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It can be a great expense to examine individually the stability of earth and rockfill dams on rapid drawdown in civil engineering
practice. The aim of this present work is to clarify the safe type on the rapid drawdown among the most common types of earth and
rockfill dams and to introduce cheaply the types in dam design. First, a transient analysis of saturated-unsaturated seepage coupled
with stress is carried out in the cross sections of typical earth and rockfill dams the during rapid drawdown, and the safety factors
of the upstream slopes are determined by the shear strength reduction method. Then, the typical dams are compared for the
stability characteristics so that designers can select the safe type of earth and rockfill dams on rapid drawdown. The obtained
results show that the decreasing rate of safety factor in a central core dam is 0.72-0.85 times than one of the homogeneous dams
and 0.17-0.40 times than one of the sloping upstream core dams so that it is more stable than other earth and rockfill dams during

rapid drawdown.

1. Introduction

The stability of earth and rockfill dams (ERDs) includes
usually the sliding stabilities of steady seepage (at levels of
normal water or flood water), earthquake, and transient
seepage (drawdown or heading up). The phreatic surface,
shear strength, boundary condition, and effective stress of
the slope soil are dynamically changed, and there are cou-
pled seepage stress and nonlinear characteristics in transient
seepage such as rapid drawdown (RDD) unlike steady
seepage. Therefore, there are a few difficulties in evaluating
the stability for transient seepage. For this reason, it is ex-
pensive and not effective to evaluate individually the stability
on RDD at the stage of designing in which a designer
chooses a type of dam.

The ERDs frequently met in civil engineering practice
can be classified into a homogeneous, sloping upstream

core, and central core according to whether they have an
impervious core or not and where the impervious core
exists. If a designer knows the stability reduction char-
acteristics of the typical ERDs and has the knowledge of
dam type that is more stable on RDD before beginning the
design of dams, it allows the designer to design the safer
ERD at a low calculation cost.

There are some investigations to evaluate the stability of
slope under RDD by using saturated-unsaturated seepage
analysis, coupled seepage-stress analysis, and the shear
strength reduction finite element method (FEM). Some
literature studies have numerically studied the effects of the
drawdown rate, drawdown ratio, and permeability of slope
soil on the slope stability during RDD. The drawdown rate is
the drawdown drop per unit time, and the drawdown ratio is
defined as the ratio of the total drawdown drop to the initial
water head.
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Huang and Jia [1] evaluated the stability of the homo-
geneous dam under RDD by using the transient analysis of
unsaturated seepage and FEM with a shear strength re-
duction technique and presented the stability variation
characteristics of the homogeneous dam during RDD, while
Berilgen [2] studied the slope stability during drawdown
depending on the soil permeability, drawdown rate, and
drawdown ratio with considering the nonlinear material and
loading conditions. Also, Khanna et al. [3] analyzed the
stability of the central core dam of 180m height to show that
the safety factor of the upstream slope under RDD remains
high when the thickness of the vertical core is less than 150%
of the height of the dam, and Boushehrian et al. [4] presented
that the horizontal drains in the upstream slope of the dams
increase the safety factor of the upstream slope up to 24% for
homogeneous dams and 17% for heterogeneous dams.

Besides, Tsiampousi et al. [5] investigated the relation-
ship between the safety factor and time for an excavation
performed in an unsaturated silt soil using FEM and
demonstrated that, for unsaturated soils, the safety factor
may increase with time, in contrast to what is commonly
accepted to be the case in fully saturated soils. They ex-
amined parametrically the effects of which unsaturated soil
permeability, its variation with suction, the increase of
apparent cohesion due to suction, the depth of the
groundwater table, and the hydraulic hysteresis have on the
results of the unsaturated analysis.

