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Study on critical dynamic stress and cumulative deformation

characteristics of phosphogypsum stabilized soil

CHEN Kaisheng, ZHANG Kun, HU Xing, WANG Lei
(College of Civil Engineering, Guizhou University, Guiyang 550025, Guizhou, China)

Abstract: In view of the resource waste of phosphogypsum and the special engineering
characteristics of red clay, the fatigue characteristics and improvement mechanism of
phosphogypsum stabilized soil were studied by SDT-20 dynamic triaxial test with cement (lime)
as curing agent. The cumulative deformation model and critical dynamic stress model were
established, and the dynamic strength index of the mixture was obtained. The results show that
the cumulative deformation characteristics increase significantly with the increase of dynamic
stress amplitude and confining pressure, and the deformation of plain red clay and
phosphogypsum stabilized soil experiences three stages including stable type, critical type and
failure type. The critical dynamic stress increases linearly with the increase of confining pressure.
Reducing the level of dynamic stress and increasing confining pressure can improve the ability of
subgrade to resist instability. The dynamic shear strengths of lime phosphogypsum stabilized soil
and cement phosphogypsum stabilized soil is significantly higher than that of plain red clay, and

the increase value of dynamic shear strength of cement phosphogypsum stabilized soi is greater
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than that of lime phosphogypsum stabilized soil. The strength enhancement of phosphogypsum

stabilized soil is the joint action of cement (lime) and phosphogypsum. The cement (lime) reacts

to form calcium silicate hydrate (C—S—H gel), the phosphogypsum reacts to form ettringite

AFt, and the two are intertwined to form a spatial network structure.

Key words: phosphogypsum stabilized soil; improvement mechanism; critical dynamic stress; cu-

mulative deformation; dynamic strength
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x1 BABLERS
Table 1 Chemical composition of phosphogypsum
N3 % SO; CaO SiO, F P, 05 Na; O Al Oy Fe; Oy
J e 4 E % 49.070 0 40. 070 0 5.780 0 1.890 0 1.350 0 1.310 0 0.070 0 0.2100
b2 Ay MgO Cl SrO K. 0O BaO TiO, HoAt
T % 0.195 0 0.095 5 0.090 1 0.074 4 0.071 1 0.042 0 0.039 9
x2 BAEHHFHERUER
Table 2 Radioactive test results of phosphogypsum
e 151 5 PARTR A 1 25 2 BT 0 25 14
FE-226 WO P H T B (CRa) /(Bg » kg™ 1) 53. 94
£h-232 TS L TG BE (CTh) /(Bg » kg™ 1) 42.13 A AT A T A A CCHE SRR R i
H-60 Jl 5P H G B (CKD /(Bg » kg™ 1) 52.95 HPEA% Z PR ) (GB 6566—2010) [F
P HE S 46 41 (TIRa) <1.0 0.3 s FRUEE SR
S IR 5 45 £ (T <10 0.3 &

x3 BEER

HEFRERIEMER

Table 3  Test results of hazardous components in phosphogypsum leaching solution

K35t H BARE K A6z 0 25 S T i 4536
B CLLBAR ) F i/ (mg « L1 100 0.157 0 s
AR &5/ (mg » L1 100 0.051 0 e
LA &/ (mg - LT 1 At ity PR3 G W 12 5 ) s e 92 7 1
AR &8/ (mg « L7 5 A ity %91 ) (GB 5085. 3—2007) [H % b 1
B/ (mg + LY 15 AA i h 2R
LRI &R/ (mg s LD 5 0.035 6 E
KLERID &/ (mg- LY 0.1 0.000 5 e
Fk4 BRULERS
Table 4 Chemical composition of lime
(=3 CaO Sie Na; O MgO SO; Al O Fe; O3 SrO
T % 97.950 0 0.460 0 0.439 0 0.384 0 0.3820 0.122 0 0.083 1 0.0325
b2 B4 Cl CeOy Ag O P, 05 TiO, Dy Os HAt
W 5 H 0.027 9 0.022 2 0.017 2 0.014 5 0.013 9 0.010 6 0.041 1
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Table 5 Technical indexes of cement

RS E | SOs &hk/ % | MgO &t/ % ek / % EEB/ (m? < kg D 39) &k 5 7] / min BRI ] /min
[ F b <3.5 <5.0 <5.0 =300 =45 <600

