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Abstract: Under the long-term impacts of influencing factors including water and soluble salts, the Site of Yarkhoto Ancient
City which is a precious earthen heritage is subjected to irreversible deterioration. Exfoliation of surface crusts on the remaining
walls is one of the commonly observed pathologies. The behaviors of unsaturated soils are dependent on suction, thus making it
crucial to obtain reliable soil-water retention curve (SWRC) for investigating the deterioration mechanisms of earthen heritages
The slurries with different NaCl contents are prepared from the local soils. The total suction and matric suction during
desiccation are determined using five methods (vapor equilibrium, water potentiometer, filter paper, pressure plate and
high-capacity tensiometer), and the discrepancies are further discussed. Meanwhile, two models, i.e., van Genuchten (vG) and
Fredlund & Xing (FX), are adopted to model the SWRC. The results show that NaCl has insignificant effect on the matric
suction but induces osmotic suction, leading to a great increase in the total suction especially at high water contents. The

general trend of water retention behavior of soils obtained by various methods is consistent. Based on the data obtained by
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different methods, the errors of curve fitting can be minimized, and a reliable SWRC on drying path is acquired in the full
[5]

suction range. Both vG and FX models can model the experimental data well, which provides a scientific basis for further
quantitative analysis of the evolution process of surface crusts cracking in earthen heritages
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Table 1 Summary of methods selected for suction measurement

. W 736 el ‘
Jiik: i R SCHR
/MPa
AT 24,25
A FEHILEIR ) 3.3~286.7 [ ]
fHrik
28 KA RESSY &) 0~300 [26]
FEULTE ME S BN aiEE [27]
JE FTREAY 73 il ST 7 0~1.5 [26]
AR MRS ) 0~1.5 [28]

2.1 ERRASTEE

KM E 2 A A FA R AR K 8 B 5 s L
rHrai gD s pIECH AR, 20°C AN, 1l
AT L R AR O P AL S U 2 B

EHXF CO. C2 A1 C5 e, Fiile 16 Milht (8
ANRIT i BRI 2 TR s ME R E
AN 10 g Je T A 1 AMkFe . R0, Bikke B T 45
SN L, BT AR S AN VAR,
FHEFN. EYRERER, LRSS ARE
AR AR SR B B AR IRAE 105°C ot
I E S K, SRECE IR o0 I F 1 5 K
FEIE

R 2 IAFMERRRAEINEE RN EWRA (20C)
Table 2 Relative humidities and corresponding total suctions of

saturated salt solutions (20°C)
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Fig. 2 Structure of Trento high-capacity tensiometer
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suction measured by different methods
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Table 3 Fitting parameters of soil-water retention curve models

" iEPS
N PAY N A%Q -
RS s WESH Z
HE WAL a/kPa n m Wy R?
N .03 X
EEAC vG 52949 0.69  1.08 ! 10023 0.98
&% 1)

7 FX 33283 069 2.11 — 0.98
s e . 94X
EFHE VG l%f 0.17  5.67 5%5 0.99
(B 10 10

FX 33798 104.87 0.29 — 0.98
vG 44991 072 1.09 147  0.99

I
S % FX 161.73 0.81 1.38 — 0.99

3.4 BEBEWOTIHE

CO IFE IR ) 53 A S, T C2. C5 ik
FERLEIR JTREIE R, X2l T NaCl ffi =A%
HMINBIEWR I R S KERTR, I S i e
W JIRAIE R 2, AIAR B RIEIEWR I o
10 finag C2. C5 iIlFE & 5K E - BIEW Ik & ith
2, WLVEH L NaCl SElksill 7 iR, x5
AT — 5. AN S KRR, b+
VR NNBEWIIAWIE K, HX R AR JEFEE 3~
80 MPa 2 [f].,

30
A C2 A QG
25 o C5 4 @
° AN
X
§20‘ Aﬁ o
w‘iﬂ- A o1
515 s eo
mml()- %A
& 4
A
5t A

1 1 1 1 1 1 ]
?0‘1 10° 10! 102 10® 10* 10° 106

BEW 1 n/kPa
10C2, C5IAHRBEKE - BiERHXREhZ

Fig. 10 Relationship between gravimetric water content and

osmotic suction of C2 and C5

4 5

AT AT b LY S R EE , IR
T NaCl Frsxf s /7 55 728 s 52,
FEXFLE AT 1 5 Bl 300 58 7732 R VR 28 Tl v
Fa KB JEAE. R IR AR K 1) B
B R 2 A ER . fEHSERE E, %A van Genuchten
Al Fredlund & Xing #7374 (1) L /K RFAE B 2B 30
GithE K2, EELERWR:

