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Abstract: Soil slope stability in seasonally frozen regions is a challenging problem for geotechnical engineers. The freeze-thaw process of soil slope caused by the temperature fluctuation increases the difficulty in predicting the slope stability because the soil property is influenced by the freeze-thaw cycle. In addition, the frozen soil, which has ice crystal, ice lens and experienced freeze-thaw process, could present stronger heterogeneity. Previous research has not investigated the combined effect of soil heterogeneity and freeze-thaw cycle. This paper studies the influence of soil heterogeneity on the stability of frozen soil slope under freeze-thaw cycles. The local average subdivision (LAS) is utilized to model the soil heterogeneity. A typical slope geometry has been chosen and analysed as an illustrative example and the strength reduction method is used to calculate the factor of safety (FOS) of slope. It has been found that when the temperature is steady, the FOS of the frozen soil slope is influenced by the spatial variability of the thermal conductivity, but the influence is not significant. When the standard deviation and the SOF of the thermal conductivity increase, the mean of the FOS is equal to the FOS of the homogeneous case and the standard deviation of the FOS also increases. After the frozen soil goes through freeze-thaw process, the FOS of the frozen soil slope decreases due to the reduction in the cohesion and the internal friction angle caused by the freeze-thaw cycles. Furthermore, the decreasing ratio of the FOS becomes more scattered after the 5th freeze-thaw cycle compared to that of the FOS after the 1st freeze-thaw cycle. The larger variability of the FOS could induce inaccuracy in the prediction of the frozen soil slope stability.
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1  Introduction

In China, the permafrost area is 2.15 × 106 km2, about 22.4% of the country area, and the seasonally frozen soil area is 53.5% of the country area. In the seasonally frozen soil area, slope stability is a challenging problem for geotechnical engineers. The temperature boundary condition, which fluctuates during season changing, poses a serious threat to the stability of the slopes in this region [1,2]. The fluctuation of temperature induces the freezing and thawing processes of frozen soil. There are many reported slope failures caused by the freezing and thawing processes [3]. Unlike the slope failure in the permafrost region, where the temperature is constantly below 0°C for at least two consecutive years [4,5], the freeze-thaw cycle in the seasonally frozen region is considered as an important factor for the slope failure.

In the frozen soil regions, the freezing and thawing processes change the internal structures of soil skeleton and the connection between soil particles, and further change the soil properties. Since 1980s, the study of the influence of freeze-thaw cycle on the soil properties has been undertaken by researchers and engineers. For the thermal parameters of soils, the research on the influence of freeze-thaw cycle is limited. In those researches, Moghbel et al. [6] has done some investigations on the biocover made of compost. They found that the freeze-thaw cycles influence the thermal conductivity of compost biocover. In addition, the thermal conductivity approximately reduced to 80% of its original value, and the reduction mainly occurs in the first three freeze-thaw cycles. Cheng et al. [7] have studied the influencing factors of the thermal conductivity of the silty soil. It was found that the thermal conductivity decreases after the freeze-thaw process. In their tests, the number of freeze-thaw cycles is 3. After the third cycle, the deduction of the thermal conductivity is from 20% to 40% of the original value for different water contents and dry densities. Xiao [8] found the thermal conductivity of clay in Shanghai reduces after the freeze-thaw cycle. From the above limited researches, the thermal conductivity of soil generally reduces after the freeze-thaw cycle. The reduction usually occurs in the first few cycles, and the extent of reduction is also influenced by other soil properties, such as water content and dry density.

