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Soil-water retention of 9 kinds of soils under high suctions

ZHOU Bao-chun, ZHAO Xin-xin, MA Quan-guo, LANG Meng-ting
(College of Architecture and Civil Engineering, Xinyang Normal University, Xinyang 464000, China)

Abstract: The soil-water retention curve (SWRC) is the important constitutive relation of unsaturated soil. Most SWRCs are
determined by the axis translation method which is suitable for suctions in the range of 0 to 1.5 MPa. However, the relative
humidity is usually less than 95 % in engineering practice, which means suctions larger than 7.1 MPa. For this reason, the
SWRCs for adsorption (wetting) and desorption (drying) of Wyoming bentonite, Ningming expansive soil, Jingmen
yellowish-brown expansive soil, Denver claystone, Jingmen brown expansive soil, Wuhan clay, Sanmenxia silty clay,
Zhengzhou silt and Kaifeng sand are determined by the dynamic dewpoint isotherm method under the relative humidity in the
range of 3 % to 95 % (for suctions in the range of 7.1 to 482.9 MPa). wys (gravimetric water content under relative humidity of
95%) is adopted to quantify the soil-water retention capacity. HHA (hydraulic hysteresis area between adsorption branch and
desorption branch of SWRCs) is adopted to quantify the magnitude of hydraulic hysteresis. Awmax (the maximum value of the
difference of gravimetric water content between adsorption branch and desorption branch of SWRCs under the same suction) is
adopted to quantify the deviation of gravimetric water content caused by hydraulic hysteresis. The quantitative relationships
among wos, HHA, Awmax and liquid limit, plastic index, cation exchange capacity and specific surface area are constituted. wos
is proposed as the criterion for the classification of expansive soils, and its feasibility is verified. The Fredlund and Xing (1994)

equation is modified to simulate the adsorption and desorption branches of SWRCs of the above 9 kinds of soils under high
suctions satisfactorily.

Key words: soil-water retention curve; high suction; dynamic dewpoint isotherm method; hydraulic hysteresis; swelling

potential; cation exchange capacity; specific surface area; Fredlund and Xing (1994) equation
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RT3 BEEEAINRERE) 2R RN, #iR  AHT0~300 MPa) . 1EAIERIE RS R IB A % ikl 012
Tk G 54 (REFED [ paeE RS, G&EH T3~400 MPa) T8 25 SR A1 B 4 il
TARFEK AL LA B4 W 588 GEHF7~600 MPa) 4. BiPEF NI &0l 777%,
EHLE ST BRI K I H R, ZYoung-  MELMEEHIW 1 SR D87, & T IE S
Laplace 5 #2451 (L ARFLIZRER/N L BN I8 HIISWRC, HZRR P INIE K, GnSCHR[14]) R
YAoK ERSER BRI A BT, BAKENL, R R R S RV P A 1 72 3.3~359.1 MPall /77u
FHRBAHLEITE . WRBHLEIFE (B 5ok i it BB 2K - SWRCAERS319 d, BHAS T & /) F L4k
Tvan der Waals /. XWHLZE 77 FHEF /KA SRS BT IKFRHIE I 985 R
FEREM BRHE H S8 LK BEE K, 7T HKelviny IR I B0 2 R 7 A OYSE 18 iR
TR . 8RB SRS F 80 L AR B LA FTEOW, 27 EREE AR BT ] TR 3k
HACIRAS T 5 AR IRV A (HIERIE) ; FHAHXHE EAE 3%~95%35 ] SWRC. N T 45 =W /)
A0 B A AT AR R KW K BE ) CFHIEMERIE) FRoN AR TR SR MK IR AN 2%, AR SCRA %
RS TEBEME, FFoRk. AL, BB g5k OB LR RS B E R L 9 Fh L REF
HfR AR 2 R LK IREREIRSS, HEEERRRE B TS fR K E R, @ RH =
J5 555 T R RN BEAH O 95% I~ IR I B 7% 7K 6 woos TEAL R JT N RFZK g
SWRCERAE LARFEKAE T, SR A T All 4, K IR MR SWRC [H)¥ 2] X 45 A HHA &AL = )
B E RO B AR AR T RS s 5L F SWRC WH AN RES, PR — W /7 T W5 i
EEAT AN B LR B AT LAY SWRC 8K R 2 25K ME Awme ALK 75 ] S5
SSWRCHEHVIM, il SOMAIFMARE T 10 5ok i @RIt wos. HHA Awia SRR
PR ISCRE R 5 TR (ERMAE DSBS TR ieses . BB PR R CEC. AT SSA
BRRRATERAG  REPRI. REIIEMGILE, o s s B4k % R @HIEAZIER) Frediund-Xing
BEASCRIRER &1, ERE S SWRCH BT gk 0k 5 F R 35 2 SWRC.
RS, 2l EAG SRR, T T H R
SLREFEHIAE1500 kPalAY, iRAEKelvin 7 fE (3K (1)) 4 W=
AT LKA 0 R CV98.9% AL b GRBEIRIE A
25CI) . ARTIT, 4R F RHAS ATt G LA P 5 . O
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W =TT RS . EB MR A B T b 3

