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The present study makes an effort to understand the damage of earthen dams under static and seismic loading
condition. To make the investigation more realistic, behaviour of earthen dams considering the occurrence of a
phreatic line indicating the submerged zone due to seepage within the dam body is considered. In case of earthen
dams, homogeneous or nonhomogeneous, the consideration of the occurrence of a phreatic line or seepage line
through the dam body is an important part of the earthen dam design methodology. The impervious material
properties in the submerged zone below the phreatic line due to seepage may differ a lot in magnitudes as
compared to the value of the same materials lying above this line. Hence, to have the exact stress distribution
scenarios within the earthen dam, the different material properties above and below the phreatic line are
considered in this present study. The study is first carried out by two-dimensional as well as three-dimensional
finite element analysis under static loading condition. The work is further extended to observe the effect of
seepage due to the consideration of the phreatic line on dynamic characteristics of earthen dams. Free vibration
analysis and seismic analysis based on the Complete Quadratic Combination (CQC) method by considering two-
dimensional and three-dimensional modeling are carried out to present the frequencies, mode shapes and the
stress distribution pattern of the earthen dam.
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1. Introduction

Consideration of seepage within earthen dams is a very crucial aspect of the dam design because
damage of earthen dams due to piping is quite common. Instability of slopes, the seepage phenomenon plays
a very crucial role by reducing the shear strength of the soil due to the existence of pore pressure. Though a
large number of studies have been done on the behaviour of earthen dams [1-20], the issue of the occurrence
of tension zone within the earthen dam body considering the occurrence of a phreatic line has not been
studied earlier. It has been found in some of the previous studies [15-18] that the occurrence of tension zone
at the crest level of earthen dams may be a crucial issue of the dam design methodologies. Hence, it is
interesting to see whether the analysis considering the existence of the phreatic line within the dam body may
also lead to the similar understanding regarding this aspect of the stress distribution scenario. An earthen
embankment surrounding the Ash Pond of Bakreswar Thermal Power Project, West Bengal, is taken as an
example dam for this analysis. Below the phreatic line the soil is assumed to be in submerged condition and
accordingly the material properties are considered in this region. The stress distribution pattern within the
dam body is observed under static loading condition. The study is extended considering the materially
nonlinear properties by both two-dimensional and three-dimensional modeling. It is found in static analysis
that the location of the tension zone is mainly concentrated around the phreatic line and approximately in the
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middle of the dam section. The study is further extended to see the effect of the consideration of the
occurrence of the phreatic line on dynamic characteristics of earthen dams. Free vibration analyses as well as
response spectrum based CQC analysis through two-dimensional and three-dimensional modeling are carried
out to study the frequencies, mode shapes and stress distribution scenario within the dam body. The
observations are finally summarized in the paper. Earlier studies [15-18] have indicated the possibilities of
the occurrence of tension and subsequent cracking due to ground shaking purely based on analytical and
computational procedures. The study [17] based on an experimental procedure also strengthens the
possibility of occurrence of tension zone through gradual opening of longitudinal cracks.

The geometrical cross sections of this dam section have been changed to see whether these changed
sections may be effective to change the stress distribution pattern after considering the occurrence of the
phreatic line within the dam section. The original dam section is then modified by the steeper upstream
slope, deep cut-off trench and the large widened lower berm. Both two-dimensional as well as three-
dimensional analyses are carried out to observe the stress zone for these modified sections. It has been shown
that the geometrical cross-section may not have any influence to change the stress distribution pattern within
the dam body even after the consideration of the seepage line.

2. Modeling and analysis

2.1. Finite element modeling

A six-noded triangular element is used for two-dimensional finite element analysis. The triangular
element in two-dimensional modeling is particularly used to model the geometry with sufficient accuracy
near the corner of such dams. To ensure accuracy further, a convergence study is carried out to arrive at
adequate level of discretization.

A ten-nodded tetrahedron element is used for the three-dimensional finite element analysis. This
element has quadratic displacement function and is suitable for irregular meshes. Details of the finite element
modeling used in this study have been presented in the literature [15].