S AE 2.20 1.98 4,14 348 166 221
oRRNE] & M ABETHR/% | 3 dPiIriRE/MPa 3 d HiJE iR B/ MPa BB R (BRSO B i/ %

K br il WG K <0.06 =3.5 >17.0 <0.5

S A% 0.018 5.9 29. 2 0.10
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Table 6 Basic physical and mechanical properties of red clay

Fkak | ] ) N B 5 1 LA/ %6
o AYSRE | hERE AR X % BE -
R/% <C0. 002 mm 0.002~0. 05 mm 0.5~2 mm
35.78 8. 60 1. 40 2.61 69.73 30. 00 0.23
R/ % R/ % IMERRAL | RIEEAKR/ N | AKTHE/ (g om™?) | RAWHIE/ (g em™?) | RERTHEE/(g+ ecm™®)
28. 17 51.42 23.25 18.56 1.525 1. 807 1. 331

AL 1~1: 3, HAKBE 60 ~80 k. (B
S 1T 5 2 it T R 41 ) (JTGT F20—2015) i
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Table 7 Mix proportion design of phosphogypsum

stabilized soil

ETREAPSTN 7 YR SR T o s (R D/ R R S AR - ol B
al 4:4:92 bl 4:4:092
a2 4:8:88 b2 4:8:88
a3 4312+ 84 b3 4312+ 84
ad 6:6:88 b4 6:6:88
a5 6:12+ 82 b5 6:12: 82
a6 6318+ 76 b6 6: 18+ 76
a7 8:8:84 b7 8:8:84
a8 8:16: 76 b8 8316+ 76
a9 8: 24+ 68 b9 8:24: 68

LIEE OB TERERS P L 50~80 CHEATHET . 4
Ahill—wEKE, HEIBE AT S KEILANTA
ik, FREEREA P LI 105~110 CHET 2 24 h,
W Wl A0 B RN L RE S BN RS L 25 2 mm B, SRR
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90 %% s K FA AR F K F L AR RSE S $39. 1X80
mm, RYEFE 7 WELE L BRI 45 1 T i R IR
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Ye ke AR 7 d JE I BR BT o B 6 40K F AR T
1 MPa, M3 8 WAl 760 /& i 2R &1 T . A&
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Table 8 Unconfined compressive strength test results of phosphogypsum red clay mixture

- VISTN " FEE=N TdIEMBHE | 28 d TR BT - AR BEATH 7d EMRHLE | 28 d T FR$LHE
LR 31 /MPa 3 J& / MPa LB 5 )i / MPa 5% )& /MPa
al 4540092 0.81 1.51 bl 4:4:92 0.66 1.21
a2 4:8:88 0.68 1.34 b2 4:8:88 0.73 1.32
a3 4:12: 84 0.75 1.43 b3 4:12: 84 1.02 1.53
ad 6:6:88 1.21 1.92 b4 6:6:88 1.00 1.67
ab 6:12: 82 1.03 1.76 b5 6:12: 82 1.07 1. 69
ab 6:18:76 1.28 2.08 b6 6:18:76 1.05 1.67
a7 8:8:84 0.98 1.64 b7 8:8:84 1.08 1.65
a8 8:16: 76 1.32 2.16 b8 8:16: 76 0.85 1. 44
a9 8:24: 68 1.24 2.05 b9 8:24:68 0. 84 1.41
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Fig.1 Load waveform
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Fig.2 Dynamic stress-strain hysteresis curve
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Table 9 Fatigue dynamic test configuration scheme