(1) NaCl *fstht + 35 JUFRA #m, {5
BB ITE R KRB K 2 2 3 M &EH, HizzE
SEBEE SRR PRI, S R AR ST
AHTA

(2) AR 30 5E J7 1 I W) A8 ] gt bk - RF 7K
REVERARFRARL, &350 22 575 15U R T 1l o 1) DA B A 2%
H &l iR 2% A K.

(3) $h & T /KERE f 2R, Hhis AR [ ik A8
LR IEAS AR FAE R S = R R . S5A F JIRRACR
VBT A P, vG ORI FX BRI AT AR 4 )
S B PN 3R 15 AT S 1 A2 ] ast bk MR i 28

(4) i L= BN E ), FAEREE
NaCl 7 5 [ 34 R HNE 7K 2 10 B AR T AN B 3G K

B T JSIEK Y Marie Curie IRSES-GREAT  (Geotechnical



1668 H O+ T OB % M

2019 4F

and geological responses to climate change: exchanging
approaches and technologies on a world-wide scale ) il H
(FP7-PEOPLE-2013- IRSES-612665) Xf AHf i) %t By, AL
B3 BB AE o SRR 22 AR S A TR R S & S8 A

SE -

(1 # 9L, e, ¥ Bk & T RX RSk X 5
BHA 5 R FE R[], & L TREZA3R, 2011, 33(9):
1412 - 1418. (CUI Kai, CHEN Wen-wu, HAN Lin, et al.
Effects of salinized deterioration and aeolian ullage on soils
in undercutting area of earthern ruins in arid region[J].
Chinese Journal of Geotechnical Engineering, 2011, 33(9):
1412 - 1418. (in Chinese))

21 peoe, x| °F, BT, 5 LERSIER IS YRS
FIE ML 5T [I]. A 1%, 2009, 30(7): 1883 - 1891.
(ZHANG Hu-yuan, LIU Ping, WANG Jin-fang, et al.
Generation and detachment of surface crust on ancient
earthen architectures[J]. Rock and Soil Mechanics, 2009,
30(7): 1883 - 1891. (in Chinese))

[3] SHAO M S, LI L, WANG S J, et al. Deterioration
mechanisms of building materials of Jiaohe ruins in China[J].
Journal of Cultural Heritage, 2013, 14(1): 38 - 44.

41 X ~F, skpeoe, PREKTE, & R TR AL AR i
FRHIE 2RI B[], B A 715 5 TRE2ER, 2010, 29(4): 842

- 849. (LIU Ping, ZHANG Hu-yuan, YAN Geng-sheng, et al.

Determination of soil shrinkage characteristic curve of
surface soil on ancient earthen architectures[J]. Chinese
Journal of Rock Mechanics and Engineering, 2010, 29(4):
842 - 849. (in Chinese))

[5S] ZHANG Y, YE W M, CHEN B, et al. Desiccation of
NaCl-contaminated soil of earthen heritages in the Site of Yar
City, northwest China[J]. Applied Clay Science, 2016, 124 -
125:1 - 10.

[6] ZHANG Y, YE W M, CHEN Y G et al. Impact of NaCl on
drying shrinkage behavior of low-plasticity soil in earthen
heritages[J]. Canadian Geotechnical Journal, 2017, 54(12):
1762 - 1774.

[7T HU P, YANG Q, LI P Y. Direct and indirect measurement of
soil suction in the laboratory[J]. Electronic Journal of
Geotechnical Engineering, 2010, 15(3): 1 - 14.

[8] BULUT R, LEONG E C. Indirect measurement of suction[J].
Geotechnical and Geological Engineering, 2008, 26(6): 633
- 644.