W, 10AS511H; wA, 1H)  Kif&E" (RH X o
P W0A5IA: i, 11 I o fE O Fi 1 RE, FAIFRIERIEFRIALE R 1.
FO5%EM A A F7.1 MPa) T LARCRIERE AR S DA L T 1 B3
RIS 2 R =
7 LR B Ko T o i Mt /\ﬁi‘ﬁ‘?‘fﬁf:ﬂ -/ \ (V:
AT SRR I R T 98 eI Meter 2 FLEEFHRARTURIT i apor
SE[5-8] ¢ _ A ey RE S L [9] ¢ 3 Sorption Analyzer, VSA) WL 1, FF- a0 A BT
ARIELS GEAF10~100 MPa) « AR THER GE
F 1 RIRA T ISR
Table 1 Physical property indexes of soils

R BURLAIT 7 B A7) % EER AR H
LR K *ﬁxﬂﬁ > 0.005~0.002~ < KPR IBIROT 2EPE saprng USCS EGME?" CECINHS ! fific K3
% 0.075 0.075 0.005 0.002 /% 1%  fa¥ FEAUT [(m>gh) /(mmol-kg') ZR1 21
JE7T mm mm mm  mm 1%
Wyoming i+ 270 5.1 142 3.8 77.0 217.7 33.1 1845 &  CH 500.1 621 775 5
T K 1 273 58 29 03 91.1 1646 37.6 1270 k&  CH 393.0 508 655 8
FIEEOEKE 275 2.1 474 215 290 629 255 374 & CH 236.5 309 75
Denver &it% 272 85 442 20.6 267 460 232 228 & CL 88.7 160 38—
FIIEwR et 272 116 424 267 193 41.8 207 211 & CL 110.4 254 40 5
W+ 273 55 639 9.6 21.0 403 182 221 %% CL 112.5 154 39 —
=1 st 272 05 828 5.7 111 352 191 161 H&% CL 108.5 149 30 —
FRPAR A 270 87 774 25 114 261 148 113 A% CL 27.7 50 9 —

TEE b 268 626 360 02 13 — — — — SC 7.5 16
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77K 5 W B 453 28 (moisture sorption isotherms),
25 E IR E T K SWRC.

VSA KHZhA s m%4 (dynamic dew point
isotherm, DDD) J5{%3R#3 8N &K W A5 i 2k R
P25 1R FE T WA I £ (1) 7 7% (dynamic vapor sorption,
DVS) RfFEA CPED KRR Z . HTAER
. DDI J7iEBEAE ] Sk R IRAES] RH, M2
FE FHIR SRR A/ A0 It 0 3o R e o s R R R
DRFE BT AR, B A4 e AR RH 338K
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Fig. 1 Vapor sorption analyzer

VSA FHXFR GG E 2 3%~95% (25°C FXf
i IFE A 7.1~482.9 MPa), iR FEF EE LN
500~5000 mg, AR IEIEHEN 15C~60 C.
1.3 ERATHKEHERIEF R

KA VSA W& 9 FhEFEER I F SWRC, #4 -+
FERCFEHGE 0.5 mm 77, BT Pt 2 &
(105 CFMET 48 h), HUHE T TEENAAE=E
M, BRRELZ) 1000 mg i85 . X5 R 5P BUT:

(1) AEAER

¥ VSATE TAEG HF, 36T, KAEEPE
ANEBTK, WAERT, brEHRE.