2.2. Elasto-plastic analysis

For this non linear analysis, a generalization of Mohr-Coulomb failure criterion as proposed by
Drucker and Prager [21] is used as a yield criterion. This criterion is basically a modified Von-Mises
criterion which is dependent on hydrostatic stress, 6,, = /3 (o, + 6, + 6.) and can be expressed as

30 (0, + 0, +06.) + [(6;- 62) + (62 05)° + (65~ 6] =0, (2.1

where o,, 6, and . are stress components along the x, y and z directions, while 6,, 6, and ;3 are the principal
stresses. This criterion is considered as a very suitable criterion that governs the shear failure in soil [21]. In
this criterion while being used in ANSYS software, o is taken as 2 sin¢/ V3 (3- sin¢) and 6, = 6¢ cosd/ V3 (3-
sing) where c is the cohesion of soil and ¢ is the angle of internal friction [22]. However, since soil cannot
take tension at all, an analysis based on this criterion considers the shear action as the only possible way of
failure. But the present study shows that the occurrence of tension cannot be avoided and this can be well
pointed-out by a linear analysis only. Thus, while carrying out nonlinear analysis with the above criterion,
propagation of cracking due to tension perhaps cannot be recognized.

2.3. CQC analysis

For combining the contributions of all the possible lateral modes during the response spectrum based
seismic analysis, the complete quadratic combination (CQC) method has been adopted. This CQC method is
generally used to obtain the contribution of the modes with close-spaced natural frequencies with reasonable
accuracy. If the combined modal response is denoted by 7y, then according to CQC rule
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(2.2)
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where, 7, and r,, are the peak responses of the ith and nth mode, respectively, and p;, is the co-relation

coefficient between these two modes; p;, varies between 0 to / and p;, =1 for i=n. Thus the previous equation
can be rewritten as

N N N %
= (zrzno +Zzpinrz'ornoJ . (23)

n=1 i=1 n=1

This method is used widely for different structures and the above equations are available in standard
literature [23].

2.5. Location of seepage line

The prediction of the position of the seepage line within the cross section of the nonhomogeneous
earthen dam with a very high accuracy is a complex problem. However, the procedure has been described in
standard literature [24]. It has been realized that overall stress distribution scenario will not be affected
considerably if the complex curvilinear geometry of the phreatic line is simplified to a straight line in such a
way that the total submerged area below the phreatic line is not reduced. The distance EF along the
downstream face of the earthen dam (Fig.1) has been calculated with the help of the equation

d >
EF= cosf - \/( cos”B - sinZBJ 24)

where, d, h and 3 are well described in the figure. With the help of this Eq.(2.4) and the slope of the

downstream face, the co-ordinate of the point £ has been calculated. The co-ordinate of the point B is then
calculated from known value of ‘4’ and the slope of the upstream face. Hence, the co-ordinates of the points
‘B’ and ‘E’ are now known. Also, the co-ordinates of the points L, M, G, and H are known. With the help of
the above values, the co-ordinates of the points ‘C’ and ‘D’ are calculated. Now, B, C, D and E are joined by
a straight line. This BCDE line represents the phreatic line within the dam section in a simplified form. With
this simplification, the submerged area below the phreatic line is not getting reduced. Hence, the analysis
using this model may be assumed to give reasonable results at least for the present purpose.
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Fig.1. Seepage line (ABCD) within the earthen dam body.



