5 (0. P KA 2 (A A
B RR), 2022, 53(1): 326-334.

FAN K W, YANJ, LIU L J, et al. Study on strength
characteristics and microstructure of expansive soil treat-
ed with lignin fibers in seasonal frozen area [J]. Journal of
Central South University (Science and Technology),
2022, 53(1): 326-334. (in Chinese)

(%3 T H%)