Meanwhile, Pinyol et al. [6] compared the predictions of
four calculation procedures with pore pressure records
measured in Glen Shira dam during a controlled drawdown
and presented that only the coupled analysis provides a
consistent and reasonable solution, and Chen and Huang [7]
presented that the strength reduction method used in FEM is
very effective in capturing the progressive failure induced by
reservoir water level fluctuations. Also, Stark and Jafari [8]
showed that unsaturated and transient seepage analyses can
be used to evaluate the progression of the phreatic surface
through the fine-grained core and estimate the seepage
induced, not shear induced, pore water pressures during
drawdown through the stability analyses of San Luis dam.
Keykhah and Zadeh [9] analyzed the stability of the up-
stream slope of Ilam dam against a sudden change in the
water level of the reservoir to overcome the existing
shortcomings of FEMs.

To the best of our knowledge, there seem to be no studies
regarding which type of ERD is safe for RDD.

This work aims to compare the variation characteristics
of sliding stability for typical ERDs during RDD with the
same drawdown rate, drawdown ratio, and soil permeability,
and to allow a designer to reduce the calculation cost by
selecting the safe type on RDD among the typical ERDs in
civil engineering practice.

The present work compares the sliding stability reduc-
tion characteristics of typical ERDs under relatively “slow”
drawdown and “rapid” drawdown, “high” drawdown ratio
and “low” drawdown ratios. For this purpose, it is assumed
that saturated-unsaturated transient seepage occurs in
ERDs, and the shear strength of soils in the unsaturated zone
is a function of the degree of saturation. And it uses a finite
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element analysis of coupled transient seepage and defor-
mation with shear strength reduction technique and a re-
lationship curve between horizontal displacement and
reduction factor in order to obtain the safety factor of dams.
The obtained results will be useful to overcome the sliding
failure of ERDs induced by an operational drawdown in civil
engineering practice. It also allows designers to reduce the
calculation cost for selecting the safe type of ERDs on RDD.

2. Stress Equilibrium in Unsaturated Soils

Unsaturated soil is a multiphase material composed of soil
particles, water, and air. Therefore, the presence of two fluids
in the medium should be considered in the modeling of
unsaturated soils with the soil skeleton.

It can be assumed that water is relatively incompressible
and air is relatively compressible in unsaturated soils.
According to the effective stress principle, the total stress
acting at a point, 0, is made up of an average pressure stress
in the pore water, u,,, which is called the “wetting liquid
pressure,” an average pressure stress in the pore air, u,, and
an “effective stress,” o'.

o' =0+ (yu, +(1—xu,)l, (1)

where y is a factor that depends on the degree of saturation
and the surface tension of the liquid-solid system [10]. y is
1.0 in saturated soils and ranges from 0.0 to 1.0 in unsat-
urated soils because it depends on the degree of saturation of
the medium. In order to simplify, it can be assumed that y is
equal to the degree of saturation of the medium. I is the unit
matrix.
It is adopted by the following assumptions:

(i) The air (the nonwetting fluid) in unsaturated soils
can diffuse through the medium freely

(ii) The air in unsaturated soils is exposed to the
atmosphere

(iii) The gravitational gradient of atmospheric pressure
cannot cause a significant variation in the air
pressure, and there can be no external event that
provides a transient variation in the air pressure

These assumptions allow the above equation to express
simply as follows:

o' =0+ yu,L (2)

In the case that trapped fluid exists in the medium, the
effective stress is assumed as follows:

o' =(1-n)7-nplL (3)

where 7 is the effective stress in the skeleton of the porous
material, p, is the average pressure stress in the trapped
liquid, and n, is the ratio of trapped fluid volume to total
volume.

Stress equilibrium for the solid can be expressed from
the principle of virtual work. For a small element at the
time of ¢, the principle of virtual work can be represented
as follows:
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Jv(a' - xu,l) - 8edV = J.FRF - SudF
(4)
+ J Ry - 6udV + J snp,,g - éudV,

v v

where Je is the virtual strain rate, du is the virtual dis-
placement, Ry is the surface force per unit area, Ry, is the
volume force per unit volume (the weight of the liquid is not
included), p,, is the mass density of the liquid, g is the
gravitational acceleration (it is assumed to be a constant and
to act in the constant direction), s is the degree of saturation,
and n is the porosity of the medium.