(2) &€ SWRC =5 5%

Y% TR F DDI 5% 5 DVS 750tk SWRC A
ARG — SR, Bt W i 2958 J5 # 10
1725051, KR DDI J7v. iR se & T e

1, FiEmS/AKEwRO, 1 DEEV RH N 3%,
% RH N 95%, 1 DDI JiREWRITEFE w HE
RH, HJ-F SWRC Wil 5idk; 2 2 b B )UE RH
N 95%. % RH N 3%, HIM&3kA L SWRC 1)
PR Ze; i T B il 2R A2 46 s v RH=95%%] B &1,
BT CAFEAE BRI 2R - Ak, BEE RS = IR N 25°C,
(3) JE SWRC

BRFEENFE AR, BN = TR aEIE, It
B VSA HEIHAT . IR H G, B AR RR U
&, BT E ST LR E, TR LA 5 T 2 SWRC
R HHE

2 I RTHh

T Kelvin 5 f2 (1)) #5E T w 5 RH 8]
KZ, VSA RIGLEREETH w- RH KR ATH w-y
KREFL, UTIEWMESFEhEH w-y KR,
B 9 Fl L w - w 8 RERIL[Y SWRC il 7ER] 2 H1,
YR EREARIG IR, SRIGERE S, TRIBATIR
WP AE AR s OB AA A BRI A5 R S0 S RH,
w, wiEHITER 2 .

y/:—ElnRH ) (N
1%

X w NS (kPa); R=8.314 J/(K-mol), il
SR T NI IR, PR IR 25°CX R T=
298.15 K; v, = 1.8x10° m¥/mol, A7KIKIEE /R,
RH NAHXHEE, =N 1.

B 2 v, 9 P bAe e B R Ll g i A
K, N 3777 min, B12.6d, HA 205 MEEEA. —J5
T 156 B AR 60 7 T g SRR 14 F A R 9 0 5 T 1 P 4
FEMAIE (319 &) 19 1/122, K4 1 IS
i) — UL i E . BRI RR AR
FEKRHE o

MELT 3 J7 IR = 77 R ) SWRC: O+
FESEAK ISR GG FI /K BE T RFIE S woss @R 7K 73
[E] 2 S5 55 1) SWRC it [7] X 3k T AL HHA; @R BLK
D33 1] 3 K AR 22V Y SWRC i [B] R0
KA AWmaxo
2.1 ERATHEIKBESFFHES wos

A 2 5382 AT 9 Bl e TR A R
TREEHRINT (B2 RH A 95%) X B i B8 7K wos
ZRIFS K, =ZE Wyoming BAE 1 21.46%, T 9
BZM L1 19.45%, FEFIKREISEKIEIER R, K
ZIFE BRI 1.28%, RALFKEE /28K EE R
55, HHUEAT L, wos 1N RH = 95% WG IE 5 &2 7K
R, ERMELFFIK RUKD B JIMIRHE s, AU
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Fig. 2 Soil-water retention curves under high suctions
#+ 2 BRAT SWRC HIRGE/Rt TR S5 R A
Table 2 Start point/end point of adsorption/desorption of SWRCs under high suctions
b R F K% WAL A WAL A (B ARIE D i B
VN
i /min #5540 RH w/kPa  w/% RH w/kPa  wos/% RH wkPa W%
Wyoming [iZ i + 3135 203  0.0375 451647 0.67 0.9457 7686 21.46 0.0350 461106 0.87
T K - 3777 205 0.0324 471755  0.76 0.9472 7468 19.45 0.0343 463909  1.02
FIEEOEKE 2982 204 0.0297 484119 1.28 0.9456 7700 13.40 0.0331 468823 1.96
Denver % +5 2113 201  0.0313 476506 0.79 0.9476 7410 6.79 0.0338 465943 1.14
IOkt 2523 212 0.0299 483240 0.89 0.9474 7439 9.63 0.0245 510367 1.28
Ee)E 2343 202 0.0294 485114 0.44 0.9455 7715 7.37 0.0326 470929 0.91
=1 FEES L 2186 203 0.0244 510892 0.43 0.9478 7380 6.19 0.0327 470498  0.97
RN+ 1787 197  0.0246 509791 0.42 0.9500 7061 2.34 0.0245 510347 0.52
T & S D 1295 148  0.0245 510383 0.65 0.9519 6786 1.28 0.0247 509237 0.67

SR T RS K IR IR SY o

B9 FhERENT wos 5 3£ 1 45 Y CEC X M 21 £E

3+, HIIL wos 55 CEC BATHEH i 2R PEAHSCIE,
FARMEM G RN (2), RERE R 15 0.99.
wos =0.035 CEC+ 1.3 . 2)

