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Abstract: Water level variations have caused numerous dam slope collapse disasters around the world, illustrating the large influence of water level fluctuations on dam slopes. The required indoor tests were conducted and a numerical model of an actual earth-filled dam was constructed to investigate the influences of the water level fluctuation rate and the hysteresis of the soil–water characteristic curve (SWCC) on the stability of the upstream dam slope. The results revealed that the free surface in the dam body for the desorption SWCC during water level fluctuations was higher than that for the adsorption SWCC, which would be more evident at higher water levels. The safety factor of the upstream dam slope initially decreased and then increased for the most dangerous water level as the water level rose and fell. The water level fluctuation rate mainly influenced the initial section of the safety factor variation curve, while the SWCC hysteresis mainly affected the minimum safety factor of the water level fluctuations. The desorption SWCC is suggested for engineering design. Furthermore, a quick prediction method is proposed to estimate the safety factor of upstream dam slopes with identical structures.
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1  Introduction

Practice has revealed that water level fluctuations have significant effects on the dam slope safety factor (FS) and can result in huge casualties to the people in the vicinity. A considerable proportion of dam slope failures around the world are triggered by water storage in reservoirs. Based on previous studies, 49% of the slope sliding events near Roosevel Lake between 1941 and 1942 were triggered by water storage and 30% were triggered by water release [1]. Similarly, the slope sliding events on the left bank of the Vaiont reservoir between 1960 and 1963 were triggered by water storage [2]; 60% of Japan’s reservoir slope failure events were triggered by water release and 40% were triggered by water storage [3]. Other examples include the Pilarcitos Dam failure south of San Francisco, California, USA, the Walter Boudin Dam failure in Alabama in the United States, and many river bank slope failures along the Rio Montaro in Peru [4]. In an effort to protect the lives and property of people living near dams from dam failure, this issue has received increasing attention from researchers [5–7].

Generally, the FS of a dam slope is influenced by both the hydrostatic pressure and the pore water pressure (matrix suction if it is negative) [8,9]. The hydrostatic pressure acting on the surface of the slope contributes to the stability of the slope, which is favorable to dam safety [10,11]. Consequently, when the water level decreases, the FS of the dam slope must decrease if the influence of the decrease in the free surface is neglected in this process. However, the free surface also decreases along the sides, which complicates the problem more [12,13]. Lane et al. [14,15] found that the FS initially decreased and then increased during the drawdown process, which was manifested as the effect of the tradeoff between the increase in the soil weight and the shear resistance. Thus, a minimum FS value for water level fluctuations. Gao et al. [16] studied the effect of water drawdown on the three-dimensional slope safety factor and found that the variation of FS of the dam slope was non-monotonic and was due to the tradeoff between the hydrostatic pressure and the pore water pressure.

Furthermore, fluctuations in the water level can induce a change in the angle of the matrix suction friction and the unit weight, subsequently inducing a change in the slope safety factor. Current slope stability analysis under seepage adopts the Fredlund and Morgenstern’s dual variables model [17], which assumes that the soil’s strength is affected by both the net normal stress and the suction. To incorporate the matrix suction into the analysis, the seepage calculation should involve the soil–water characteristic curve (SWCC). Nuria et al. [18] demonstrated that the SWCC has a significant influence on the seepage. When the air entry value increased, the free surface decreased. However, the effect of the SWCC hysteresis on the slope safety factor is still unclear.

In recent years, more studies have concentrated on dam slope stability during water level variations and some have considered the SWCC. Wang et al. [19] studied the stability of an earth dam using multivariate adaptive regression splines with respect to the water level fluctuations, and they concluded that the earth dam slope failure probability is significantly influenced by the water level fluctuation rate and the soil friction angle. Sun et al. [20] investigated earth dam stability during water level drawdown and rainfall, and they found that the earth dam slope stability is considerably influenced by the permeability coefficient, porosity, and saturation when the water level fluctuations and rainfall are considered in a combined manner. These studies can be broadly classified into three groups: (1) numerical simulations [21–24]; (2) field investigation and monitoring data analysis [25–29]; and (3) model tests [30–34]. As was demonstrated by Duncan [35], numerical simulations have the advantages of being economical, convenience, and time-saving, and they can be developed and adopted in various aspects [36–39].

Although many studies have been conducted on dam stability under water level fluctuations, the results are not sufficient to direct engineering projects because previous studies did not take into account the hysteresis of the SWCC in addition to the FS. As would be expected, the change in the free surface with water level fluctuations has a duration, which in turn causes a lag in the FS of the dam slope. Thus, the variation curve of the slope safety factor with water level fluctuations should contain a hysteresis loop. The study of the FS hysteresis loop under SWCC hysteresis is of great importance to engineering projects.

Based on an actual earth dam in China, in this study, the finite element software Geo-studio was used to analyze the FS of the dam slope during water level fluctuations. First, the soil parameters were obtained through geotechnical experiments, including direct shear tests and permeability tests. Second, a numerical model was constructed using the Geo-studio software, within which the seep/w module was used to calculate the seepage field and the slope/w module was used to calculate the FS of the dam slope. Additionally, the SWCC hysteresis and the water level fluctuation rate were taken into account in the calculation to investigate their influences on the FS of the dam slope. Finally, the FS data for the dam slope under water level drawup were used to construct prediction equations for the FS under water level drawdown, which facilitate the earth dam construction and operation for dam structures identical to that analyzed in this study.