As to the mechanical parameters, the investigation of the influence of freeze-thaw cycle has started early in the 1980s. Formanek et al. [9] found the first freeze-thaw cycle results in a 50% reduction of the cohesion of the silt loam. In the following two cycles, the cohesion almost remains stable. Graham et al. [10] pointed out that the strength of clay at low stresses decreases due to the freeze-thaw cycle. Ma et al. [11] investigated the influence of freeze-thaw cycle on the strength of silt stabilized with lime. Through the tests, it was found that the influence of freeze-thaw cycle on the lime silt is more significant than that on the silt. In addition, the strength of the lime silt decreases after the freeze-thaw cycle and the reduction could be 35% after 10 cycles. Hotineanu et al. [12] investigated the impact of freeze-thaw cycle on the mechanical properties of two types of clayey soils (high plasticity-bentonite and low plasticity-kaolinite), stabilized with lime. The test results show the freeze-thaw cycle mainly affects the cohesion, whereas the impact on the internal friction angle is not obvious. For the bentonite, the reduction of cohesion after the first cycle is from 6% to 24% of the original value for soils without stabilization and soils stabilized with lime and cured with different time durations. After the fifth cycle, the reduction is from 22% to 75% of the original value. For the kaolinite, the reduction is less than that of the bentonite. After the first cycle, the reduction is from 2% to 23% of the original value. After the fifth cycle, the reduction is from 19% to 37% of the original value. Qi et al. [13] studied two over-consolidated soils, i.e., silty clay and loess. They found the cohesion of the two soils decrease after 1 cycle, but the internal friction angle increases. The reduction of cohesion is 38.6% for loess and 51.1% for silty clay. The increase of internal friction angle is 10.4% for loess and 124.6% for silty clay. Zhou et al. [14] also conducted tests on the undisturbed and saturated samples of loess. Their results showed that the cohesion decreases with the number of freeze-thaw cycles, while the internal friction angle increases for both the undisturbed and saturated samples. For the undisturbed and saturated samples, the variation of cohesion and internal friction angle occurs mainly in the early 10 cycles. After 10 cycles, the decrease of cohesion is up to 62.5% for the undisturbed samples and 88.9% for the saturated samples. Meanwhile, the increase of the internal friction angle is up to 13% for the undisturbed samples and 4% for the saturated samples. The influence on the internal friction angle is insignificant. Yu et al. [15] conducted tests on the saturated silty clay. They found that after 5 cycles, the changes of the cohesion and internal friction angle gradually become stable. In the previous 5 cycles, the cohesion decreases and the internal friction angle increases. The reduction of the cohesion is up to 75% of the original value. Table 1 has concluded the findings from the previous researches. In general, the cohesion increases due to the freezing-thawing process, whereas the internal friction angle could increase or remain stable.
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In addition to the influence of freeze-thaw cycle, the property of frozen soil exhibits significant spatial variability. Normal natural soils have been recognized as heterogeneous materials [16]. Frozen soil, which has ice crystal, ice lens and experienced freeze-thaw process, could present stronger heterogeneity. The heterogeneity definitely affects the slope stability in the seasonally frozen area. Alonso [17] has pointed out that the slope could fail even when the computed single factor of safety (FOS) without considering the soil heterogeneity was larger than 1.0. For the normal slopes, the influence of soil heterogeneity in the strength parameters (i.e., cohesion and friction angle) and the hydraulic parameters (e.g., the saturated hydraulic conductivity) on the slope stability has been considered since 1970s, such as Wu et al. [18], Cornell [19], Tang et al. [20], Vanmarcke [21], Gui et al. [22], Griffiths et al. [23], Liu et al. [24,25], etc. Many methods have been developed to analyse the slope stability from a probabilistic perspective. The commonly used methods include the first order second moment (FOSM), first order reliability method, point estimate method and Monte Carlo method (MCM). Among them, although the MCM is time consuming, with the development of computer science, this disadvantage can be overcome. The MCM has the advantage of being more accurate in the probabilistic analysis of slope stability.

For the frozen soil slope, the research concerning the influence of soil heterogeneity on the frozen soil slope stability is seldom. Xu et al. [26] and Zhang [27] analysed an infinite frozen soil slope by using the limit equilibrium method and the MCM. In their research, the cohesion and friction are assumed to be uniformly distributed. Li et al. [28] and Guo et al. [29] analysed an infinite frozen soil slope by using the limit equilibrium method and the FOSM. In addition to the cohesion and friction angle, the unit weight of frozen soil, the frost heaving amount and the snow depth are all considered to be heterogeneous. Chen et al. [30] combined the MCM with random field to investigate the slope stability in permafrost area. The Karhunen-Loève expansion was used to generate the random field of hydraulic and thermal conduction.

Therefore, from the previous research, it has been found that it is worth investigating the frozen soil slope stability under the combined effect of soil heterogeneity and the freeze-thaw cycle. In this paper, firstly, the equations used to determine the temperature and pore water pressure are introduced. Then, the strength reduction method for the slope stability analysis is presented. After that, the random field generator, i.e., the local average subdivision (LAS), has been introduced. Later, an illustrative example is analysed to investigate the combined effect of soil heterogeneity and the freeze-thaw cycle.