9] MR, FEaEfE, #E5FE. SARIENS RgRd K
FEAE[T). & £ TRE2 R, 2005, 27(3): 347 - 349. (YE
Wei-min, TANG Yi-qun, CUI Yu-jun. Measurement of soil

suction in laboratory and soil-water characteristics of
Shanghai soft soil[J]. Chinese Journal of Geotechnical
Engineering, 2005, 27(3): 347 - 349. (in Chinese))

[10] AR¥ERL, PMEZ:, H Bt R T 2 Mg gt e i
R RN AL TFEZR, 2014, 36(6): 1020 - 1027.
(ZHU Zan-cheng, SUN De-an, TIAN lJin. Calibration curves
of two filter papers at high suction and temperature and their
application[J]. Chinese Journal of Geotechnical Engineering,
2014, 36(6): 112 - 117. (in Chinese))

(0] cut, ) W8, x|, AR Rl S
JEAGVEMNR[I]. & L RS, 2018, 4035 T 1): 112 - 117.
(CHEN Wen-wu, LIU Peng, LIU Wei, et al. Suction tests on
sliding soil in interface landslide based on filter paper
method[J]. Chinese Journal of Geotechnical Engineering,
2018, 40(S1): 1020 - 1027. (in Chinese))

[12] PATRICK P K, OLSEN H W, HIGGINS J D. Comparison of
chilled-mirror measurements and filter paper estimates of
total soil suction[J]. Geotechnical Testing Journal, 2007,
30(5): GTJ100096.

[13] RZAfR, BR Bi. ARvAn e o i Se e A il H R 7).
H TR, 2006, 28(2): 123 - 128. (NG C W W, CHEN
Rui. Advanced suction control techniques for testing
unsaturated soils[J]. Chinese Journal of Geotechnical
Engineering, 2006, 28(2): 123 - 128. (in Chinese))

[14] GUAN Y, FREDLUND D G. Use of the tensile strength of
water for the direct measurement of high soil suction[J].
Canadian Geotechnical Journal, 1997, 34: 604 - 614.

[15] MARINHO F A M, TAKE W A, TARANTINO A.
Measurement of matric suction using tensiometric and axis
translation techniques[J]. Geotechnical and Geological
Engineering, 2008, 26(6): 615-631.

[16] TARANTINO A, GALLIPOLI D, AUGARDE C E, et al.
Benchmark of experimental techniques for measuring and
controlling suction[J]. Géotechnique, 2011, 61(4): 303 - 312.

[17] NAM S, GUTIERREZ M, DIPLAS P, et al. Comparison of
testing techniques and models for establishing the SWCC of
riverbank soils[J]. Engineering Geology, 2009, 110(1-2): 1 -
10.

[18] THYAGARAJ T, SALINI U. Effect of pore fluid osmotic
suction on matric and total suctions of compacted clay[J].
Géotechnique, 2015, 65(11): 952 - 960.

[191 HE Y, CHEN Y G YE W M, et al. Influence of salt
concentration on volume shrinkage and water retention
characteristics ~ of  compacted GMZ
Environmental Earth Sciences, 2016, 75(6): 535.

[20] FMEZz, sk, RERK. HIRETL L/KRHE 22

bentonite[J].



9 1 gk

B, 5. A Ehast ik s A AW I E R KRR 2 & 1669

IHEFE[I). A 715, 2013, 34(4): 955 - 960. (SUN De-an,
ZHANG Jin-yi, SONG Guo-sen. Experimental study of
soil-water characteristic curve of chlorine saline soil[J]. Rock
and Soil Mechanics, 2013, 34(4): 955 - 960. (in Chinese))

[21] RAVI K, RAO S M. Influence of infiltration of sodium
chloride solutions on SWCC of compacted bentonite-sand
specimens[J]. Geotechnical and Geological Engineering,
2013, 31(4): 1291 - 1303.

[22] EHiHE, KEE, BKE, & SEHESENHEE
KRR AT FL )], A £ TR, 2018, 4008 1):
212 - 217. (WANG Yu-guo, ZHANG Ai-jun, ZHAO Qing-yu,
et al. Effect of soluble salt content on water-holding
characteristics of Ili loess[J]. Chinese Journal of Geotechnical
Engineering, 2018, 40(S1): 212 - 217. (in Chinese))

23] # #l, WG, LEE, & TR, SRR R 5
AT R RN R SEIRRT ()], R R (R
REEERRD, 2012, 43(11): 4451 - 4456. (CUI Kai, CHEN Wen-wu,
SHEN Yun-xia, et al. Experimental study on response of
intensity on earthern ruin’s soil undergoing recombination
process of salinized and dry-wet in arid and semi-arid regions[J].
Journal of Central South University (Science and Technology),
2012, 43(11): 4451 - 4456. (in Chinese))

[24] GREENSPAN L. Humidity fixed points of binary saturated
aqueous solutions[J]. Journal of Research National Bureau of
Standards, 1977, 81A(1): 89 - 96.