2  Study Area

Hanyu reservoir is located on the Hanyu River in Hu County, Shaanxi province (Fig. 1). It was constructed in 1970 from homogeneous cohesive soil. Through field investigations, the upper layer of the river bed was found to be composed of sandy gravel underlain by red clay. Owing to the high permeability of the sandy gravel layer beneath the dam body, some anti-permeating measures were needed.
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Figure 1: Map showing the location of the study area

The catchment area of the dam is about 11.7 km2, with an annual precipitation of approximately 591.1 mm. The precipitation is mainly concentrated in summer, so the reservoir water level is usually at a normal elevation of 568.90 m during the summer; while during the dry season it can fall to the sedimentation elevation of 559.40 m. It can be reasonably concluded that the reservoir’s water level fluctuates between 568.90 m and 559.40 m with the seasons.

As Fig. 2 shows, the height of the dam is 34 m, and the widths of the crest and base are 8 m and 198 m, respectively. It was constructed with four different slope ratios along the upstream and downstream faces to meet the stability requirements.

[image: images]

Figure 2: Project configuration: (a) typical cross section and (b) field photo

3  Analysis Scheme and Soil Properties

3.1 Seepage Analysis Theory

In the case of reservoir water level fluctuations, calculating the seepage of the dam is a transient seepage problem, in which the output variables are related to time [4]. Sufficient calculation theories have been developed to solve this problem, of which the finite element method (FEM) in the Geo-studio software is more satisfactory and thus was used in this study. In this calculation process, the permeability of the soils must be determined first because it varies with the saturation of the soils.

Genuchten et al. [40] developed an equation to predict the soil permeability that incorporates the saturated and unsaturated conditions using the SWCC. It can satisfactorily depict the relative hydraulic conductivity of a cohesive soil which is the ratio of the soil permeability to the saturated permeabiltiy and is expressed as Eq. (1):

Kr(p)=[1−(αp)(n−1)(1+(αp)n)−m]2[1+(αp)n]m2,(1)

where Kr(p) is the relative hydraulic conductivity; p is the pressure head in the soil; and α, m, and n are the parameters from the SWCC, which are related to the air entry value, the slope of the main section of the SWCC, and the residual water content of the soil, respectively. These parameters can be obtained from special experiments, which will be discussed later. It should be noted that the parameter n can be determined using Eq. (2):

n=1(1−m).(2)

And the SWCC which depicts the relation between the volumetric water content and the pressure head is expressed as:

θ−θrθs−θr=[11+(αp)n]m,(3)

where θ is the volumetric water content in the soil; θs, θr are the saturated and residual volumetric water contents, respectively; the other symbols are the same as in Eq. (1). It should be noted that from the volumetric water content θ the saturation degree Sr can be determined, as follows:

Sr=1+eeθ,(4)

where e denotes the void ratio of the soil. Thus, through Eqs. (3) and (4) the saturation degree Sr and the pressure head p can be related.

Then, by incorporating the SWCC and considering Darcy’s law, the following governing Eq. (5) can be derived:

∂∂x(kx∂h∂x)+∂∂z(kz∂h∂z)+S=∂θ∂t,(5)

where kx and ky are the horizontal permeability and the vertical permeability, respectively; S is the water storage or release, for which a positive value indicates storage and a negative value indicates release; h is the total water head; and θ is the volumetric water content needed in the SWCC.

From the SWCC we can derive Eq. (6):

∂θ∂t=m2w∂p∂t=m2wρwg∂(h−z)∂t=m2wρwg∂h∂t,(6)

where m2w is the slope of the SWCC at a certain point; ρw is the density of water; g is the acceleration of gravit. Letting λ=m2wρwg, Eq. (5) transforms into Eq. (7):

∂∂x(kx∂h∂x)+∂∂z(kz∂h∂z)+S=λ∂h∂t,(7)

where λ is the water storage coefficient. For two dimensional problems, the following conditions depicted by Eq. (8) need to be met:

h|t=0=H0(x,z)(x,z)∈Dh|Γ1=φ(x,z)(x,z)∈Γ1,t>012[kx∂h∂xcos⁡(n^x)+kz∂h∂zcos⁡(n^z)]|Γ2=qt>0.(8)

Here, H0(x, y) is the initial water head; φ(x,z) is the water head function on the first category of boundary Γ1; q is the single width feeding quantity on the second category of boundary; (n^x), (n^z) denote the angles between the X-axis, the Z-axis and the outer normal line of Γ2.

