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Settlement mechanism of unsaturated red layers embankment based
on rheology and consolidation theories
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Abstract: For a long time, the settlement of embankment body is a main research problem of highway and railway roadbeds.
Embankment body is mainly composed of unsaturated soils, and its deformation includes three components, namely, the deformation
resulting from the instantaneous compaction, the deformations of primary consolidation and secondary consolidation deformation.
However, primary and secondary consolidations influencing each other are not two completely independent processes. So the
deformations of embankment body are the results of unsaturated creep and consolidation coupling. Based on the results of uniaxial
compression creep test on red layers, the theories of single variable of unsaturated soil and embankment settlement of unsaturated are
put forward. And at the same time, through centrifuge tests and numerical simulation of centrifuge tests, relations between settlement
and fill height, post-construction settlement and time, are studied for embankment body on various compaction coefficients, and final
construction settlements are predicted. Results show that the simulated results are consistent with the predicted results by the
centrifugal experimental data, indicating that the theories are correct.
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Table 2 Long-term uniaxial compressive strength of
samples with different compaction coefficients

RY
R/ R
/% / kPa
0.87 12.36 187.16 0.84
0.90 13.48 229.49 0.82
0.93 12.82 312.94 0.81
0.95 12.55 395.11 0.82

—a— 0 = 62.39 kPa
20 —— g = 145.57 kPa
18 —<— o, =187.16 kPa

—®— 5, =103.98 kPa
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—— 07 =207.95 kPa

—o— oy = 146.04 kPa
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—— 01 =312.94 kPa
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Fig.3 Uniaxial compression creep curves of samples with different compaction coefficients under corresponding loadings
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Table 3 Fitting parameters of creep curves for the first five levels of loading
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Table 4 Post-construction settlement analysis for
embankment with different compaction 9 12 15
coefficients after construction /(10 s)
S
a g /m 10
27.66 110.64 0.036 1 Fig.10 Curve of acceleration vs. time
0.87 9.37 473.46 0.107 0
9.62 438.39 0.104 0
34.85 239.65 0.028 7
0.90 13.17 626.91 0.076 0
11.89 597.73 0.084 0
36.4 288.36 0.027 5
0.93 1591 607.57 0.063 0
14.91 569.75 0.067 0
39.85 325.00 0.025 1
0.95 17.89 966.23 0.056 0
15.69 874.41 0.064 0

11
Fig.11 Finite element calculation model

5
Table 5 Unsaturated soil parameters of red layer filling with different compaction coefficients
Py K G S " C, o, k' van Genuchten
/ (g/em?) / MPa / MPa /% / kPa /(%) / (m/s) p, / kPa a
0.87 1.614 49.8 28.5 3.33 0.42 10.88 24.82 6.79x107 42.82 0.356
0.90 1.670 553 34.8 4.04 0.40 13.38 27.03 2.81x107 47.79 0.319
0.93 1725 60.9 419 4.60 0.38 16.09 29.83 1.33x107 53.53 0.288
0.95 1.762 88.4 66.3 4.88 0.37 18.15 30.29 5.09x10™* 59.38 0.241
6
Table 6 Mechanical parameters of red layer filling with different compaction coefficients
pd Sr“
R k N k M
/ (g/em®) /% ! °

0.87 1.614 5.1 0.85 354.50 0.247 6 78.92 0.1219

0.90 1.670 5.5 0.85 369.65 0.174 6 81.78 0.243 1

0.93 1725 6.1 0.85 502.94 0.188 5 99.25 0.292 7

0.95 1.762 6.4 0.85 729.41 0.314 4 124.16 0.293 2
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Table 7 Settlement analysis of results for embankment
with different compaction coefficients during construction
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1.20 1.81 3.52
-0.80 3.33 2.07
0.95 0.80 1.06 2.16
0.90 1.29 2.61
s/H 100g
1
2 Duncan
3 Kelvin

[10]

D G , H . M].
, 1997.
BIOT M A. General theory of three dimensional
consolidation[J]. Journal of Applied Physics, 1994,
12(2): 155 164.
SCOTT R F. Principles of soils mechanics[M]. [[S. 1.]:
Addison-Wesley Publishing Company, 1963.
BLIGHT G E. Strength and consolidation characteristics
of compacted soils[D]. Dissertation: University of
London, 1961.
BARDEN L. Consolidation of compacted and unsaturated
clays[J]. Géotechnique, 1965, (3): 257 286.
BARDEN L. Consolidation of clays compacted ‘dry’ and
‘wet’ of optimum water content[J]. Géotechnique, 1974,
24(4): 605 625.
FREDLUND D G, HASAN J U. One-dimensional
consolidation theory: Unsaturated soils[J]. Canadian
Geotechnical Journal, 1979, 16(3): 521 531.
DAKSHANAMURTHY V, FREDLUND D G, RAHAR-
DJO H. Coupled three-dimensional consolidation theory
of unsaturated porous media[C]//5th  International
Conference on Expansive Soils. Adelaide: Institute of
Engineers, 1984: 99  104.
GRAY W G, SCHREFLER B A. Analysis of the solid
phase stress tensor in multiphase porous media[J].
International Journal for Numerical and Analytical
Methods in Geomechanics, 2007, 31(4): 541  581.
BORJA R I, KOLIJI A. On the effective stress in
unsaturated porous continua with double porosity[J].
Journal of the Mechanics and Physics of Solids, 2009,
57(8): 1182 1193.
LAMBE T W, WHITMAN R V. Soil mechanics[M]. New
York: John Wiley & Sons, 1979.
FREDLUND D G, MORGENSTERN N R. Stress state
variables for unsaturated soils[J]. Journal of Geo-

technical Engineering Division, 1977, 103: 447  466.