Equation (4) is the governmental equation for finite
element analysis in unsaturated soils.

3. Material Parameters in Unsaturated Soils and
Shear Strength Reduction Method

3.1. Permeability and Degree of Saturation. The constitutive
behavior for pore fluid flow in unsaturated soils is generally
governed either by Darcy’s law or by Forchheimer’s law.
Darcy’s law can be considered to be a linearized version of
Forchheimer’s law.

According to Forchheimer’s law, the negative gradient of
the piezometric head is related to a quadratic function of the
volumetric flow rate of the wetting liquid through a unit area
of the medium [11]:

snvy, (1+ B\Vy Vg ) = -E-%%), (5)

where k is the permeability of the medium and ® is the
piezometric head defined as follows:

O=z+ u—“’, (6)
9Puw
where z is the elevation above some datum plane, g is the
magnitude of the gravitational acceleration, which acts in the
direction opposite to z, v, is the fluid velocity, and f3 is a
“velocity coefficient” [12].
If B = 0, Forchheimer’s law and Darcy’s law are identical.
k can be anisotropic and is a function of the degree of
saturation and the void ratio of the medium. Some re-
searchers referred to k as the hydraulic conductivity K and
defined the permeability as follows [13]:

v 1 =~
K=——"——k,
g (1+/51/vw-vw)

where v is the ratio of the fluid’s dynamic viscosity to its
density (the kinematic viscosity of the fluid).

If g is constant in magnitude and direction, the following
equation can be obtained:

0P _ 1 (O, (8)
ox gp, \ Ox Pub |

where g = —g 0z/0x is the gravitational acceleration.

The permeability of a particular fluid in unsaturated soils
depends on the degree of saturation of the considered phase
and the porosity of the soils in ABAQUS program.

(7)

It can be assumed that the permeability in unsaturated
soils is a function of the degree of saturation as follows:

k = kX, (9)

where k is the permeability of the fully saturated soils and k;
is the relative permeability depending on the degree of
saturation.

In the fully coupled seepage-stress analysis, stress
changes will affect the void ratio, and void ratio changes will
in turn affect the permeability of the fully saturated soil. It
can be assumed that volume strain is, in most cases, caused
by the changes of pore volume. Therefore, the permeability
of the fully saturated soil is represented by the stress tensor as
the following equation because the void ratio is a function of
the volume strain and the volume strain is a function of the
stress tensor.

k = f (o). (10)

The permeability changes of the fully saturated soil due
to the changes of the void ratio can be determined from the
soil experiments. If there is a lack of the experimental data,
the empirical formula can be used.

While, in the fully saturated soils, k; = 1.0. Nguyen and
Durso [14] observed that the permeability varies with s (s is
the degree of saturation) in steady flow through a partially
saturated medium. Therefore, it can be assumed that k, = s°.
If s is equal to the effective saturation, it can be expressed as
following with the unsaturated parameters « and n [15]:

s:[u(%) ] , (11)
Yw

where m =1 - 1/n and y,, is the volume weight of wetting
liquid.

The degree of saturation is within a certain limited range,
and typical forms of this limited range are shown in Figure 1
[14].

The wetting liquid is assumed to be contained always in
the medium, i.e., s> 0.

Bear [13] showed that the transition between absorption
and exsorption and vice versa takes place along “scanning”
curves. This is approximated with a straight line, as shown in
Figure 1.

3.2. Shear Strength in Unsaturated Soils and Shear Strength
Reduction Method. Vanapalli et al. [16] suggested the fol-
lowing equation to determinate the shear strength in un-
saturated soils.

=3

Tp=c+(0, —u,)tan ¢ + (u, —uw)[(tan q))(e —_9
(12)

N

where 7 is the shear strength in unsaturated soils, ¢ is the
effective cohesion in unsaturated soils, (o, —u,) is the net
normal stress, and o,, is the total normal stress. (u, — u,,) is
the matric suction, and ¢ is the effective friction angle with
respect to net normal stress for a saturated soil. 8, is the



volumetric water content, 6, is the saturated volumetric
water content, and 0, is the residual volumetric water
content.