From the above, the following functional (Eq. (9)) can be established:

I(h)=∬D[12kx(∂h∂x)2+12kz(∂h∂z)2+Sh+λ∂h∂th]dxdz+∫ΓqhdΓ.(9)

The solving of the seepage problem under water fluctuations is equivalent to finding the minimum value of this functional. For a given element, this functional can be decomposed as Eq. (10):

Ie(h)=I1e+I2e+I3e+I4e,(10)

which is detailed as Eq. (11):

I1e=∬De12[kx(∂h∂x)2+kz(∂h∂z)2]dxdzI2e=∬DeShdxdzI3e=∬Deλh∂h∂tdxdzI4e=∫ΓqhdΓ.(11)

The water heads in an element can be obtained by interpolating the water heads of all the element nodes, which is expressed as the follows:

h=∑k=1nNkhk,(12)

where h is the water head in the element; hk is the water head of each element node; Nk is the interpolation function.

For each nodal head h1, h2, h3, …, hn, the partial derivative of I1e can be obtained as:

∂I1e∂hi=∬De12[kx∂∂hi(∂h∂x)2+kz∂∂hi(∂h∂z)2]dxdz.(13)

Substituting Eq. (12) into Eq. (13), we can obtain Eq. (14):

∂I1e∂hi=∑k=1mhk∬De[kx∂Nk∂x∂Nj∂x+kz∂Nk∂z∂Nj∂z]dxdz.(14)

Letting Kij=∬De[kx∂Ni∂x∂Nj∂x+kz∂Ni∂z∂Nj∂z]dxdz, we can obtain Eq. (15):

{∂I1e∂h}=[K11K12⋯K1nK21K22⋯K2n⋮⋮⋮⋮Kn1Kn2⋯Knn](h1h2⋮hn)=[K]e{h}e.(15)

Similarly, for each nodal head h1, h2, h3, …, hn, deriving the partial derivative of I2e with Eq. (12) substituted into, we can get Eq. (16):

∂I2e∂hi=S∬De∂∂hi(∑k=1nNkhk)dxdz=S∬DeNidxdz.(16)

Letting Ei=S∬DeNidxdz, it then has Eq. (17):

{∂I2e∂h}={E}e.(17)

For each nodal head h1, h2, h3, …, hn, deriving the partial derivative of I3e with Eq. (12) substituted into, we can get Eq. (18):

∂I3e∂hi=∑k=1n∂hk∂tλ∬DeNkNidxdz.(18)

Letting Rij=λ∬DeNkNidxdz, it then has Eq. (19):

{∂I3e∂h}=[R]e{∂h∂t}e.(19)

For each nodal head h1, h2, h3, …, hn, deriving the partial derivative of I4e with Eq. (12) substituted into, we can get Eq. (20):

∂I4e∂hi=∑k=1nqk∫De∩Γ2NkNidΓ.(20)

Letting Dij=∫De∩Γ2NiNjdΓ, it then has Eq. (21):

{∂I4e∂h}=[D]e{q}e.(21)

Thus, for each element, it has Eq. (22):

{∂I∂h}e=[K]e{h}e+{E}e+⌊R⌋e{∂h∂t}e+[D]e{q}e.(22)

Assembling the partial derivatives of the functional of all the elements with respect to h, which was made to equal to 0, we get:

[K]{h}+[R]{dhdt}=−{E}−[D]{q}+{F}.(23)

Here, {E} reflects the water storage or release; −[D]{q}+{F} reflects all the boundary conditions. Thus, the right-hand side of Eq. (23) can be merged into {Q}. Then we can get:

[K]{h}+[R]{dhdt}={Q}.(24)

For saturated-unsaturated seepage problems, Eq. (24) can be illustratively depicted as Eq. (25):

[Ks]{h}−[Kus]{h}+[Rs]{dhdt}−[Rus]{dhdt}={Q},(25)

where [Ks] is the permeability coefficient matrix of the saturated elements, [Kus] is the permeability coefficient matrix of the unsaturated elements, [Rs] is the water storage matrix of the saturated elements, [Rus] is the water storage matrix of the unsaturated elements, {h} is the nodal head vectors, and {Q} is the vector of the prescribed nodal flow referring to the boundary conditions. By solving this equation for each node within the discretized calculation domain, the seepage field of the domain can be obtained.

It should be noted that, [K] and [R] in Eq. (24) can be obtained by numerical integration, and the solution algorithm of this equation adopted back difference method, as Eq. (26):

([K]+[R]Δt){h}t+Δt=[R]Δt{h}t+[Q].(26)

3.2 Slope Stability Analysis Theory

The traditional approach to analyzing slope stability is the limit equilibrium method (LEM), which considers the saturated soil strength. While many other methods have been developed, the LEM is still the most reliable and acceptable method in geotechnical studies. More importantly, the unsaturated soil strength has been adopted in the LEM, which has extended this method to unsaturated soils [41]. In this study, the influence of water level fluctuations on the dam slope stability was investigated using Geo-studio, which incorporates unsaturated soil theory.

When calculating the safety factors, Eq. (27) formulated by Fredlund et al. [17] was adopted.

τf=c′+(σn−μa)tgφ′+(μa−μw)tgφb,(27)

where c′ is the effective cohesion, φ′ is the effective frictional angle, φb is the angle of the suction friction, σn is the net normal stress, μa is the pore air pressure, and (ua–uw) is the matrix suction in the soil.

