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Abstract

Introduction: Different types of drainage systems are used for seepage control through
earthfill dams; including horizontal toe drain, triangular toe drain, chimney drain and
combined toe drain. Earthfill dams are constructed by soil compaction, so horizontal
permeability is more than vertical permeability. As a result, hydraulic performance of chimney
drain is better than triangular toe drain and operation of triangular toe drain is more suitable
than horizontal toe drain. On the other hand, triangular toe drain can be repaired due to the
more accessible position, if necessary, and is easier to implement than chimney drain. In this
research, a combined drain, as a replacement for triangular toe drain is introduced, and its
hydraulic performance is studied and compared with triangular toe drain. In order to achieve
this goal, first, the hydraulic efficiency of the combined drain is investigated through physical
modeling. After assuring the positive performance of combined drain and acceptable
comparing of numerical and physical modeling results, sensitivity analyses of the seepage and
stability were numerically performed. For this purpose, the height of triangular toe drain was
decreased from 20 to 50%, and a part of the saved material was attached to triangular toe drain
as horizontal toe drain. This kind of drain called combined drain.

Methodology: In this study, firstly, the hydraulic performance of 3 physical models with
different drainage system (without drain, with triangular toe drain, and with combined drain)
is studied. Models were constructed in a box with 11 piezometers and 2 spillways in upstream
and downstream which are used to keep the water level fixed in reservoirs. Height, length and
width of this box are 1m, 1.Im, and 0.15m, respectively. Height of physical models,
considering the dimensional constraints of box considered 49 cm. The slopes angles were kept
about 45 degrees and the crest width was dictated 21 cm. The height of triangular toe drain,
considering Creager’s recommendation was choosed 17 cm. In the models with combined toe
drain, height of triangular part, considering 15% reduction, was assumed to be 14.5 cm and
length and thickness of the horizontal part of combined drain were 11.5 and 5 cm respectively.
Upstream and downstream water level were set as 47 and 4 cm for all models. Piezometric
water level as a representative of phereatic surface, and volumetric flux were recorded from
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physical models. Then, numerical models were run using Geo-studio software. Hydraulic
performance comparison between these two physical and numerical analyses illustrated
acceptable agreement. In the following, additional analyses were performed just numerically
in order to assurance the adequacy of combined drain. The size and characteristics of
numerical models were assumed based on the real earthfill dams characteristics. Seepage
analyses were performed for both steady state and rapid drawdown conditions, then stability
analyses were done for downstream slope (end of construction, steady flow condition and
quasi-static condition) and upstream slope (drawdown condition) for these mpdels.

Results and discussion: Comparison between models having triangular toe drain and
combined toe drain, in which half of the remaining material from toe triangular drain height
reduction were horizontally atached to toe drain, showed an increase in cover length of
downstream on phreatic line, and also noticeable rise in amount of discharged water; so in the
next step, models having combined toe drain, with the same hydraulic performance as models
with triangular toe drain were compared. Also, stability performance of these two models
were evaluated. Stability analyses of the models showed ignorable difference in factors of
safety due to the little share of drain area in slip surface in which causes slight change in shear
strength, and also, phreatic surface dropping down in which causes an increase in dry area of
earth dam downstream and induces an increase in unit weight of soil and subsequently,
expansion of slope stability.

Conclusion: The process described in the previous parts, approved proper performance of the
combined drain when it is used as a replacement for triangular toe drain. It was revealed that
when a triangular toe drain substitute with combined drain, it will improve the hydraulic
performance of the earthfill dam and will also result in a noicable reduction in drain material
usage in which it is more expensive than body material. In addition, this replacement will have
a negligible effect on the static and quasi-static stability of the reservoir slopes. Therefore, the
adequacy of the proposed drainage system is confirmed as a suitable alternative for triangular
toe drain in homogeneous soil dams. Results indicated 11 to 157% increase in cover length on
downstream phreatic line and 25 to 50% reduction in drain material compared with triangular
toe drain, in models which half of the saved drain material was used as horizontal toe drain.
On the other hand, using combined drain with the same hydraulic performance instead of
triangular toe drain results in 17 to 60% decrease in volume of drain material.