2  Governing Equations Used in the Calculation of Frozen Slope Stability

2.1 Equations for Heat Transportation and Pore Water Pressure

In this paper, since the heat transfer in soils occurs mainly by conduction, the heat convection is not considered [31,32]. Thus, the two-dimensional heat transport equation for a freezing soil can be written as follows [33–35] with the coupling behavior between heat and moisture migration being neglected:

∂∂x(λx∂T∂x)+∂∂y(λy∂T∂y)=C∂T∂t(1)


where, T is the temperature, λx and λy are the thermal conductivity in the x and y direction, respectively, which is assumed to be the same in this paper. C is the volumetric heat capacity of soil, t is time. For a steady state boundary condition, i.e., the temperature is constant, the above equation can be simplified as:

∂∂x(λx∂T∂x)+∂∂y(λy∂T∂y)=0(2)

The above equation is solved by the finite element method. After the temperature is computed out, then the pore water pressure can be calculated based on the following relationship when the temperature is below zero [36,37]:

θu=a|T|b(3)


in which, a and b are the constant parameters which are related to the physical properties of soil and can be determined by experiments. θu is the unfrozen volumetric water content. By using the following van Genuchten-Mualem equation [38], the negative pore water pressure head h can be calculated from θu by using the following equation:

θu−θrθs−θr=(1+|αh|n)−m(4)

where, θs and θr are the saturated and residual volumetric water content, respectively. α is a parameter which is approximately the inverse of the air-entry suction head. n and m are the fitting parameters of the soil water retention curve, and m = 1–1/n [39]. After the negative pore water pressure is computed out, the results can be exported to the slope stability computation.

2.2 Equations for Slope Stability

The previous results of pore water pressure can be imported to generate the effective stress field first. Bishop's effective stress combined with the extended Mohr-Coulomb failure criterion is used here to model the shear strength, soils are considered to be an elastic, perfectly-plastic material:

τ=c′+σtan⁡ϕ′+χstan⁡ϕ′(5)

in which, c′ and ϕ′ are the effective cohesion and internal friction angle. σ is the total stress generated by the gravitational load and s is suction, which is equal to:

s=ua−uw(6)


where, ua is the pore air pressure, which is assumed to be atmospheric in this paper, uw is pore water pressure. χ is a scalar parameter defining the suction induced effective stress, χ is defined as follows:

χ=θu−θrθs−θr(7)

Then, the FOS of the slope is computed using the strength reduction method, that is:

cf′=c′/FOS(8)

ϕf′=arctan(tan⁡ϕ′/FOS)(9)


where, cf′ and ϕf′ are the factored effective cohesion and internal friction angle corresponding to the slope failure.

2.3 Random Field Modelling of Soil Parameter

Soil parameters are inherently heterogeneous. The values of soil parameters in the field are spatially variable. In order to model the spatial variability, random field theory has been developed. The LAS, which is a commonly used method to generate random field, is applied in this paper. Fenton [40] compared several methods of generating random field, such as the turning bands method, the fast Fourier transform and the LAS. The LAS was shown to be more efficient and reliable. Moreover, it is ideally suited for use with the finite element method (FEM).

The LAS is a recursive division process. Initially, a square domain is assigned with an initial value which is computed using a standard normal distribution and a correlation function. Then the domain is divided into four random cells. Among them, the values of three cells are computed by the LAS, and the other one is calculated by the upward averaging. After that, the division process is continued until the number of random cells achieves the requirement (related to the number of finite elements). Finally, the standard random fields can be transformed to the required fields which follow the input distribution. The generated random field is isotropic and can be postprocessed to give an anisotropic random field if different values of scales of fluctuation are used in the horizontal and vertical directions.

An exponential Markov correlation function is taken as follows:

ρ(τv,τh)=exp(−(2τvθv)2+(2τhθh)2)(10)


where, ρ(τv, τh) is the correlation coefficient between the values of two points, τv and τh are the lag distance between two points in the vertical and horizontal directions in a random field, respectively. θv and θh are the vertical and horizontal scales of fluctuation, respectively. The reader is referred to Samy [41] and Spencer [42] for the detailed implementation of the LAS.