ET (KX EFEAME) PR CEC

43 91H 340, 260, 170 mmol/kg 1F Jy I - FE Ak 7

58 (CEC > 340 mmol/kg)-
mmol/kg) 59 (CEC =170~260 mmol/kg) [ FIR,
HARNT (20 15 2R A wos 791 A% BEZ TS 45 (1) AH
ﬁvﬂamw 13.0%, 10.2%, 7.1%. HJ: wos > 13.0%,
FIHINTBIZAK 10 wos=10.2%~13.0%, 5] A Ak

1 (CEC =260~340
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Fig. 3 Relationship between wos and CEC of 9 kinds of soils
NN EIRTTIER AT YEREATIOAE: 3K 3 JR A
CIZK 3 DX B ITE) BUIIE K] Denver [
+. ERHE L. RS LR CEC. B MK 2 L i
SE MR . R VSA SRAZI0 wos IRFIFER 3 Hh,
Denver i1 wos N 22.47%, KT 13.0%, 1R wos
FIN IR L B PHE L wos N 8.77%, 1E 7.1%~
10.2%, 48 wos FUIBINFSIZMK 15 7 FH m02 1 wos
1.03%, /N 7.1 %, MR wos FIHINARIZAK L. W]
K HY wos VE N2 T 3440 75 B v 55 R FH CEC B34 331l 45
REARGH—EE, E T AR, W)
RIS 2 HRER 45 IR, B E oM PSR SR. . 59
FEEIKTE S5 1) wos SRR AR o
3R 33 MR ACE S R RIHE R

Table 3 Eestimation indexes of swelling potential of 3 kinds of soils

w
T

°

- CEC(NH4+)7“7] HEEAK K wos
/(mmol-kg ") FP2lpo, 21 /%
Denver J#iE+ 976 111 G 22.47
fERHE 206 40 95 8.77
i FH g 4 — — 1.03

2.2 BEWAT SWRC i#[E X s EmFR HHA
FPE 2 AT, m I BYRH = 3%~95%), 9 Fit

Ff SWRC ¥ 2 BB GREES 17K J33 [E14T Ay, RIVAH R
71 BB B w s TR AR B we

SWRC 7K 73 21 250 S 538 55 7T R i 05 -5 W 3 i 25 1)
i [8] X 3 i A2 HHA (hydraulic hysteresis area)fffidt. R
P 2 B S O it 2R B E Origin 34 HH B
FUTIRAT 9 i L vi [B] X Sk T AR L3R 4.

HE 2 5% 4 0] W 9 Fh-bAf HHA 20022, Xt
TRk 1, Wyoming B2l L5k 13641 kPa, T°HH
IR 7R mIA 10717 kPa; X T ik 1, 01T
B 10 4512 kPas X T35 20K £, FAITTER M Ea ik
+4 3520 kPa; BINEE . =T A IR IA E
3412, 3439 kPa; 1A HH K 1002 kPa; 34 3%
FIRMY A 196 kPa, #& Wyoming i 111 1/70, (Al
RN AT ZME AT

PAEBIEER Y] HHA 5 RIS BRI OG, %
9 P AL HHA 53 1 451 CEC. SSA X .2 il
TEXL y A AR &b, LK 4, AL HHA 5 CEC. SSA
PIRA AR S A O, L AR SR s ) 2R 1 AU
HHERN

CEC =0.049 HHA , (3)

SSA=0.037 HHA 4)
XH, HHA 5 CEC &MHAMHXKH R?iAF] 0.94, HHA
55 SSA ZeMEAHIR R 115 0.97,

CEC 5 SSA &5aZUAHHAG B 2 X il i - 1 4
Fro CEC fi8 BA7 i & L AEIR I I PSS e BH B 1 L
S B Bl T RORL T SRR A 5 B A R B B S T 1 R
71, BRI CEC EME HiRIEKEH . SSA fRiH
P R AR, RO R 2 P S5
VIR, TERI SSA BRSO ¥B I, S 5R K
WA, HIRKSEKYE. HHA 5 CEC. SSA ¥JIFEM%
FOR, R RONR /N BE 52 - A IR B BH 25 7 6 0 ()5 2
o, IR R RIS, BN R BE, K2t
FELL R AR FZ A BE K