The friction angle ¢” corresponding to the matric suction
is assumed as follows:

tan (pb = (tan ¢)s,

(13)
0,-0,
= (tan go)( 6.-6, >,

where s, is the effective saturation and it is determined from
the soil-water characteristic curve.

Then, equation (12) expressing the shear strength of
unsaturated soils can be expressed as follows [17, 18]:

7p = c+(0, —u,)tan ¢ + (u, — u, )tan . (14)

If the pore gas is exposed to the atmosphere, then u, = 0
in equation (14).

When ¢’ =c¢—u,tan ¢* and ¢’ = ¢ in here, the fol-
lowing equation can be written:

Ty =c +o,tan ¢'. (15)

In the shear strength reduction FEM, the meaning of the
safety factor of slopes is identical to that in the conventional
limit equilibrium methods.

The reduced strength parameters are expressed as fol-
lows [17, 19]:

!
C

= ¢r

tan ¢'
= arctan ¢ >
F t

where ¢ and ¢ ; are, respectively, the reduced cohesion and
the reduced friction angle, ¢’ and ¢’ are, respectively, the
cohesion and the friction angle, and F, is the shear strength
reduction factor.

To determine the safety factor of ERD using the relations
described above, first, the coupled seepage-stress finite el-
ement analysis is performed by ABAQUS-6.14 program, and
a relationship curve between horizontal displacement and
reduction factor is plotted at a certain position on the up-
stream slope. Then, the safety factor is obtained by finding a
point of inflection on the relationship curve between hor-
izontal displacement and reduction factor.

(16)

4. The Stability Reduction Characteristics of
ERDs under RDD

4.1. The Schematic Cross Sections of ERDs, Material Param-
eters, and Analysis Cases. Prior to analysis, the drawdown
ratio is assumed as follows:

1’2?, (17)
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where r represents the drawdown ratio, H is the initial water
level, and AH is the final drop of the external water level

(Figure 2).
The drawdown rate is assumed as follows:
AH
VR = T, (18)

where vy represents the drawdown rate, ¢ is the time of
drawdown, and AH is the final drop of the external water
level.

If the parameters of materials, the drawdown ratio, and
the drawdown rate are, respectively, the same in the ERDs,
the stability variation characteristics of the dams during
RDD will be related to the gradient of the slopes.

To compare the sliding stability reduction characteristics
of typical dams during RDD, the analysis was performed
under the following conditions:

(i) The case that the corresponding slopes of the ERDs
have the same gradients (Figure 3)

(ii) The case that the steady safety factors of upstream
slopes are equal in the magnitude (but the corre-
sponding slopes are not equal in the gradient), as
shown in Figure 4

Figure 3 shows the schematic cross sections of ERDs for
the case of the same slope gradients, while Figure 4 shows the
sections for the case of the same steady safety factors on the
upstream slopes. In the central core dam (CCD) or the
sloping upstream core dam (SUCD), the cores have the
suitable thicknesses so that the lengths of the seepage path
through them are possibly the same. In all the cross sections,
the height of the ERDs is 26m, and the initial water level is
24m on the upstream side. The ERDs have the horizontal
drains with the length of 15m on the downstream side.

The ERDs are composed of the homogeneous and iso-
tropic soils.

Tables 1 and 2 show the physicomechanical and the
permeability parameters of the soils in the ERDs, respec-
tively. With the use of unsaturated parameters « and » in
Table 2, the relationship between the pore water pressure
and the degree of saturation is obtained according to
equation (11) during the performance.

In these analyses, three ERDs with two different draw-
down ratios (i.e.,, 0.415 and 0.830) and three different
drawdown rates (i.e., 0.1 m/d, 0.5m/d, and 1.0 m/d) were
considered. The drawdown ratio of ¥ = 0.415 means that the
reservoir water level drops from 24 m to 14 m, and r = 0.830
means that the reservoir water level drops from 24m to 4m.