The Morgenstern–Price method [8] meets the equilibrium requirements of both the force and the moment, and therefore, it is considered to be the strictest LEM. From the equilibrium of moment, a safety factor can be derived as Eq. (28):

Fm=∑(c′βR+[N−uwβtan⁡ϕbtan⁡ϕ′−uaβ(1−tan⁡ϕbtan⁡ϕ′)])Rtan⁡ϕ′∑Wx−∑Nf+∑kWe+∑Dd+Aa,(28)

where R is the sliding circle radius or the moment arm, k is the earthquake acceleration coefficient, e is the vertical distance from the soil slice centroid to the moment center, d is the perpendicular distance from the external line load to the center of the moment, a is the perpendicular distance from the external water force to the center of the moment, β is the slice base width, N is the normal force on the bottom of the slice, uw is the pore water pressure, ua is the pore air pressure, W is the slice weight, x is the horizontal distance from the slice centerline to the moment center, f is the perpendicular distance from the normal force line on the slice bottom to the moment center, D is the external load, and A is the external water force. The meanings of the other symbols are the same as above.

Another safety factor can be derived from the force equilibrium as follows:

Ff=∑(c′βcos⁡α+[N−uwβtan⁡ϕbtan⁡ϕ′−uaβ(1−tan⁡ϕbtan⁡ϕ′)]tan⁡ϕ′cos⁡α)∑Nsin⁡α+α∑kW−∑Dcos⁡ω±∑A,(29)

where α is the angle between the tangent on the center of the bottom of the slice and the horizontal line. The meanings of other symbols are the same as in Eq. (28). The frictional force between the slices can be calculated using an inter-slice function, which is not presented due to space limitations. As was defined by Morgenstern, the safety factor obeying both Eqs. (28) and (29) is considered to be the real safety factor. To identify the critical sliding surface, the Siegel grid method developed by Siegel et al. [41] was adopted in this study, which is described in detail by Siegel et al. [41].

3.3 Analysis Scheme

The profile of the dam analyzed in this study is shown in Fig. 2, in which (a) is a typical section and (b) is a field photo of the dam. The four different slope ratios of the upstream slope were 1:2.0, 1:2.5, 1:3.0, and 1:3.5, while the four different slope ratios of the downstream slope were 1:1.8, 1:2.6, 1:2.6, and 1:1.5.

For convenience, the origin of the coordinates was set as the toe of the upstream slope. The highest water level was 28.9 m (the normal water level) and the lowest water level was 19.4 m (the sedimentation elevation). The water level rose from 19.4 m to 28.9 m, stayed at this level for 6 days, and then dropped to 19.4 m at a constant rate. The variations in the water level of the reservoir used in this study are intuitively shown in Fig. 3. There were five cases represented by five different water level fluctuation rates (1 m/d, 2 m/d, 3 m/d, 4 m/d, and 5 m/d) for water level drawup and drawdown. The five different water level fluctuation rates were considered using five different boundary conditions on the upstream slope surface A-A-A in the software. The downstream slope surface was set as the potential seepage boundary, and the other edges of the model were set as impervious boundaries.

[image: images]

Figure 3: The varying reservoir water level of each case

The FEM model and the discrete grid of the dam are shown in Fig. 4, in which both three-node triangular elements and four-node quadrilateral elements were used to adapt to the complex shape of the dam model. A total of 3125 elements, including 2011 triangular elements and 1114 quadrilateral elements, were used in the model, which contained 2239 nodes.

[image: images]

Figure 4: The FEM model and discrete grid of the dam. A-A-A is the variable water head boundary; B-B-B is the potential seepage boundary; and the other edges of the model are impervious boundaries

3.4 Material Parameters

There were six materials involved: the dam body material, the silt in front of the dam, the drainage arris body, the loam layer, the sandy gravel layer, and the red clay layer. In contrast to saturated seepage problems, in this study, unsaturated permeating problems, which refers to a varying permeability delineated by a permeability function, were incorporated. In this study, the permeability function estimated using the Van Genuchten theory [40], which depends on the SWCC and the saturated permeability coefficient, was used. As was demonstrated by Van Genuchten, the SWCC has different parameters under desorption and adsorption processes, thus inducing different unsaturated permeability coefficients. Since we were only concerned with the influence of the SWCC hysteresis formed under adsorption-desorption processes on the dam slope’s stability and the soil type of the dam body and its saturated permeability coefficients from indoor tests were nearly identical with those of Van Genuchten [40], the SWCC parameters for desorption and adsorption of Van Genuchten’s study were used. The values of the parameters are listed in Tables 1 and 2, and the meaning of each parameter was described by Dawson et al. [36]. It should be noted that only the adsorption SWCC parameters of the dam body are given here because the other materials were always below the free surface and were constantly saturated. The SWCC used is intuitively shown in Fig. 5, i.e., a hysteresis loop.
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Figure 5: Hysteresis of the SWCC

The saturated permeability coefficients of all of the materials were determined through variable head permeability experiments, that is, the water head applied on the the specimen in the test was varied. First, the sample specimens were collected in the field using ring knives. Then, the samples were weighed using a balance to calculate the density of the specimens. Finally, the specimens were placed in the permeameter to determine the permeability coefficients (Kh) of the soils. The permeability experiment steps are shown in Fig. 6.