124 N.Nandi, S.C.Dutta and A.Roychowdhury

3. Details of the embankment studied

The section of the embankment chosen in the study is considered to have almost the same geometry
as that of the embankment surrounding the Ash Pond of Bakreswar Thermal Power Project situated at
Panuria village in Birbhum District, West Bengal, India. This is a zoned type earthen embankment which is
constructed to make a reservoir for the disposal of fly ash mixed slurry. The height of the embankment is
taken as /8m. The width of the embankment at the base and at the top is considered as 9/m and 4m,
respectively. Both the upstream and downstream slopes of the embankment are considered as 2.25H: 1V. At
the down stream side, there are two horizontal berms of width 3m at a height of 6m and /2m from the ground
level, respectively. A cut-off trench of depth 2m is provided. It is considered that the maximum height of
fluid level is same as the total height of the embankment. Above the phreatic line, the specific weight of the
material is taken as 20.5 kN/m® with the modulus of elasticity 50.000 kN/m’ and Poisson’s ratio 0.35 for the
pervious casing zone whereas for the impervious core, the specific weight of the material is taken as /9.8
kN/m® with the modulus of elasticity 70.000 kN/m’ and Poisson’s ratio (.48, respectively. The geometrical
configuration of this original existing embankment is shown in Fig.2. Different combinations of material
properties have been considered in our previous studies [16] regarding the issue of the occurrence of tension
zone where the occurrence of the phreatic line was not considered. For the impervious core below the
phreatic line, the specific weight in saturated condition is taken as 20 kN/m’ with a minimum value of the
modulus of elasticity 500 kN/m’ and maximum value of Poisson’s ratio 0.49. For the pervious casing zone it
is assumed that the material properties below the phreatic line are not changed very much and the specific
weight in saturated condition is taken as 2/ kN/m’ with the modulus of elasticity 50000 kN/m’ and maximum
Poisson’s ratio 0.4. The analyses are repeated by changing the specific weight of both the materials below
the seepage line reduced by the specific weight of the water. However, the values of these material properties
are well within the range prescribed in the standard literature [25, 26]. The above studies have been repeated
for some modified geometrical cross sections of the earthen dam which are shown in Figs 3, 4 and 5.

4m
— <
U/s slope of 2.25H: 1
e £
2 g .
= mpervio
us core
4

mpervio .
Pervious

us core i
casing zone

| 85.5m total bottom width
N

Fig.3. Geometrical cross section of the original embankment section modified with steeper upstream slope.
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Fig.4. Geometrical cross section of the original embankment section modified with deep cut-off trench.
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Fig.5. Geometrical cross section of the original embankment section modified with large lower berm.

4. Results and discussions

Most of the times, the depth of water in the upstream side is somewhat inbetween the high flood
level and empty condition. So, the analysis is carried out to yield the stress distribution pattern within the
earthen dams corresponding to the different depths of water in the upstream side. It is found that the results
obtained for different depths of water represent more or less the same trend regarding the stress distribution
pattern within the dam body. Hence, the representative results corresponding to the three-fourth depth of
water at reservoir full condition in the upstream side are presented in the two following subsections, for the
sake of brevity.

4.1. Two-dimensional analysis

Analyses under static loading, free vibration as well as response spectrum based CQC analysis are
conducted through two-dimensional modeling. Results are presented in the following sub-sections.

4.1.1. Static analysis

Table 1 represents the principal stresses and the maximum shear stress developed in some key points
within the dam body considering the submerged material properties below the phreatic line corresponding to
the three-fourth of the depth of water at reservoir full condition in the upstream side for the original
embankment section. Table 2 represents the values corresponding to the materially nonlinear behaviour. The
stress distribution scenario is also attempted to be represented pictorially. For instance, Fig.6 represents the
tension zone and the maximum compression zone within the dam body corresponding to the three-fourth of
the depth of water at reservoir full condition at the upstream side for the original embankment section
considering the material below the phreatic line as in submerged condition. Figure 7 represents the stress
distribution pattern for drawdown condition. The study is extended considering the material nonlinear
properties of the soil and the results are presented corresponding to the material properties below the phreatic
line as in submerged condition. Figure 8 is the pictorial representation of the tensile stress zone and the
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maximum compressive stress zone within the dam body due to materially nonlinear properties of the soil and
submerged condition below the phreatic line. Figure 9 shows the plastic zone developed within the dam
section. The same trend of stress distribution scenario regarding the issue of the occurrence of tension zone
has been observed corresponding to the half, one-half and full upstream depth of water considering the
materials below the phreatic line in submerged condition. Hence, all the figures corresponding to this
material property are not presented here.

Table 1. Principal stresses and maximum shear stress obtained by 2D finite element based analysis
corresponding to reservoir full condition.