[25] ASTM E104-02. Standard practice for maintaining constant
relative humidity by means of aqueous solutions[S]. 2012.

[26] ASTM D6836-16. Standard test method for determination of
the soil water characteristic curve for desorption using
hanging column, pressure extractor, chilled mirror
hygrometer, or centrifuge[S]. 2016.

[27] ASTM D5298—16 Standard test method for measurement of
soil potential (suction) using filter paper[S]. 2016.

[28] TARANTINO A, MONGIOVI L. Experimental procedures
and cavitation mechanisms in tensiometer measurements[J].
Geotechnical and Geological Engineering, 2001, 19(3/4): 189
-201.

[29] LEONG E C, HE L, RAHARDIJO H. Factors affecting the
filler paper method for total and matric suction
measurements[J]. Geotechnical Testing Journal, 2002, 25(3):
322 - 333.

[30] TARANTINO A, MONGIOVI L. Calibration of tensiometer
for direct measurement of matric suction[J]. Géotechnique,

2003, 53(1): 137 - 141.

[31] AGUS S S, SCHANZ T. Comparison of four methods for
measuring total suction[J]. Vadose Zone Journal, 2005, 4(4):
1087 - 1095.

[32] AGUS S S, SCHANZ T. Errors in total suction
measurements[M]. Experimental Unsaturated Soil Mechanics,
2007: 59 - 70.

[33] SREEDEEP S, SINGH D N. Critical review of the
methodologies employed for soil suction measurement[J].
International Journal of Geomechanics, 2011, 11(2): 99 -
104.

[34] RAINWATWER N R, MCDOWELL L A, DRUMM E C.
Measurement of total soil suction using filter paper:
investigation of common filter papers, alternative media, and
corresponding confidence[J]. Geotechnical Testing Journal,
2012, 35(2): 295 - 304.

[35] VAN GENUCHTEN M TH. A closed-form equation for
predicting the hydraulic conductivity of unsaturated soils[J].
Soil Science Society of America Journal, 1980, 44(5): 892 -
898.

[36] FREDLUND D G XING A. Equations for the soil water
characteristic curve[J]. Canadian Geotechnical Journal, 1994,
31(4): 521 - 532.

[37] IYER K, JAYANTH S, GURNANI S, et al. Influence of
initial water content and specimen thickness on the SWCC of
fine-grained soils[J]. International Journal of Geomechanics,
2013, 13(6): 894 - 899.

[38] EEEE, & 6, WIS, 5 LI/KRHE 2RI 7T
HZ &), A&/, 2013, 343 T) 2): 51 - 56. (TAN
Xiao-hui, YU Wei, SHEN Meng-fen, et al. Experimental study
and curve fitting of soil-water characteristic curve[J]. Rock and
Soil Mechanics 2013, 34(S2): 51 - 56. (in Chinese))

[39] Z=Edmtlt, ARAHAR, B& 86 PS IIFEX IR AL L 15 1E
FRPEEMA BT FE[)]. AL 125, 2011, 32(7): 2039 - 2044. (LI
Zui-xiong, SHAO Ming-shen, CHEN Rui, et al. Impact of PS
on permeability of unsaturated ruins clay[J]. Rock and Soil
Mechanics, 2011, 32(7): 2039 - 2044. (in Chinese))

[40] BAR T, FKpRyC, MRHATE, AR i R AL 1 A 4K
FEPERT AT, BUERTFT, 2011(6): 36 - 42. (ZHAO Tian-yu,
ZHANG Hu-yuan, YAN Geng-sheng, et al. The soil-water
characteristics of base coat in Mogao grottoes murals[J].
Dunhuang Research, 2011(6): 36 - 42. (in Chinese))

[41] SREEDEEP S, SINGH D N. Methodology for determination
of osmotic suction of soils[J]. Geotechnical and Geological

Engineering, 2006, 24(5): 1469 - 1479.