1305

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

(23]

BISHOP A W. The principle of effective stress[J].
Teknisk Ukeblad, 1959, 106(39): 859  863.

HUTTER K, LALOUI L, VULLIET L. Thermodynamics
based mixture models of saturated and unsaturated
soils[J]. Journal of Mechanics of Cohesive —
Frictional Materials, 1999, (4): 295 338.

FREDLUND D G, MORGENSTERN N R. Stress state
variables for unsaturated soils[J]. Journal of the
Geotechnical Engineering, 1977, 103(5): 447 466.
GALLIPOLI D, GENS A, SHARMA R, et al. An
elastoplastic model for unsaturated soil incorporating the
effects of suction and degree of saturation on mechanical
behavior[J]. Géotechnique, 2003, 53(1): 123

WHEELER S J, SHARAMA R J, BUISSON M S R.

135.

Coupling of hydraulic hysteresis and stress-strain
behavior in unsaturated soils[J]. Géotechnique, 2003,
53(1): 41 54.
GUDEHUS G. A comprehensive concept for non-
saturated granular bodies[C]//Proceedings of the 1st
International Conference on Unsaturated Soils. Paris:
[s.n.], 1995: 725 737.
WHEELER 8§ J, KARUBE D. Constitutive modeling[C]//
Proceedings of the 1st International Conference on
Unsaturated Soils. Paris: [s. n.], 1995: 1323 1356.
LALOUI L, KLUBERTANZ G, VULLIET L. Solid-
liquid-air coupling in multiphase porous media[J].
International Journal for Numerical and Analytical
Methods in Geomechanics, 2003, 27(3): 183  206.
KHALILI N, GEISER F, BLIGHT G E. Effective stress
in unsaturated soils, a review with new evidence[J].
International Journal of Geomechanics, ASCE, 2004,
4(2): 115 126.

, . [J].

,2000,21(1): 28 31.
LIU Chang-wu, LU Shi-liang. Research on mechanism of
mudstone degradation and softening in water[J]. Rock
and Soil Mechanics, 2000, 21(1): 28 31.

> s

0. ,2005,26( 1) 111 114

(24]

[25]

(26]

(27]

(28]

[29]

[30]

(31]

(32]

[33]

LIU Xiao-min, ZHAO Ming-hua, SU Yong-hua. Study of
slaking control method of red beds soft rock used in road
Rock and Soil
114.

construction[J]. Mechanics, 2005,
26(Supp.1): 111
FERRY J D. Vescoelastic properties of polymer[M]. New
York: John Wiley, 1980.
DANGLA P. Approches energetique et numerique des
milieux poreux non satures|[M]. Memoire D’Habilitation
A Diriger Des Recherches. Ecole Nationale Des Ponts Et
Chaussees. Ecole Normale Superieure De Cachan. [S. 1]:
Universite De Marne-La-Valee, 1999.
SCHREFLER B A, ZHAN XIANYONG. A full coupled
model for water flow and airflow in deformable porous
media[J]. Water Resources, 1993(29): 155 167.
Itasca Consulting Group, Inc. Fast Lagrangian analysis of
continua in 2 dimensions, version 5.0 user’s manual[R].
Minneapolis: Itasca Consulting Group, Inc., 2005.
VAN GENUCHTEN M T. A closed form equation for
predicting the hydraulic conductivity of unsaturated
soils[J]. Soil Science Society of America Journal, 1980,
44(5): 892 898.
NIKOLAEVSKIY V N. Mechanics of porous and
fractured media[M]/Hsiech R K T, ed. Series in
Theoretical and Applied Mechanics. Singapore: World
Scientific, 1990.
g1

, 1958, 5(1): 1 10.
TANG Tjongkie. One-dimensional problems of
consolidation and secondary time effects[J]. China Civil
Engineering Journal, 1958, 5(1): 1 10.
TAYLOR D W, MERCHANT W. Theory of clay
consolidation accounting for secondary compression[J].
Journal of Mathematics and Physics, 1940, 19: 167
185.
DUNCAN J M, CHANG C Y. Nonlinear analysis of
stress and strain in soils[J]. Journal of Soil Mechanics
and Foundation Division, 1970, 96: 1629 1653.
TAYLOR R N. Geotechnical centrifuge technology[M].

Boca Raton: [s. n.], 1994.