Principal stresses (S » Smin) and maximum
Positions shear stress (Tq), KN/m’
Smax Smin Tmax
U/S face -94.74 -168.75 +37.01
Ground Level Core Heel -133.15 -175.76 +21.31
Core Toe -132.54 -172.46 +19.96
D/S face +0.31 -0.68 +0.50
U/S face -92.43 -168.72 +38.15
Lower Berm Mid section -86.26 -124.53 +19.14
Inner node -0.92 -110.75 +54.92
Outer node -0.45 -27.20 +13.38
U/S face +16.56 -168.42 +92.49
Upper Berm Mid section +17.06 -174.25 +95.66
Inner node -12.54 -154.89 +71.18
Outer node -25.76 -152.67 +63.46
U/S face +2.45 -123.00 +62.73
Crest Level Mid section +44.34 +0.03 +22.16
D/S face +39.38 -1.71 +20.55

Table 2. Principal stresses and strain along the x and y direction obtained by 2D finite element based

analysis corresponding to the nonlinear material properties in reservoir full condition.

Principal stresses (Syax s Smin ) and Strain along x (€,) and y
Positions maximum shear stress (T,,.), kN/m’ (€,) directions
Smax Smin Tinax Ex ev

U/S face -82.03 -118.34 +18.16 -0.86e-04 +0.28e-04

Ground Core Heel -168.35 -270.65 +51.15 +0.18e-02 | -0.22e-01
Level Core Toe -165.73 -272.55 +53.41 -0.73e-03 -0.19e-01
D/S face -176.14 -317.84 +70.85 -0.14e-17 -0.44e-06

U/S face -24.25 -81.98 +28.87 +0.24e-03 | -0.84e-03

Lower Mid section -50.72 -55.00 +2.14 +0.26e-02 -0.89e-02
Berm Inner node -1.00 -41.73 +20.37 -0.71e-03 +0.36e-03
Outer node -0.33 -12.62 +6.15 -0.17e-03 +0.62e-04

U/S face -91.87 -126.67 +17.40 -0.41e-03 -0.88e-03
Upper Mid section -45.67 -93.52 +23.93 -0.17e-02 +0.16e-02
Berm Inner node +5.42 -36.06 +30.74 +0.40e-03 -0.16e-03

Outer node -12.48 -73.52 +30.52 +0.78e-04 -0.4e-04
Crest U/S fage +4.71 -80.40 +42.56 -0.14e-02 +0.98e-03
Level Mid section +47.04 +1.02 +23.01 -0.18e-02 +0.78e-03
D/S face +18.50 +1.31 +8.60 -0.11e-02 +0.57e-03
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Fig.6. Maximum compressive and tensile principal stress zone obtained by 2D finite element analysis for
the original embankment section corresponding to reservoir full condition.
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Fig.7. Maximum compressive and tensile principal stress zone obtained by 2D finite element analysis for
the original embankment section corresponding to draw down condition.

Figure 6 shows that almost all the tension zone is concentrated around the phreatic line
approximately in the middle of the dam body between the upper berm and lower berm position of the dam
cross section. This tension zone is also observed to extend below the phreatic line. A small tension zone is
also found to occur at the crest level as well as at the upper berm position. Within the tension zones, the
range of tensile stress varies from 3 to 5 kN/m’ while the maximum tensile stress varies from 20 to 25 kN/m’.
The maximum compressive stress varies from -150 kN/m’ to -250 kN/m’. Since the tension zone exists below
the phreatic line, soil will be in a very loose condition in that portion. If a small crack is developed, piping
will occur through this crack within the dam body due to the presence of water in that zone. This may lead to
failure of earthen dams. This may be a probable explanation of the piping failure of many earthen dams due
to rise of water level during flooding. It is observed from Fig.7 that the tension zone exists around the
phreatic line and the nature of the stress distribution pattern is more or less the same as found in Fig.6. Figure
9 points out that the plastic zone initiates below the phreatic line at the junction of the two materials and
extends below the seepage line. Hence, it is clear that the issue of the occurrence of tension zone within the
dam body as well as below the phreatic line is not altered even after the shear yielding of the materials.
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Fig.8. Tension zone and maximum compression zone obtained by 2D finite element analysis taking
material nonlinear property for the original embankment section surrounding the Ash Pond.
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Fig.9. Plastic zone within the dam body as obtained by 2D finite element analysis taking material nonlinear
property for the original embankment section surrounding the Ash Pond.