[image: images]

Figure 6: Permeability test process

The Mohr-Coulomb criterion, which has been extended to consider the influence of the matrix suction, was used to describe the shear strengths of the model materials due to its conciseness and wide acceptance. The shear strength parameter values essential in the slope stability analysis were determined through indoor direct shear experiments, and the density of each material was tested using the aforementioned ring knife experiment. The strength parameter values and the densities are presented in Table 3. To be more persuasive, Fig. 7 shows the direct shear test scenario.
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Figure 7: Direct shear experiment

4  Free Surface under Water Level Fluctuations

To detail the free surface variation subject to the water level fluctuations, the FEM model in Fig. 4 was employed with the varying water head applied on the upstream face (A-A-A). The seep/w tool was used to calculate the seepage under the water level fluctuations, in which the adsorption SWCC and the desorption SWCC were taken into account. Because we just concerned about the influences of the hysteresis of the SWCC on the free surface, only one water level fluctuation rate of 1 m/d was considered here. A vertical line (E–E) was drawn from the upstream slope shoulder, and a horizontal line with the elevation of 0 m was drawn as the base line. The definition of the free surface height was the distance between the intersection point of the base line and the vertical line and the intersection point of the free surface and the vertical line.

Fig. 8 presents the variation of the free surface under the water level fluctuation, with Fig. 8a referring to the situation of adsorption SWCC and Fig. 8b referring to the situation of desorption SWCC. Apparently, the free surface rose up with the rising of the reservoir water level, and vise vs. The variation of the free surface was more dramatic and swift near the upstream slope surface, and was negligible near the drainage arris body, which formed a horn shape area of free surface variation. It could be found that at the same reservoir water level the free surface height of the water level drawdown was greater that of the water level drawup. Thus, under the same reservoir water level, the free surfaces of water level drawup and drawdown formed a closed hysteresis loop, which was bigger and bigger as the water level variation time lasted. That could be mainly due to the water holding effect of the dam body soils. As the water level drawdown, the free surface could not decrease timely for the water holding effect of the dam body soils, thus causing the difference between the free surfaces of water level drawdown and drawup, which formed the hysteresis loop. The held water in the dam body accumulated more and more as the water level variation time lasted, which resulting in the larger and larger hysteresis loop.

[image: images][image: images]

Figure 8: Free surface under water level fluctuations: (a) with the adsorption SWCC; (b) with the desorption SWCC

Comparing Figs. 8a and 8b, the variation rules of the free surface with the water level under both the adsorption SWCC and the desorption SWCC are identical. However, the free surface variation extent was different under the two situations, which can be more clearly seen in Fig. 9.

[image: images]

Figure 9: Free surface height during water level fluctuations

As can be seen in Fig. 9, the free surface height increased with the rising of the water level, and decreased with the declining of the water level. In the duration of the six days between the water level drawup and drawdwon, the free surface height continually increased. Comparably, the free surface increasing rate of the desorption SWCC during the water level drawup was greater than that of the adsorption SWCC, leading to the approximately 1 m larger free surface height of the desorption SWCC comparing with that of the adsorption SWCC at the end of the water level drawup. That could be due to the larger permeability coefficient at the unsaturated condition estimated from the adsorption SWCC, which vented the seepage water, thus lowering the free surface. The free surface height increments of the adsorption SWCC and the desorption SWCC are almost identical during the six days of no water level variation. That is, the difference of the free surface height between the adsorption SWCC and the desorption SWCC was still about 1 m at the beginning of the water level drawdown. However, as the water level drawdown, the difference between them gradually decreased, which could be due to the larger water holding capacity from the adsorption SWCC. Summarily, the free surface height of the desorption SWCC is larger than that of the adsorption SWCC, which is more evident with higher reservoir water levels. As the higher free surface is adverse to the dam safety, the desorption SWCC is suggested for the engineering practice.

5  FS of Upstream Dam Slope under Water Level Fluctuations

Broadly utilized in the geotechnical field, the safety factor is commonly accepted as the only recognized indicator for evaluating slope stability under various conditions, including under water level fluctuations. Earth filled dams under water level fluctuation exactly describes this problem, and their FS values also fluctuate wildly.

5.1 FS under Water Level Drawup–Drawdown Cycles

To investigate the dam slope stability under water level drawup–drawdown cycles, The calculated seepage field was input into the slope/w tool to calculate the slope stability under the water level variations, in which the Morgernstern method was utilized. It was found that similar to the variations in the water level, the FS of the upstream dam slope fluctuated with the water level. Fig. 10 shows the critical sliding surface of the highest water level status, which shows that there was no noticeable change. Constrained by the sludge in front of the dam, the sliding surface was located in the upper part of the dam slope.