The water level variation with time is modeled using the
User Subroutine DISP in ABAQUS program. The frame-
work of the User Subroutine DISP is shown in Appendix. U
in the User Subroutine is the pore water pressure repre-
senting the reservoir water level, TIME is an array variable
representing the time, and COORDS is an array variable
containing the current coordinates. In this program, the
reservoir water level variation is simulated by setting the
pore water pressure into the variable U(1) during RDD.



Advances in Civil Engineering

pore pressure, -u,,

absorption

\
0
1scanning

!

exsorption

0.0

1.0

saturation

FIGURE 1: Typical absorption and exsorption behavior in unsaturated soils.
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FIGURE 3: The schematic cross sections in the case of the same slope gradients: (a) homogeneous dam, (b) CCD, and (c) SUCD.

The stability of the slopes was analyzed by using the shear
strength reduction method with ABAQUS-6.14. The element
type of CPE4P was also used in the analysis, and elements of
about 500 were taken in each ERD.

The effects of the mesh on the stability of ERDs do not be
considered in the present work because a relationship curve
between horizontal displacement and reduction factor is
employed in order to obtain the safety factor of ERDs. The
results of finite element analysis affect the mesh and

especially stress and strain. But it seems that the effects of the
mesh on the displacement are not large so that the position
of the inflection point on the relationship curve between
horizontal displacement and reduction factor is almost
unchanged depending on the mesh.

4.2. The Stability Reduction Characteristics. The stability
matter of the ERDs during RDD is ascribable to a stability
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FIGURE 4: The schematic cross sections in the case of the same steady safety factors on the upstream slopes: (a) homogeneous dam, (b) CCD,

and (c) SUCD.

TaBLE 1: Physicomechanical parameters of soils.

Density Young’s modulus Poisson’s ratio Cohesion Friction angle
Material name p E Y c @
kg/m’ MPa kPa °
Shell Sandy soil 2050 52 0.30 4 33
Impervious core Sandy clay 1800 18 0.35 16 16
TaBLE 2: Permeability parameters of soils.
. . . Unsaturated Residual volumetric Saturated volumetric
Void ratio Permeability arameters
Material name p water content water content
e k o n 0, 0,
m/s m
-5
Shell Sandy soil 1(5) }8,4 7.5 1.89 0.057 0.41
. 1.0 1077
Impervious core Sandy clay L5 10-5 0.8 1.09 0.095 0.41

question of the upstream slopes. Therefore, the upstream
slopes were considered only in the present work for the study
of stability variation characteristic.

4.2.1. In the Case of the Same Slope Gradients. In three
ERDs, the gradient is 1V:2.20H on the upstream slope and is
1V:2.0H on the downstream slope.

Figures 5-7 show the stability variation versus time for
the upstream slopes of the ERDs. The obtained results
represent that the smaller the drawdown rate is, the more the
stability variation curves have the gentler gradients, and it
takes a longer time to reach a minimum safety factor. A
minimum safety factor occurs generally at a time of the
minimum water level of the reservoir. For example, in three
ERDs with the drawdown ratio of 0.830, the minimum safety
factors occur, respectively, at the time of 480 hours for the

drawdown rate vz = 1.0m/d, at the time of 960 hours for
vg = 0.5m/d and at the time of 4,800 hours for v; = 0.1m/d.

In three ERDs with a drawdown ratio of 0.415, the
minimum safety factors occur, respectively, at the time of
240 hours for the drawdown rate vz = 1.0m/d, at the time of
480 hours for v = 0.5m/d and at the time of 2,400 hours for
vg = 0.1m/d. The reason seems that the effects of the water
pressure supporting the upstream slopes reach the minimum
but the effects of the pore water pressure inducing the sliding
failure reach the maximum when the water level of the
reservoir comes to the lowest level.