* 4 BRAT SWRC HHEBIRFFESH (Ru=3%~95%)
Table 4 Hysteresis properties of SWRCs under high suctions

i | w AR ZE %

Wa Wy

Wyoming [l + 13641 1.00 6.27 68737 0.6069 13.08 6.81 47.9 92.1
FHI K 1 10717 0.79 4.18 72744 0.5895 11.00 6.81 38.0 61.4
ST 2R R - 4512 033 177 37559 0.7612 9.87 8.10 17.9 219
Denver & 1%+ 2367 0.17 0.69 37184 0.7633 4.80 4.11 14.4 16.8
ST K - 3520 026 138 30993 0.7984 7.41 6.03 18.6 22.9
W& 3412 0.25 1.15 31077 0.7979 5.13 3.98 224 28.9
=Ry R AL 3439 0.25 1.04 89267 0.5228 3.55 2.51 29.3 41.4
FMH A 1002 0.07 0.37 155335 0.3235 1.22 0.85 30.3 43.5
&} B b 196 0.01 0.16 221700 0.1999 0.88 0.72 18.2 22.2
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Fig. 4 CEC - SSA - HHA relationship of 9 kinds of soils
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Fig. 5w - I, - HHA relationship of 8 kinds of fine-grained soils
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XH, HHA 5 wo ZPEAHCH R* 15 097, HHA 5
I R VERI DS R2TRIA S 0.92, FRIAGHKL T HHA 5 we
HAEE SR BT we LR FEEMKR
AN, FH] HHA 52 - RESE I RN o
2.3 BEWAT SWRC fF R & AIE AWma

SWRC iti [ R B2 F8 7K S B B/ MRAIR % A2 ) Xt
SWRC (JbhbsE w-w KA MM, it SWRC
5] 2 e KA 8 CORARTRD w 5 IR h B0t 75 7K 28
wa -5 Hh 206 N B KR wy 2 ZE BB RAE AWmaxo 1R
FizE X, 1EE 2 RHERBEM LT Awna  KILXT
NI 77w RH 0 2R 5 7K was W 2R 57K
Kowy, FINK 4,

HE 4 5E 2 o]0, 9 FlbFE Awnae FEAERORZE
St K T Awma AR, 40 Wyoming i+
6.27%, THIEIK TN 4.18%; Tk t, 7w
RN 1.77 % 53RZAK 1, FRIT TR B EUZRK -
1.38%; WPEEEEPERE L, AN 1.15%, =11k
Ji%E 1N 1.04%, Denver #1355 0.69%; REEMR:
+, FHRE N 0.37%;: HEEIEMUN 0.16%. XF
bt 1 Al L, FF Awne 85 we, L, CEC, SSA ¥
TEAHDG, R T 7K 7 B BN B K S 22 Ja . B

AWinax TFHHRL was wy (T ELAEAE Y SWRC (55

TKEAH XS
W22, TFE 9 Pl LHFE AWmayWas AWmaxywy G5 RT3 4
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Fig. 6 Relative errors of water content due to hydraulic hysteresis
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IR PE R K SSA ik 500.1 m¥g, FIHAE T
K Z 8] EE R AP, CEC ik 621 mmol/kg, #H
HT R e PH B T B R BIE TR I K L=
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FRIBLI PR -
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Table 5 Modified Fredlund-Xing model parameters for 9 kinds of soils under high suctions

LHSH Wi A VR i AR
LREARR Wu Wb e a’ w w 2 pi a’ d d 2
%  /kPa /kPa  /kPa " mt R pa kPa " m R
Wyoming il 1+ 21.46 7686 451647 248967 0.94  10.54 1.00 461106 90593 1.06  2.09  0.99
T K A 19.45 7468 471755 245967 0.82 8.02 1.00 463909 90230  0.94 2.13 1.00
] AR K 1 13.40 7700 484119 237692 0.61 434 1.00 468823 91452  0.82 1.90 1.00
Denver i+ 6.79 7410 476506 267853  0.57 4.14 1.00 465943 91075 0.66 1.79 1.00
T ARAE ik 1 9.63 7439 483240 87263  0.64 2.81 1.00 510367 86362  0.80 1.96 0.99
Ee)E 7.37 7715 485114 81572  0.67 3.77 1.00 470929 80590  0.71 2.39 0.99
=R A 1 6.19 7380 510892 213682 0.67 450 1.00 470498 91368  0.82 1.56 1.00
FRMIH 234 7061 509791 30152  0.78 1.17  0.99 510347 31576 0.58 0.86 1.00
CAE ik 128 6786 — 76542  0.66 1.04 096 — 76542  0.66 1.04  0.96
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