[image: images]

Figure 10: Critical sliding surface of the upstream slope

Figs. 11a–11e show the FS values under the adsorption SWCC for different water level fluctuation rates, where the X axis represents the water level during the fluctuations. The FS initially decreased and then increased during both the water level drawup and drawdown. As a result, the minimum FS occurred during both the water level drawup and drawdown at different critical water levels. In the initial stage of the water level drawup process, the water in the reservoir infiltrated into the lower part of the upstream slope, causing the matrix suction of the lower part to decrease, which manifested as the softening effect in the nearby areas. In this stage, the foot-pressing effect imposed by the water in the reservoir was small, so the softening effect in the lower part was predominant, thus inducing the decrease in the FS. However, in the later stage of the water level drawup, the foot-pressing effect imposed by the water in the reservoir became evident, and the softened area in the lower part of the slope could not develop in a timely manner, which led to an increase in the FS. Comparably, in the initial stage of the water level drawdown, the combined effect of the decrease of the foot-pressing effect imposed by the water in the reservoir and the production of excess pore water pressure in the upper part of the slope induced a decrease in the FS. However, in the later stage of the water level drawdown, the excess pore water pressure dissipated and the shear strength of the upper part of the slope recovered, which gradually dominated the variation in the safety factor of the slope, thus inducing an increase in FS in this stage. Based on Fig. 11, the most dangerous water level, i.e., the critical water level, during the water level drawup was 5 m from the toe of the dam, at 36.9% of the slope height. The most dangerous water level during the water drawdown was 7.5 m from the toe of the dam, at 55.4% of the slope height. An interesting phenomenon is that the critical water levels during both the water level drawup and drawdown were not affected by the water level fluctuation rate. As was reported by Gao et al. [16], the minimum FS of the dam slope was reached before the reservoir was fully drained, which is identical to the results of this study. However, Lane et al. [15] pointed out that the minimum FS is reached when the water level drawdown ratio is 0.8, while it was found to be 0.49 in this study, in which the effective dam height H was defined as the distance from the crest of the dam to the sedimentation elevation. The deviation of the critical drawdown ratio (the ratio of the water level drawdown height to the slope height) may be caused due to the following reasons: (1) the difference in the initial water level before drawdown, which was at the dam crest for Lane and Griffiths’s study but was at an intermediate elevation in this study; and (2) the geological differences between this study and Griffiths’s.

[image: images][image: images]

Figure 11: FS of the upstream slope during water level fluctuations under the adsorption SWCC: (a) water level variation rate of 1 m/d; (b) water level variation rate of 2 m/d; (c) water level variation rate of 3 m/d; (d) water level variation rate of 4 m/d; and (e) water level variation rate of 5 m/d

To clarify the reasons for the deviation in the critical drawdown ratio, we reconstructed the FEM model by removing the sludge in the reservoir and set the water level variation from the dam crest to the slope foot, while the other boundary conditions and material properties remained unchanged. The variation in the FS with the water level obtained through simulation is shown in Fig. 12. The variation in the FS is consistent with Fig. 11, showing an increase in the initial stage and a decrease in the subsequent stage, but the critical water level is 15 m. Considering that the total slope height in this case was 32.9 m, we determined that the critical drawdown ratio was about 0.6. By carefully scrutinizing the data of Lane and Griffiths, it was determined that the critical drawdown ratio in the slow drawdown problem is between 0.6 and 0.8. Thus, the minimum FS was reached when the drawdown ratio was 0.6, which is consistent with the results of this study.
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Figure 12: FS variation curve for the upstream dam slope during water level drawdown. This curve is for the situation in which the rate of water level drawdown is 1 m/d, and the sludge in the reservoir has been removed

It should be emphasized that the FS at the beginning of the water level drawup was higher than that of at the end of water level drawdown. The pore water pressure was much lower at the beginning of the water level increase than that at the end of drawdown process due to the dissipation of the excess pore water pressure formed during drawdown continues after the drawdown stopped. This difference in the pore water pressure, which is critical to the slope stability, must cause the different FS values.

Notably, the variation in the FS during the water level drawup did not follow the path of that during the water level drawdown. In addition, it had an approximately identical minimum FS value with a negligible change, while the water level fluctuation rate varied. As a result, in engineering practice, if the minimum FS of the upstream dam slope during a water level drawdown is determined the minimum FS of the water level drawup is also determined, and vice versa. An exciting finding from Fig. 11 is that the FS variation curve under a water level drawup–drawdown cycle intersects, forming three loops: a left incomplete loop, a middle loop, and a right loop. As the water level fluctuation rate increased, the left intersection point moved right, causing the left incomplete loop to enlarge and the middle loop to be squeezed, which can be seen more clearly seen in Fig. 13.
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Figure 13: Fs of upstream slope under different water level fluctuation rates

It can be seen from Fig. 13 that the water level fluctuation rate only apparently influenced the water level increase sections of the FS variation curves of water level drawup to the left of line A-A. As the water level fluctuation rate increased, the slopes of these curve sections became more moderate, causing the left intersection point to move to the right. This may be due to the shorter time required for the water to infiltrate into the dam body, while the water level drawup rate increased, which resulted in lower pore water pressures in the dam body.

5.2 Influence of SWCC Hysteresis on the FS under Water Level Fluctuations

As saturated soil mechanics developed, it has been broadly recognized that the matrix suction and the angel of suction friction play important roles in the soil strength [42–44], particularly influencing the stability of soil slopes. In this case, an inevitable factor influencing the dam slope’s stability under water level fluctuations is the SWCC of the soil, which exhibits hysteresis in an adsorption-desorption cycle.