The results show that the decrement of the safety factor
in the SUCDs is larger than that of the CCD or the ho-
mogeneous dam. And after arriving at the safety factor of
minimum, the stability of the SUCD does not increase so
clearly as that of the CCD or the homogeneous dam (Fig-
ure 7). The reason seems to be that the degree of saturation
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FIGURE 5: The stability variation versus time in the homogeneous dams (with the same slope gradients): (a) r = 0.415 and (b) = 0.830.
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FIGURE 6: The stability variation versus time in the CCDs (with the same slope gradients): (a) r = 0.415 and (b) » = 0.830.

does not significantly decrease in the impervious material of
the upstream slope of the SUCD after the drop of the ex-
ternal water level. For example, Figure 8 shows the satu-
ration variation versus time in the impervious core of the
upstream slope after 960 hours (the time for the lowest water
level) when r = 0.830 and vy = 0.5m/d; that is, although it
passes the long period after the safety factor arrives at the
minimum, the degree of saturation does not decrease to
below 0.75, and its space distribution also has no significant
variation. But the degree of saturation drops to about zero in
a short time after 960 hours (the time for the lowest water
level) in the CCD or the homogeneous dam (Figure 9). These
results show that the decrease of the stability is easy, but the
restoration of the original stability is very hard in the SUCD
under RDD.

Table 3 shows the steady safety factors, the minimum

safety factors, the decrements, and the decreasing rates in the
typical ERDs under RDD. In Table 3, the decrements are

obtained by subtracting the minimum safety factor from the
steady safety factor, and the decreasing rates are defined as
follows:

=5 _min (19)

where R,/ is the decreasing rate of the safety factor, F is the
steady safety factor, and F,;, is the minimum safety factor
obtained from the stability variation versus time for the
upstream slopes.

It is clear that decrements and decreasing rates of the
safety factors increase with an increase in the drawdown
ratio and the drawdown rate in the identical type of ERD.
This allows us to take the new opinion that the smaller the
drawdown ratio and the drawdown rate are, the safer the
upstream slopes of dams can be under RDD.

When the variation characteristic of the sliding stability
for typical ERDs is considered under the same situations of
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FiGure 7: The stability variation versus time in the SUCDs (with the same slope gradients): (a) r = 0.415 and (b) r = 0.830.
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FIGURE 8: The saturation distribution variation versus time in the impervious core of the SUCD: (a) 1,200h, (b) 2,400h, (c) 4,800h, and
(d) 7,200h.
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FIGURE 9: The saturation distribution at 1,200 hours: (a) the CCD and (b) the homogeneous dam.

the drawdown ratio and the drawdown rate, the safe type of
ERD can be found under the RDD. From comparison to the
decrements of safety factors in typical ERDs under the same
situations of the drawdown ratio and the drawdown rate, the
CCDs have the smallest decrement, while the SUCDs have
the largest decrement.

Meanwhile, the decreasing rates of safety factors are also
smallest in the CCDs while are largest in the SUCDs. For
example, when r = 0.830 and v; = 0.5m/d, the decrement of
the safety factor is 0.23, and the decreasing rate of the safety
factor is 0.1369 for the CCD while the decrement of the
safety factor is 1.02 which is relatively large for the SUCD.
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F1GuRre 10: The stability variation versus time in the CCDs (with the same steady safety factors on the upstream slopes): (a) r = 0.415 and (b)

r =0.830.
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FiGuRre 11: The stability variation versus time in the SUCDs (with the same steady safety factors on the upstream slopes): (a) r = 0.415 and

(b) r = 0.830.

Here, the decreasing rate of the safety factor is 0.4595 for the
SUCD and is about 3.4 times that for the CCD about 2.6
times that for the homogeneous dam.

4.2.2. In the Case of the Same Steady Safety Factors on the
Upstream Slopes. The steady safety factors are, respectively,
1.75 at the upstream slope gradient of 1V:2.20H for the
homogeneous dam, at the gradient of 1V:2.30H for the CCD,
and at the gradient of 1V:1.72H for the SUCD.