The study has further been extended to modify the geometrical cross section of the earthen dam
through changing the upstream slope, deep cut-off trench and large widened lower berm. All the above
studies are repeated considering the occurrence of the phreatic line for each of the cases to see whether these
changed sections exhibit any considerable alteration in the stress distribution pattern. It is seen that the stress
distribution scenario is only marginally changed as compared to the original section even after the
consideration of the occurrence of the phreatic line. Hence, these case studies are not presented in detail for
the sake of brevity.

4.1.2. Mode shapes

First few mode shapes obtained from the two-dimensional analysis show the lateral expansion of the
dam section. The same has been found in the three-dimensional analysis and explained in detail in the
relevant subsection. Hence, for the sake of conciseness this issue is not elaborated in detail in this subsection.

4.1.3. Results of CQC analysis

Table 3 shows the principal stresses and maximum shear stress at different key points of the original
embankment section corresponding to the three-fourth of the depth of water at reservoir full condition at the
upstream side for the material properties below the phreatic line in submerged condition. Figure 10 shows
the location of the maximum tension zone and compression zone developed within the dam body obtained
due to seismic forces through CQC method in the same condition. It is observed from Tab.3 that the
maximum principal stress is positive at all the nodes in different sections. This implies that the tension
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probably occurs at most of the points in the dam section. However, Fig.10 shows that there is a small
compression zone almost all of which occurs at the downstream side extended both above and below the
phreatic line. In a very small region at the crest level, the compressive stress is also found to occur. The
maximum tension zone is located below the phreatic line approximately at the middle of the dam section
which is extended up to the bottom level of the dam. The portion of Fig.10 which is not marked by hatching
also shows the location of the tension zone. It seems that the embankment section is more vulnerable during
earthquake because a slight shaking may create tension crack below the phreatic line. Piping will start
occurring through this crack within the zone below the phreatic line which may create ultimate failure of
earthen dams. Hence, apart from the structural failure of earthen dams during earthquake, piping failure may
also be a likely phenomenon due to the occurrence of tension.

Table 3. Principal stresses and maximum shear stress in 2D finite element modeling obtained by seismic
analysis based on CQC method in reservoir full condition.

Principal stresses (S,.x s Smin ) and maximum
Positions shear stress (T,ux), kN/m?
Smax Smin Tmax
U/S face +0.142 -0.05 +0.096
Ground Level Core Heel +0.762 -2.762 +1.762
Core Toe +1.042 -4.751 +2.896
D/S face +0.012 -0.017 +0.015
U/S face +0.001 -0.43 +0.216
Lower Berm Mid section +1.47 -0.57 +1.020
Inner node +10.40 +0.78 +4.810
Outer node +0.44 -0.009 +0.225
U/S face +0.001 -6.08 +3.041
Upper Berm Mid section +7.04 +1.87 +2.585
Inner node -0.98 -14.77 +6.895
Outer node +0.861 -0.02 +0.441
U/S face +2.00 +0.03 +0.985
Crest Level Mid section +42.11 +1.63 +20.24
D/S face +0.52 +0.002 +0.259
LEGEND

III:I Maxm. tension zone

@ Compression zone
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Fig.10. Maximum tension zone and compression zone obtained by 2D finite element based CQC analysis for
the original embankment section surrounding the Ash Pond in reservoir full condition.
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5.1. Three-dimensional analysis

A three-dimensional analysis is carried out by ten-nodded tetrahedron element. The Dam section is
modeled along the straight geometry as well as curvilinear geometry in plan to have an idea whether the
curved geometry in plan may influence the stress distribution scenario within the dam body. The
observations regarding the stress distribution pattern are more or less the same for these two cases and hence
the results corresponding to the straight geometry in plan are presented in the following sub-sections.

5.1.1. Static analysis

Table 4 represents the principal stresses and the maximum shear stress developed in some sections
within the dam body corresponding to the material properties below the phreatic line in submerged condition
for the three-fourth of the depth of water at reservoir full condition in the upstream side for the original
embankment section. Table 5 represents the values of principal stresses and strains along x, y and z directions
corresponding to the material nonlinear properties. Figure 11 shows the tension zone and the maximum
compression zone within the dam body corresponding to the three-fourth of the depth of water at reservoir
full condition at the upstream side for the original embankment section when the materials below the
phreatic line considered is in submerged condition. The study is extended taking the materially nonlinear
properties of the soil and the material below the phreatic line is considered to be in submerged condition.
Figure 12 is the pictorial representation of the tensile stress zone and the maximum compressive stress zone
within the dam body of a typical intermediate section when analyzed by considering the material nonlinear
properties of the soil. Figure 13 shows the plastic zone in a typical intermediate section within the dam body.