Fig. 14 shows the variation curves of the upstream slope FS with variation in the reservoir’s water level under the hysteresis of the SWCC. It can be seen that in the water level drawup–drawdown cycles the minimum FS of both the water level drawup and drawdown are apparently affected by the SWCC hysteresis, with no other evident difference along the FS variation curves. Through careful scrutiny, the minimum FS of the adsorption SWCC was found to be about 12.38% times higher than that of the desorption SWCC under water level drawup. This could be due to the greater water venting ability of the dam body predicted from the adsorption of the SWCC, causing lower pore water pressures in the dam slope, which is favorable to the stability to the dam slope. Thus, it can be reasonably concluded that the desorption SWCC should be adopted in the assessment of dam slope stability under water level drawup due to its better reliability.
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Figure 14: Effect of SWCC hysteresis on the safety factor of the upstream slope: (a) water level variation rate of 1 m/d; (b) water level variation rate of 2 m/d; (c) water level variation rate of 3 m/d; (d) water level variation rate of 4 m/d; and (e) water level variation rate of 5 m/d

Similarly, the minimum FS of the adsorption SWCC is about 41.4% higher than that of the desorption SWCC under water level drawdown. This could be due to the higher permeability derived from the adsorption SWCC letting the water stored in the upstream dam slope swiftly discharge, which is favorable to the dam slope’s stability. As the FS decrease in the initial stage of water level drawdown was mainly caused by the excess pore water pressure in the upstream slope, which depends on the water discharge, the difference between the FS was inevitably maximized at the critical water level, resulting in an evident difference in the minimum FS at this point. In the later stage, the excess pore water pressure dissipated gradually, thus gradually leading to a smaller difference in the FS. In summary, the desorption SWCC should be adopted in the evaluation of upstream dam slope stability under water level fluctuations because it provides a lower critical FS, which is more reliable for assessment. This is consistent with the conclusion of Al-Labban [45].

6  Stability Prediction

Generally, the dam slope stability can be determined through numerical simulation such as the LEM and FEM; however, these methods require a large amount of time. To simplify the calculation process, Gao et al. [16] presented slope stability charts for two dimensional and three dimensional slopes under different water level drawdown conditions, which only consider a simple and homogeneous slope. However, no quick estimation method for FS variation curves of actual dam slopes under water level fluctuations has been developed. As would be expected, if the FS variation curve for water level drawup can be determined, the curve for the water level drawdown can also be determined using a regression operation, and vice versa. This saves a great amount of calculation time and effort.

6.1 Derivation of Equations

Taking Fig. 11 as an example, in Fig. 11a, the FS variation curve for water level drawup can be fitted by a cubic polynomial and by a quadratic polynomial for the sections of the curve with water levels lower than 24.4 m and higher than or equal to 24.4 m, with correlation coefficients (R2) of 0.88584 and 0.99841, respectively.

As Fig. 15 shows, the FS variation curve for a water level drawup rate of 1 m/d can be described by Eq. (30).
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Figure 15: The calculated data and fitting curves for the FS for a water level drawup rate of 1 m/d

{FS=−230.814+32.051x−1.45x2+0.022x3(x<24.4)FS=−28.663+2.11x−0.0373x2(x≥24.4)(30)

As can be seen from Fig. 11, the FS variation curve for water level drawdown can also be fitted using two equations for the sections with water levels lower than or equal to 24.9 m and higher than 24.9 m. Both equations are quadratic polynomials with the same form as Eq. (31) and require three parameters to be determined.

FS=ax2+bx+c,(31)

where a, b, and c are undetermined coefficients, which can be determined from the coordinates of points A, B, C, D, E, and F in Fig. 11a using the regression method. First, the coordinates of points A, B, and C, through which the FS variation curves for the water level drawdown inevitably passes, can be obtained using Eq. (30). The coordinates of the three points are (28.9, 1.072), (26.9, 0.544), and (25.9, 0.816), respectively. Using the regression method, the FS variation equation for water levels higher than 24.9 m during drawdown is Eq. (32).

FS=0.179x2−9.71x+132.34(x≥24.9)(32)

Then, by substituting x = 24.9 into Eq. (32), the coordinates of point D can be obtained, i.e., (24.9, 1.54). Furthermore, from Fig. 11, the x coordinate of point E can be derived as a function of the water level fluctuation rate using the regression method:

xE=20.128+0.466V−0.034V2.(33)

Since point E is the intersection point of the FS variation curves for water level drawup and drawdown, the y coordinate of point E on the FS variation curve for water level drawdown can be obtained by substituting Eq. (33) into the first function of Eq. (30) as follows:

FS(E)=−230.814+32.051xE−1.45xE2+0.022xE3.(34)

In the current case study, v was equal to 1 m/d, producing an xE value of 20.56 through Eq. (33). By substituting this value into Eq. (34), the FS(E) value of 1.95 was obtained. Thus, the coordinates of point E are (20.56, 1.95). Additionally, the FS variation curves for water level drawdown in Fig. 11 constantly pass through point F, which has coordinates of (19.4, 1.81).