2.4 Framework of the Overall Analysis

Fig. 1 shows the flowchart of the probabilistic analysis of the heterogeneous frozen slope by considering the spatial variability of the thermal conductivity. The detailed procedures are summarized as follows:
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Figure 1: Flowchart of the overall analysis

•   Collect the necessary information for soil parameters, i.e., the thermal conductivity in this paper, which will be used in the following random field generation, such as the mean, the standard deviation, and the scale of fluctuation.

•   Generate a random field of the thermal conductivity using the LAS. Multiple realizations of the random field are generated.

•   Map the value of random cells in each realization to each Gauss point in the finite elements. Then, the thermal analysis is conducted to solve the temperature distribution of each realization. Then, the unfrozen volumetric water content and the pore water pressure is worked out.

•   Import the computed results of the unfrozen volumetric water content and the pore water pressure of each realization to the stability calculation of the slope.

•   Collect all the computed results of the FOS from all the realizations and carry out the probabilistic analysis.

3  Illustrative Example

In this paper, in order to investigate the influence of soil heterogeneity on the behavior of frozen soil slope, a typical slope geometry presented in the Program 6.4 of Smith et al. [43] is utilized, seen in Fig. 2. The slope is 10 m high with a slope ratio 1:2, and the crest is 20 m wide. The foundation is 60 m wide and 5 m deep.
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Figure 2: Geometry of the analysed slope

3.1 Homogeneous Slope

For comparison, the thermal, hydraulic and mechanical parameters are all first considered to be homogeneous across the whole domain. The values of those parameters are listed in Table 2. The boundary conditions are: the temperature of the bottom is −5°C and the temperature of the top surface is −20°C [44,45].
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In the finite element analysis, the whole domain is discretised and the size of element is 1.0 m by 1.0 m (see Fig. 2). When the parameters are all considered to be uniform across the whole domain, the computed distribution of the temperature and the pore water pressure is shown in the following Fig. 3.
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Figure 3: Distribution of temperature and pore pressure head in the slope

Since the pore water pressure has been computed out, the results can be imported to the slope stability calculation. Fig. 4 gives the results of the strength reduction factor, the maximum nodal displacement at convergence and the number of iterations to achieve convergence. Since the iteration ceiling is chosen to be 500, the computed FOS is 1.446.
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Figure 4: Maximum nodal displacement vs. strength reduction factor (SRF)

In the Introduction section, it has been found that the freeze-thaw cycle affects the mechanical parameters, i.e., the cohesion and the internal friction angle. From Table 1, it is assumed that, after the first freeze-thaw cycle, the effective cohesion decreases from 12 to 10 kPa and the effective internal friction angle increases from 15o to 16o. The computed FOS of the slope is 1.424. It can be seen that the FOS decreases due to the impact of the freeze-thaw cycle on the mechanical parameters. The decreasing ratio is small, i.e., 1.52%.

3.2 Heterogeneous Slope

Since the frozen soil has strong heterogeneity, the thermal conductivity is taken to be a spatially variable here. First, the influence of the heterogeneity in the thermal conductivity on the temperature and pore pressure distribution is investigated. Currently, there are seldom researches investigating the heterogeneity of the thermal conductivity. Usowicz et al. [46] studied a cultivated field with 220 measuring points. In the fields, the water content and bulk density of the topsoil were measured. Then, the thermal conductivity of the soil was estimated based on a statistical-physical model. From the calculated thermal conductivity, the classical statistics and geostatistics were used to analyse the variation and spatial correlation of the thermal conductivity. It was found that the distribution of the thermal conductivity is normal, and the spatial correlation function is spherical or exponential. Ferguson [47] investigated the effect of heterogeneity in the thermal conductivity on heat transport in aquifers. The thermal conductivity was assumed to be normally distributed. Due to a lack of geostatistical information, there was no spatial correlation considered in the thermal conductivity. Simms et al. [48] examined the impact of heterogeneity in the thermal conductivity on the functioning of horizontal ground heat exchangers. They took use of previous studies on soil hydraulic properties and assumed that the spatial correlation of the thermal conductivity is the same as that of the soil hydraulic properties. In this paper, in order to examine the variation of the temperature field and pore pressure distribution under the impact of the heterogeneous thermal conductivity, different statistics (see Table 3) of the thermal conductivity was used.
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Table 3 shows the different statistical parameters of the thermal conductivity. Based on the different parameters, the random fields of the four cases generated by the LAS show significant difference (seen in Fig. 5). From Fig. 5, it can be seen that the slope becomes layering with the increase of the horizontal SOF. In addition, by comparing Figs. 5b and 5c, it can be found that the color of Fig. 5c is darker. It means when the standard deviation of the thermal conductivity increases, the range of the values of the thermal conductivity increases.