Table 4. Principal stresses and maximum shear stress obtained by 3D finite element based analysis in
reservoir full condition for a typical intermediate section of the original embankment surrounding

the Ash Pond.
Principal stresses (S}, S; and S;) and maximum shear stress
Positions (Tma), KN/m?
S] S; S3 Timax

U/S face +21.27 -12.76 -103.62 +62.45
Ground Core Heel -149.87 -149.92 -254.87 +52.50
Level Core Toe -148.41 -147.52 -256.97 +54.28
D/S face +4.75 -2.86 -82.86 +43.81
U/S face +3.00 -12.42 -27.86 +15.43
Lower Mid section -48.76 -49.23 -54.67 +2.96
Berm Inner node -2.73 -33.05 -94.23 +45.75
Outer node -0.64 -2.06 -15.04 +7.20
U/S face -63.38 -64.75 -169.84 +53.23
Upper Mid section -42.16 -94.63 -111.53 +34.69
Berm Inner node +27.55 -0.76 -3.17 +15.36
Outer node -12.65 -65.98 -79.65 +33.50
Crest U/S fac.e +20.10 -25.67 -142.64 +81.37
Level Mid section +43.76 -80.87 -121.53 +82.65
D/S face +9.65 -10.62 -107.86 +58.76




Effect of seepage on change in stress distribution ... 131

Table 5. Principal stresses and maximum shear stress obtained by 3D finite element based analysis
corresponding to the nonlinear material properties in reservoir full condition for a typical
intermediate section of the original embankment surrounding the Ash Pond.

Principal stresses(S;, S; and S;) and Strain along x (€,),y (€,) and z
Positions maximum shear stress (Tyay), KN/m’ (e,) directions
Sl Sz S3 Timax (= €y €,
U/S face | +9.07 -84.88  |-123.00 | +66.05 |-0.76e-04 |+0.27e-04 | +0.16e-04
Ground | Core Heel |-159.12 |-159.34 |-185.73 | +13.31 |+0.17e-02 |-0.21e-01 | -0.12e¢-01
Level Core Toe |-159.16 |-159.23 |-265.80 |+53.32 |-0.67e-03 |-0.16e-01 | -0.17e-01
D/S face | +2.01 -5.07 -14.71 +8.36  |-0.24e-17 |-0.34e-06 | -0.42¢-06
U/S face | +2.75 -80.51 |-128.78 | +65.76 |+0.25¢-03 |-0.74e-03 | -0.83e-03
Ml.d -57.63 -48.12  |-153.87 | +48.12 |+0.16e-02 |-0.78¢-02 | -0.75e-02
section
Lower Inner
Berm node +2.40 -7.77 -24.86 | +13.63 |-0.69e-03 |+0.35¢-03 | +0.26¢-03
Outer
node -0.64 -5.52 -15.30 +7.33  |-0.13e-03 |+0.57e-04 | +0.59e-04
U/S face | -63.65 -93.78 |-170.81 | +53.58 [-0.38¢-03 |-0.79e-03 | -0.78e-03
Ml.d -43.25 -94.37 |-112.34 | +34.55 |-0.24e-02 |+0.14e-02 | +0.15¢-02
section
Upper Inner
Berm node -12.65 -85.64 |-107.52 | +47.44 |+0.37¢-03 |-0.17¢-03 | -0.17¢-03
Outer
node +14.64 +0.36 -13.30 | +13.97 |+0.65e-04 |-0.35¢-04 | -0.32e-04
U/S face | +12.07 | -41.05 |-130.00 | +71.04 |-0.16e-02 |+0.76e-03 | +0.95¢-03
Crest Mid o giss | 6775 |-119.54 | +82.20 |-0.17e02 |+0.72e-03 | +0.75¢-03
Level section
D/S face | +17.07 +7.00 -7.28 +12.18 |-0.21e-02 |+0.57e-03 | +0.40e-03