BT VI STACEY/ I TR - TR TN W [l H /kPa B/ He W56 3 L i {E / kPa BN 1 Wi/ kPa
A-1(E+) 0:0:100 30 5 10 10
A2(F ) 0:0:100 40 5 20 10
A3(F+) 0:0:100 50 5 30 10
B-10K9) 4:12: 84 30 5 20 20
B-20K ) 4:12: 84 40 5 40 20
B-30K) 4:12: 84 50 5 60 20
C-1CH B 6:18:76 30 5 100 20
C-2CH B 6:18:76 40 5 120 20
C-3CH B 6:18:76 50 5 140 20
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Fig.3 Cumulative deformation curve of plain red clay under different confining pressure conditions
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Fig. 4 Cumulative deformation curve of lime phosphogypsum stabilized soil under different confining pressure conditions
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Fig. 5 Cumulative deformation curve of cement phosphogypsum stabilized soil under different confining pressure conditions
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Table 10 Cumulative deformation curve fitting parameters of plain red clay with confining pressure of 50 kPa
ke Bl N I i (B € i/ kPa Bl 1 7 1 (B 520/ kPa a B a A B b B B y R?
FaE 1 30 33. 14 0.063 58 0.364 36 0.031 52 0.942 97
g A 40 42.99 0.314 88 0.070 47 0.013 91 0.964 48
Fe g Al 50 52.02 0.474 88 0.194 19 0.027 16 0.939 01
Il 5 784 60 59.10 1.816 25 0.000 23 0.711 30
I 5 74 70 67.93 2.408 22 0.000 32 0.651 08
I 5 74 80 76. 82 2.772 60 0.000 51 0.787 29
T SR 7 90 89. 54 0. 822 90 0.260 43 0.988 65
e S1 A 100 98. 43 1.265 49 0.254 50 0.978 30
e S1 A 110 110. 74 2.039 72 0.224 41 0.967 35
278t 120 121. 62 2.310 92 0.254 38 0.990 62
®11 BEEASOKPaMARBABTRELRNELBENUEGSH
Table 11 Cumulative deformation curve fitting parameters of limestone phosphogypsum stabilized soil with
confining pressure of 50 kPa
i 2 < B3 F7 W {82 52 1/ KkPa RIS M/ kPa | asa A | pHLHB 4 R?
FaE i 60 58. 28 0.178 29 0.342 94 0.170 91 0.961 90
FaE 80 79.21 0. 346 30 0.296 51 0.143 77 0.943 22
Fa i 100 102. 38 0.719 02 0.267 90 0.192 52 0.941 04
I 5 74 120 119. 29 2.214 95 0.000 39 0.786 75
I 5 14 140 138. 41 2.363 77 0.000 50 0.877 16
e SR A 160 158. 21 0.526 07 0.348 11 0.970 10
TR A 180 181.92 0.774 62 0.387 20 0.981 12
12 EEHSOKPa KRBEERELRRERBEMNESH
Table 12 Cumulative deformation curve fitting parameters of cement phosphogypsum stabilized soil with
confining pressure of 50 kPa
311 Bl ) B 1% E H / kPa BJj I 7 8 B 5200 {8/ kPa a i a oA BEL b H B Y R*
FaE 1 140 141. 92 0.031 69 0.433 61 0.014 80 0.910 94
FaE ® 160 158. 32 0.007 01 0.914 46 0.005 63 0.963 23
Fa e B 180 179. 21 0.143 52 0.431 49 0.033 52 0.962 81
Fae i 200 202.05 0.098 15 0.591 01 0.023 50 0.964 53
I B 7 220 218. 37 1. 943 64 0. 000 44 0.847 28
Il L 14 240 241. 25 2.415 25 0.000 67 0.837 05
e SR A 260 258. 36 0.357 97 0. 435 80 0.982 30
e SR A 280 276. 42 0.479 37 0.463 91 0.956 75
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Table 13  Critical dynamic stress set value, test value range and mean value of plain red clay and phosphogypsum stabilized soil
i 21 Hi%/Hz [l /& /kPa HEZ i FL 2 W 18 M/ kPa | I 5 8 ) S / kPa Il 3y W7 73 ¥4 {8/ kPa
A-1 5 30 1 40~60 38.99~62.90 50. 95
A-2 5 40 1 50~70 53.87~69.57 61.72
A-3 5 50 1 60~80 59.10~76. 82 67.96
B-1 5 30 1 80~100 77.92~101. 25 89. 59
B-2 5 40 1 100~120 97.29~118. 24 107.77
B-3 5 50 1 120~140 119.29~138. 41 128. 85
C-1 5 30 1 180~200 177.28~199. 05 188. 17
C-2 5 40 1 200~220 202.41~223.62 213.02
C-3 5 50 1 220~240 218.37~241. 25 229.81

X4 BRIENHESEENDEER F16 THERRIIFEHERGTHIRERER

Table 14  Fitting results of critical dynamic stress mean

value and confining pressure

Table 16 Dynamic strength index of soil sample under

limiting dynamic equilibrium condition

WA i S8l 7 3 Y06 5 B R A A 5 R* N EE | A S0
EOH T 04.=26.1940. 8510 0.953 810 A /)| eu/kPa o/ kPa
GRBERBREL ou—30. 2211 963 0-999 637 FUF+ 17.45 9.280 | za=0. 3144 +9. 280
[ — . , ”
ARG KB+ o —127. 05 2. 082, 0. 975 330 FORBSERRE L 29.71 8.730 | ra=0.571og.+8. 730
K15 EAFHITNBAERETAENABEREETH KB BEREL|  30.77 35.739 |za=0.59504 +35. 739