In order to investigate the influence of the heterogeneity in the thermal conductivity on the temperature and pore water pressure distributions, a point A in the slope (shown in Fig. 2) is chosen to show the variation of the values. Fig. 6 shows the probability density function (PDF) and cumulative distribution function (CDF) of the temperature of point A from 500 realisations of the random field under different statistical parameters of the thermal conductivity. The mean and standard deviation of the temperature are summarized in the following Table 4.
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Figure 5: Realisations of the random field with different statistical parameters: (a) Case 1; (b) Case 2; (c) Case 3 and (d) Case 4
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Figure 6: PDFs (a) and CDFs (b) of the temperature of point A under different statistical parameters of the thermal conductivity

From Fig. 6, the distribution of the temperature is normal. In Table 4, the mean of the temperature of point A in the heterogeneous slope is equal to the result of the homogeneous slope. Generally, it can be found that the variation of the temperature, i.e., the standard deviation of the temperature, of point A increases with the increase of the standard deviation or the horizontal SOF of the thermal conductivity.
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Based on Eqs. (3) and (4), the results of the corresponding pore water pressure in the slope can be acquired. Fig. 7 shows the results of the pore water pressure head of point A from 500 realisations. Due to the relationship between the temperature and the pore water pressure, the variation of the pore water pressure head is similar to that of the temperature under different statistics of the thermal conductivity.

[image: images]

Figure 7: PDFs and CDFs of the pore water pressure head of point A under different statistical parameters of the thermal conductivity

Then, the results will be imported into the slope stability analysis. The FOS of 500 realisations of each case can be computed out. Fig. 8 shows the histogram of the FOS for each case. In Fig. 8, the horizontal axis denotes the FOS, and the vertical axis represents the number of realisations with a certain FOS. Generally, when the standard deviation or the horizontal SOF increases, the results of FOS become scatter. Moreover, from Figs. 8b–8d, the distribution of the FOS is approximately normal. This proves that the heterogeneity of the thermal conductivity indeed affects the frozen slope stability. However, it can be seen that the influence of the thermal conductivity on the FOS of the frozen slope is limited. The values of the FOS vary in a small scale.
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Figure 8:  Histogram of the FOS of the slope under different statistical parameters of the thermal
conductivity: (a) Case 1; (b) Case 2; (c) Case 3 and (d) Case 4

In order to further investigate the influence of freeze-thaw cycle on the heterogeneous frozen slope stability, similar to the homogeneous case, the effective cohesion decreases from 12 to 10 kPa and the effective internal friction angle increases from 15° to 16° after the first freeze-thaw cycle. In order to investigate the influence of freeze-thaw cycle on the stochastic analysis of the slope stability, the decreasing ratio of the FOS caused by the freeze-thaw cycle has been defined here:

r=| FOSa−FOSbFOSb |×100%(11)


in which, r is the decreasing ratio, FOSa and FOSb are the FOS after and before the freeze-thaw cycles for each realisation.

Fig. 9 shows the variation of the decreasing ratio r for all the realisations of the four cases. The horizontal axis is the number of realisation. From Fig. 9, it can be seen that the FOS decreases after the first freeze-thaw cycle due to the reduction in the strength parameters, i.e., the effective cohesion and the effective internal friction angle. The decreasing ratios r are generally around 1.52%, which is equal to the result of the homogeneous slope. Moreover, when the standard deviation and the horizontal SOF increase, the decreasing ratio r presents more variability. The reason is that the variation of the FOS increases (shown in Fig. 8) when the standard deviation and the horizontal SOF increase.
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Figure 9: Decreasing ratios of the FOS for the four cases after the 1st freeze-thaw cycle: (a) Case 1; (b) Case 2; (c) Case 3 and (d) Case 4