Figure 11 implies that almost the whole tension zone is concentrated around the phreatic line
approximately in the middle of the dam body between the upper berm and lower berm position of the dam
cross section. This tension zone is also observed to extend below the phreatic line. A small tension zone is
also found to occur at the crest level as well as at the upper berm position. The value of the maximum tensile
stress is approximately 30 to 45 kN/m’ but in most of the portion of the tension zone, the range of tensile
stress varies from 2 to 3.5 kN/m’. The maximum compressive stress varies from -250 kN/m’ to -350 kN/m’
and this maximum compression zone is concentrated at the cut-off trench position. It is observed from Fig.12
that the tension zone exists around the phreatic line and the nature of the stress distribution pattern is more or
less the same as found in Fig.11 even when it is analyzed considering the material nonlinear properties. In
this case, the maximum tensile stress varies from 20 to 40 kN/m’ whereas the maximum compressive stress
varies from -200 to -300 kN/m’. Figure 13 points out that the plastic zone begins below the phreatic line at
the junction of the two materials and extends towards the downward direction. Hence, it is clear that the
issue of the occurrence of tension zone below the phreatic line is still pertinent though the shear yielding of
the materials takes place. This indicates that the shear yielding does not release tension. Now, the
geometrical cross section of the earthen dam is modified with the steeper upstream slope, deep cut-off trench
and large widened lower berm. All the above studies are repeated considering the occurrence of the phreatic
line for each of the modified sections to see whether these changed sections may alter the stress distribution
pattern. It is seen that the stress distribution scenario is not changed as compared to the same in the original
section. Hence, these issues are not discussed in detail for the sake of brevity.
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LEGEND

III:I Tension zone

@ Max. compression zone

- - Seepage line

Fig.11. Tension zone and maximum compression zone obtained by 3D finite element analysis in a typical
intermediate section of the original embankment corresponding to reservoir full condition.
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Fig.12. Tension zone and maximum compression zone obtained by 3D finite element analysis considering
material nonlinear properties for a typical intermediate section of the original embankment
corresponding to reservoir full condition.

LEGEND
—| Plastic zone
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Fig.13. Plastic zone obtained by 3D finite element analysis considering the material nonlinear properties of a
typical intermediate section for the original embankment corresponding to reservoir full condition.

5.1.2. Mode shapes

Figure 14 represents the mode shapes corresponding to first nine natural periods for the original
embankment section modeled along straight geometry in plan for the material properties below the phreatic
line in submerged condition. Figure 14 shows the deformation pattern of the upper portion of the earthen
dams. It is clear from the above figure that the tendency of the deformation of the crest level may invite the
occurrence of a longitudinal crack at the upper portion of earthen dams. This observation also clearly
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explains the crest failure of earthen dams due to earthquake as observed in the last Bhuj earthquake available
in the website [26]. The same phenomenon was observed in the previous study which was carried out
without considering the occurrence of the phreatic line.

Mode 1; Freq. 0.622 Mode 2; Freq. 0.623

Mode 3; Freq. 0.627
cycles/sec cles/sec

cles/sec

11! [}
1

~
~

Mode 5; Freq. 0.647 Mode 6; Freq. 0.649 Mode 7; Freq. 0.655 Mode 8; Freq. 0.665 Mode 9; Freq. 0.677
cycles/sec cycles/sec cycles/sec cycles/sec cycles/sec

Fig.14. Mode shapes obtained by 3D finite element based analysis for the original embankment. Hatching
portion shows the deformation zone at the crest level in the respective modes.