EEF_‘.Zj] [} ﬁ‘u J:T: 03

x 17

Table 15  Principal stress ¢; and confining pressure o5 of

RAF TN ATRELHNAEE

Table 17 Dynamic shear strength of plain red clay and

plain red clay and phosphogypsum stabilized soil under

dynamic failure condition

phosphogypsum stabilized soil

L F I ou/ kP2 | 16 721 15 1 B9 (i /KPa | E i 3 o1/ kPa Al |[E R o3 /kPal i 5 8h 5L 1 3908 / kPa| i S HU 85 58 B za/kPa
A-l 30 50. 95 80. 95 Al 50 °0-9 20518
Az 0 6172 0L 72 A2 40 61.72 28. 900
As 50 67.96 117. 96 A-3 50 67.96 30. 859
B-1 30 89. 59 119. 59 Bl 30 89.59 59. 906
B2 40 107.77 147.77 B-2 40 107.77 70. 287
B-3 50 128. 85 178. 85 B-3 50 128. 85 82.323
C-1 30 188.17 218.17 C-1 30 188. 17 147.921
c-2 40 213.02 253.02 Cc-2 40 213.02 162.707
C-3 50 229. 81 279. 81 C-3 50 229. 81 172. 697
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213G o A K I CEOBO Bk £ A T - K e
CA PO B il K ER Ca(OH), B 5 Ca(OH), 23
5521 v BT 1 AR Ak A RIS M AR A R R RN
Ay B B K AR B R 45 (3Ca » Si0, « nH,O) Fl K 1k
FRTREE (3Ca0 » AL O, « nH, ), K Ak fik iR 45 F1 7K ik
FRTRES HLAT R 45 FH o 0 4 i) i 3 2 T, LAk S

XN
3Ca0 + SiO, +nH,0=2xCa0 « SiO, * (n—3+2)H, O+
(3—x)Ca(OH), 4
B JE SR AR 5 b SIO, VAL O, K AR OB
HAb 2z O A
3Ca(OH), +Si0, + (n—3)H,0—>3CaSiO, » nH,O
(5
3Ca(OH), + AL Oy + (n—3)H, O—=>3CaAl, O; « nH, O
(6)

KA R 5 O N 2 e e I A R ek ke S
BB P A £ 4 KB RR 45 (CaSO, + 2H, O)
— 25 RN S AE B = B K A BR R 5 (3Ca0 + AL Oy -
3CaSO, « 32H, O, ‘AR A ) » Hfb 2z s =k
3Ca0 + ALO3 * nH,O+3CaSO, « 2H, O+ (26—n) H, O~
3Ca0 » AL O, « 3CaSO, » 32H,0 (7)

BTG JE =5 A A& IR A R L O R R
BV L 0 A EH AR R B . K PRLLES 1
AR I AGE & 85 A T T LS TR A R TE
s K e KA R R B L I 2 5 RN E i — 2
HMEIREG IR AT . 5 B A 58 SR BT AR IR A R 5 K
AT TR 5 — 2 T o8 2 ) IO R 285 4, 078 R AU AL B
P TR A5 ki R, (L AR AR /DN o 45 4 50 3 B0 L o
k82Tt

5 & i

(1) 3l R I3 KT, SRR AR T il 2 48 Ak i 3 b
PR =237 N ) VA N | 5 DA 1 () D A
KPR s S EURHIR T B ) R RO A 1 RE

OFERN RIS S5 T R kA i oE
i B AR fh £k ¥ 0 G M 2 B A A T i A R
AR AL 3 Fh il £ L B A0 iy 26 s 2578 il 42 A0k 2R
Il 43 R FH A X e, =aNP/(1+yN") (¢, =
atON e, =AN" PEATHIG  Fa AL ih 28 5 i 3R A
i 28 P00 B ORI S TR R AU R R AN K AR

() F L+ Awls A A2 0w 5 3h 1 g B [

i i 485 R 2 P 8 KL B AT LA o4 = C + Doy 2K
EN

() A7 R WA B R 1 MK V8 Wl A1 T B E L3
PUOY 9 A LU R 20 3 1A R IE 4 T, BK Je B4
R b B BT Y i R B ORI A KB A T AR E b
HK.
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