Through regression analysis of the coordinates of points D, E, and F, the FS variation curve for water level drawdown for water levels of lower than 24.9 m can be derived using Eq. (35).

FS=−15.184+1.655x−0.039x2(x<24.9).(35)

By combining Eqs. (32) and (35), the complete equation for predicting the FS variation curve for water level drawdown can be derived (Eq. (36)). It should be noted that point E moves to the right as the water level variation rate increases, inducing different equations for the FS variation. Eq. (36) is for a water level drawdown rate of 1 m/d and simply provides an example.

{FS=0.179x2−9.71x+132.34(x≥24.9)FS=−0.039x2+1.655x−15.184(x<24.9)(36)

6.2 Equations Validation

To validate the accuracy of the prediction equation (Eq. (36)), six calculated points were selected for comparison with the corresponding predicted values. As is shown in Fig. 16, the calculated values are close to the predicted curve, with relative errors of 2.1%–14.4%. It is reasonably concluded that the derived prediction equation (Eq. (36)) for the variation in the FS with water level can be used to approximate the stability of the up-stream dam slope during water level drawdown.
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Figure 16: The predicted FS variation curve for water level drawdown

7  Conclusions

Dam slope collapse events have occurred worldwide under water level fluctuations and have caused numerous casualties to the people living nearby and thus studying dam slope stability under water level drawup and drawdown is of great importance. Based on an actual dam, the effects of the water level fluctuation rate and the hysteresis of the SWCC on the FS of the dam slope were studied via numerical simulations. Based on the calculation results, the following conclusions were drawn:

1.    The free surface in the dam body for the desorption SWCC during water level fluctuations was higher than that for the adsorption SWCC, which would be more evident at higher water levels.

2.    The FS of the upstream dam slope under water level drawup initially decreased and then increased, with the minimum value occurring at a reservoir water level of about 36.9% of the slope height, which is referred to as the critical water level.

3.    Similarly, the FS of the upstream dam slope initially decreased and then increased, with a critical reservoir water level of around 55.4% of the slope height during water level drawdown. The FS variation curve did not follow that of the water level drawup; however, it had a minimum FS value identical to that for water level drawup.

4.    The critical water levels during both water level drawup and drawdown were not affected by the water level fluctuation rate and the SWCC hysteresis.

5.    The minimum FS of both the water level drawup and drawdown were apparently affected by the SWCC hysteresis. The minimum FS of the adsorption SWCC was higher than that of the desorption SWCC under both water level drawup and drawdown. Consequently, it is advised that the desorption SWCC be used in engineering practice for the sake of reliability.

6.    Under the circumstance of a determined FS variation curve for water level drawup, a method using a prediction equation was derived to quickly estimate the FS variation curve for water level drawdown. It has application value regarding controlling dam slope stability during water level drawdown for dam structures identical to that analyzed in this study.
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Table 3: Density and strength parameters of the dam model
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Dam body 19.00 19.60 14.00 21.00 10.50
Sludge in front of the dam  16.90 18.00 17.00 18.00 9.00
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Loam layer 16.70 20.40 15.00 12.00 6.00
Sandy gravel layer 21.60 22.00 0.00 34.00 17.00
Red clay layer 21.60 21.38 60.00 16.00 8.00
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Table 1: Desorption seepage parameters of the model

Materials K, (m/s) K, Desorption SWCC
a(kPa) m n 0, 0,

Dam body material 5.40E-06 0.20 869.57 0.51 2.03 0.520 0.218
Sludge in front of the dam 1.52E-08 0.92 657895 0.15 1.17 0.446 0.000
Drainage arris body 6.00E-04 1.00 1265.82  0.90 10.40 0.250 0.153
Loam layer 3.30E-07 0.33 2364.07 0.52 2.06 0.396 0.131
Sandy gravel layer 6.00E-04 1.00 1265.82  0.90 10.40 0.250 0.153
Red clay 1.00E-08 1.00 657895 0.64 2.76 0.434 0.218

Note: Ky, is the saturated permeability coefficient; Kr is the ratio of the unsaturated permeability coefficient to the saturated permeability
coefficient; a is the air entry value; m is the parameter related to the residual water content; n is the parameter controlling the slope of the
soil-water characteristic curve at the inflection point; and 6 and 6, are the saturated and residual volumetric water contents, respectively.
All of the parameters in Table 1 are for the desorption process.
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Table 2: Adsorption seepage parameters of the dam body

Material K, (m/s) K, Adsorption SWCC
a’ (kPa) m' n’ 0, 0,
Dam body material 5.40E-06 0.20 500.00 0.64 2.76 0.434 0.218

Note: Ky, is the saturated permeability coefficient; Kr is the ratio of the unsaturated permeability coefficient to the saturated permeability
coefficient; a’ is the air entry value; m’ is the parameter related to the residual water content; n’ is the parameter controlling the slope of the
soil-water characteristic curve at the inflection point; and 6 and 6, are the saturated and residual volumetric water contents, respectively.
All of the parameters in Table 2 are for the adsorption process.
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