5.1.3. Results of CQC analysis

Table 6 represents the principal stresses and maximum shear stress at different key points of a typical
intermediate section of the original earthen embankment with three-fourth of the depth of water at reservoir
full condition at the upstream side corresponding to the material properties below the phreatic line in
submerged condition. Figure 15 shows the location of the maximum tension zone and compression zone
developed in a typical intermediate section within the dam body obtained by CQC analysis corresponding to
the material properties below the phreatic line in submerged condition. It is seen from Fig.15 that almost the
whole compression zone occurs at the downstream side extended above and below the phreatic line. In a
very small region at the crest level, the compressive stress zone is also found to occur. The maximum tension
zone is generated below the phreatic line approximately at the middle of the dam section which is extended
up to the ground level of the dam. In Fig.15, the area not marked with any hatching also carries tension while
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the region carrying maximum tension is only marked. It is clear that slight shaking during earthquake may
induce the tension crack as the soil cannot withstand any tensile stress.

Table 6. Principal stresses and maximum shear stress obtained by 3D finite element based CQC analysis in
reservoir full condition for a typical intermediate section of the original embankment surrounding

the Ash Pond.
Principal stresses (57, S; and S3)and maximum
Positions shear stress (T,..), KN/m’
S 1 S 2 S 3 Tmax
U/S face +0.10 +0.004 +0.001 +0.050
Ground Core Heel +0.175 +0.124 +0.08 +0.048
Level Core Toe +0.165 +0.117 +0.075 +0.045
D/S face +0.004 +0.002 +0.001 +0.002
U/S face +0.060 +0.02 +0.006 +0.027
Lower Mid section +0.07 +0.02 +0.003 +0.034
Berm Inner node +0.034 +0.009 +0.007 +0.014
Outer node +0.015 +0.003 +0.002 +0.007
U/S face +0.067 +0.034 +0.018 +0.025
Upper Mid section +0.086 +0.04 +0.002 +0.042
Berm Inner node +0.062 +0.018 +0.006 +0.028
Outer node +0.060 +0.021 +0.013 +0.024
Crest U/S fage +0.186 +0.057 +0.028 +0.079
Level Mid section +0.167 +0.082 +0.039 +0.064
D/S face +0.240 +0.076 +0.033 +0.104
LEGEND
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Fig.15. Maximum tension zone and compression zone obtained by 3D finite element based CQC analysis in
a typical intermediate section of the original embankment section.

7. Conclusions

A few previous studies [15-18] based on computational research have shown that the occurrence of
tension zone at the crest level of earthen dams corresponding to different depths of water at the upstream side
may be a possible cause of failure of such dams. The present study attempts to find out whether the
occurrence of the phreatic line within the dam body has any influence on such observations. Further, an
experimental verification of such behaviour under a harmonic loading, with the help of a small scale model
has also been made [17]. The study may lead to the following conclusions.

1. The present work considering the occurrence of the phreatic line implies the consideration of material
properties in submerged condition below the phreatic line. In this situation, the location of most of the



Effect of seepage on change in stress distribution ... 135

tension zones is shifted around the phreatic line. This may lead to a favorable condition for piping. The
dynamic analysis also shows more or less the same stress distribution scenario within the dam body.
Hence, a slight ground shaking during earthquake excitation will not only cause the structural failure of
earthen dams but also invite the piping failure through a widened crack which may be generated in the
tension zone near the phreatic line due to shaking.

2. Due to the tendency of lateral extension at the top as understood from the nature of first few mode shapes,
the vertical crack is also likely to occur at the crest under seismic ground shaking, even if the submerged
zone below the phreatic line is present. The modifications in the configuration of the section of the
earthen dam, namely, the change in the upstream slope or provision of deep cut-off trench or provision of
large lower berm do not effectively modify the stress distribution scenario as well as dynamic
characteristics of earthen dams even after the consideration of the occurrence of the phreatic line within
the dam body. The curvilinear geometry along the longitudinal axis also does not seem to change the
stress distribution scenario or the dynamic characteristics of the earthen dams.

Nomenclature

C — apparent cohesion of the soil
ro — combined modal response
ri, — peak responses of ith mode
I — peak response of nth mode
S; — first principal stress
S, — second principal stress
S5 — third principal stress
Spmax — Maximum principal stress
S,in — minimum principal stress
& — strain along X-direction
€, — strain along Y direction
g, — strain along Z direction
pin — co-relation coefficient between the ith and nth modes

T — maximum shearing stress

max
6, — hydrostatic stress
o, — stress component along the X direction
6, — stress component along the Y direction
o, — stress component along the Z direction
¢ — angle of shearing resistance
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