Furthermore, after 5th freeze-thaw cycle, it is assumed based on Table 1 that the effective cohesion reduces to 6 kPa and the effective friction angle remains 16°. Fig. 10 shows the variation of the decreasing ratio r for all the realisations of the four cases. The FOS decreases more due to the reduction of the effective cohesion. The decreasing ratios r are around 14%. Meanwhile, compared to Fig. 9, it can be seen that the dispersion of the FOS becomes more obvious. The reason of the dispersion could be that, with the number of freeze-thaw cycle increasing, the cohesion decreases more after 5th freeze-thaw cycles. From Eq. (5), the influence of the suction becomes more dominant after the decrease of the cohesion. Therefore, the influence of the variability in suction caused by the heterogeneity of the thermal conductivity on the FOS becomes more significant. The stronger dispersion means that the estimation of the stability of the frozen soil slope by considering the thermal conductivity as homogeneous could be inaccurate.
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Figure 10: Decreasing ratios of the FOS for the four cases after the 5th freeze-thaw cycle: (a) Case 1; (b) Case 2; (c) Case 3 and (d) Case 4

4  Conclusions

In this paper, the influence of the heterogeneity in the thermal conductivity on the frozen soil slope stability under the freeze-thaw cycle has been investigated. The coupling behavior between heat and moisture migration is neglected here. The LAS method is used to model the heterogeneity of the thermal conductivity and the strength reduction method is utilized to calculate the FOS of the frozen soil slope. The distribution of the thermal conductivity is assumed to be normal. It has been found that when the temperature is steady, the FOS of the frozen soil slope is influenced by the spatial variability of the thermal conductivity, but the influence is not significant. When the standard deviation and the SOF of the thermal conductivity increase, the mean of the FOS is equal to the FOS of the homogeneous case, and the standard deviation of the FOS also increases. Moreover, with the increase of the standard deviation and the SOF of the thermal conductivity, the distribution of the FOS becomes to be normal.

After the frozen soil goes through freeze-thaw process, firstly, it can be found that the FOS of the frozen soil slope decreases due to the reduction of the cohesion and the internal friction angle caused by the freeze-thaw cycle. When the number of freeze-thaw cycles increases, the reduction of the FOS becomes larger. Furthermore, the decreasing ratio of the FOS becomes more scattered after the 5th freeze-thaw cycle compared to that of the FOS after the 1st freeze-thaw cycle. The larger variability of the FOS could induce inaccuracy in the prediction of the frozen soil slope stability under freeze-thaw cycle.
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Table 1: Summary of the infl on the hanical
Parameter ~ Reference Number of freeze-thaw cycles
1 5 10
Cohesion ~ Formanek et al. [9] 50%)
Hotineanu et al. [12] 6% to 24%), 22% to 75%\,
2% to 23%] 19% to 37%|
Qi et al. [13] 38.6%], S1.1%|
Zhou et al. [14] 12.5%, 11.1%{ 37.5%, 71.8%| 62.5%], 88.9%
Yu et al. [15] 75%,
Internal Hotineanu et al. [12] ——
friction Qiet al. [13] 10.4%%, 124.6%1
angle Zhou et al. [14] 17%%, 1.3%% 8.7%1, 4%% 13%1, 4%1

Note: *}” means decrease, 1" means decrease and *<—>’ means no influence.
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Table 4: Mean and standard deviation of the temperature and pore water pressure head of
point A
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Mean/*C Standard deviation/°C Mean/m Standard deviation/m
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3 ~10.67 0388 —2.74 00504
4 ~10.67 0432 -2.74 0.0561





OEBPS/Images/CMES_18134-fig-6.png
(@)

Probability density function

6 T T T T
———— Histogram of Case 1

s L E~~~v Histogram of Case 2 )
zzz2 Histogram of Case 3
Histogram of Case 4

4 T ___ Distribution fit of Case 1 T
— — — Distribution fit of Case 2

3 F --—-- Distribution fit of Case 3 R

----------- Distribution fit of Case 4

-11.5 -11 -10.5 10 -9.5

Temperature /°C

~
(=3
~

Cumulative distribution function

-12

-10.5

Temperature /°C

10





OEBPS/Images/cmes-logo.png





OEBPS/Images/logo.png





OEBPS/Images/CMES_18134-fig-8.png
=3
| @
<
=N
3
<
®©
L3

72772222 %






OEBPS/Images/table-2.png
Table 2: Parameters used in the homogeneous slope

Parameters
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Saturated volumetric water content 6y
Residual volumetric water content 6,
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Effective internal friction angle ¢’
Unit weight y

Young’s modulus E

Poisson’s ratio v
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/
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m-!

/

kPa
kN/m?
kPa

/
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