In these cases, the stability reduction characteristic of the
typical ERDs was studied under RDD. Figures 10 and 11
show the stability variation versus time in the CCDs and the
SUCDs, respectively, while the stability variation versus time
for the homogeneous dams is already shown in Figure 5.

Table 4 shows the steady safety factors, the minimum
safety factors, the decrements, and decreasing rates of the
safety factors. Table and figures also represent that the
smaller the drawdown rate is, the gentler the gradients of
stability variation curves are, and it takes a longer time to
reach a minimum of the safety factor.

The results also show that the decrements and decreasing
rates of the safety factors in the SUCD are greater than these
of the CCD or the homogeneous dam. The CCDs have
smallest decrements of the safety factors, while the SUCDs
have largest decrements of the safety factors under the same
situations of the drawdown ratio and the drawdown rate.

The characteristic of the stability variation curves is also
agreed with the above case (case with the same slope gra-
dients) of typical ERDs.



11

Advances in Civil Engineering

14570 080 S6°0 SLT LS9T°0 670 'l SLT Y11T0 LE0 8¢'1 SLT 01
4144 6.0 96°0 SLT YIeT0 €00 [4°Q! SLT 1£LT°0 1€°0 24! SLT S0 0¢8°0

1L17°0 €L°0 (41! SLT €7L0°0 €ro o1 SL1 6201°0 8T°0 LS°T SLT 10

EVIC0 S50 0T'T SLT LSTT0 o €91 SL'T 98¥1°0 970 67’1 SLT 0T
980¢°0 ¥5°0 11 SLT 620T°0 8T°0 LS°T SL1 LSCT°0 (44 €Sl SLT S0 SIv0

620¢0 €5°0 (44! SLT 6290°0 7o ¥9°'1 SLT €¥L0°0 €ro (42! SLT 10

\‘mm Je1 EEmlmm :_En~ mm \m% aje1 :_Emlmm :_En~ mm \.mm aje1 :_Emlmm :_Em mn~

Sursearoo  JuowRIRQ  wnwiuly  Apedlg  Suiseamd  JULAWRISQ  WNWIUIN  Apedls  Sulsearmdd JUAWRIR(  WnWIUIN  Apesis ¥4 oyer 4 oner
anns and wep snoauaSowoH umopmeIq umopmer

10)08] £)9)eS

“(sadors wreamsdn a1} uo s1030€] A1oyes Apeals aures ) YIIM) s Jo sadors ureansdn o) uo uonewNss AIIqels YT, F TIAV],



12

5. Conclusion

The results in this study have demonstrated a significant
opinion that the CCD is safer than the other type of ERDs in
the same condition for RDD. It has indicated that the steady
stability of the SUCD is the highest one if it is compared with
the remaining ERDs in the case of the same slope gradients.
But Tables 3 and 4 show that the SUCDs are more unstable
than the other type of ERDs in the RDD condition.

The results will be used for two purposes. First, it will
help to select the type of ERD for the reservoir construction.
In the embankments such as the reservoir dam of relatively
small storage capacity than its height, the embankment
under the effects of the high tide and the ebb tide, and the
dam of agricultural reservoir, etc., it may be recommended
to select the type of CCD to improve the stability of ERD for
RDD. Meanwhile, in the embankments such as the reservoir
dam of relatively large storage capacity than its height, the
embankment of gentle water level variation, etc., the type of
ERD which has larger steady stability for the same slope
gradients is economically better, and the type of SUCD can
be recommended. Second, the minimum safety factor for
RDD may be approximately estimated by the types of ERD,
the steady safety factor, the drawdown ratio, and the
drawdown rate.

Appendix

The framework of the User Subroutine DISP is as follows:
SUBROUTINE DISP(U,KSTEP, KINC,TIME, NODE,
NOEL, JDOF,COORDS)

C

INCLUDE”ABA_PARAM.INC”

C

DIMENSION U(3),TIME(2),COORDS(3)
C

user coding to define U

END
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