Keywords: Homogeneous earth dam, Combined drain, Seepage analysis, Stability analysis,
Physical and numerical modeling.
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Fig. 1 Different types of drain in homogeneous earth
dams, (a) Horizontal toe drain, (b)Triangular toe drain,
(c) Chimney drain, (d) Combined drain
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Fig. 2 Seepage tank (a) general layout, (b) Schematic
layout
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Fig. 8 Comparison between numerical and physical
model (a) Without drain, (b) With triangular toe drain, (c)
With combined drain
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Table 5 Numerical model’s error compared with
analytical solution

Heightof ~ Numerical Casagrande’s  Error
dam model method (%)

15 1.06650E-06 1.07E-06 0.327

25 1.88000E-06 1.91E-06 1.571

35 2.78000E-06 2.83E-06 1.767
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Table 4 Numerical model’s error compared with physical

model
Model Without Triangular Combined
drain toe drain drain
%Error 393 3.74 5.30
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Table 6 Material properties used for stability analyses

Material's v C ()
behavior (KN/m?) (kPa) (degree)
Body, CD 19 20 26
Body, CU 19 70 6
Body, UU 19 60 5
Drain 19 5 37
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Table 7 Seepage analyses of models with triangular toe

drain
Height Height of Volume Flux Cover
ofdam  drain  of drain (m3s) length
(m) (m) (m) (m)

15 5 43.75 2.15E-7 3.15
25 8.4 123.48 4.048E-7 3.22
35 11.7 239.56 5.99E-7 3.56
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Table 8 Seepage analyses comparison of models with combined and triangular toe drains

. Height of . Horizontal drainFlux(m?3/s) Cover length Saving drain ; Flux C_over length
Model  triangular drain length (m) *E.7 (m) material (%) increment increment
(m) % (%)
15-20% 4 5.25 2.22 3.51 25.71 3.39 11.34
15-30% 315 7.37 2.25 3.66 35.71 4.42 16.03
15-40% 3 9.33 2.25 3.72 44.38 4.71 17.93
15-50% 2.5 10.93 2.24 3.64 51.71 4.36 15.34
25-20% 6.72 14.82 4.57 5.19 24.61 12.94 61.00
25-30% 5.88 20.99 4.79 5.89 34.61 18.37 82.90
25-40% 5.04 26.34 4.97 6.30 43.27 22.67 95.60
25-50% 4.2 30.87 5.09 6.58 50.61 25.67 104.38
35-20% 9.36 28.75 7.25 7.20 2431 20.99 102.41
35-30% 8.19 40.72 7.90 8.26 34.31 31.91 132.21
35-40% 7.02 51.11 8.49 8.58 42.98 41.79 141.27
35-50% 5.85 59.89 8.98 9.12 50.31 49.94 156.46
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Table 9 Comparison of models with triangular toe drain and combined drain having the same hydraulic performance

Volume of combined Horizontal drain Drain volume Flux (m3/s) . Flux Cover Change in

Model drain (m3) length (m)  reduction (%)  *E-7 increment length (m) cover length
J (%) (%)
15-20% 35.95 5.8 17.83 2.15 0.07 3.15 -0.15
15-30% 32.22 7.19 26.35 2.16 0.15 3.16 0.17
15-40% 29.04 8.86 33.62 2.15 0.11 3.15 -0.11
15-50% 26.95 10.68 38.38 2.16 0.24 3.15 -0.17
25-20% 90.32 7.53 26.85 4.06 0.21 3.22 -0.09
25-30% 76.59 10.72 37.98 4.06 0.40 3.23 0.16
25-40% 64.87 13.61 47.47 4.06 0.38 3.23 0.27
25-50% 55.70 16.55 54.90 4.06 0.35 3.22 -0.18
35-20% 170.75 11.66 28.74 6.01 0.37 3.56 0.07
35-30% 140.99 15.735 41.15 6.01 0.35 3.56 0.57
35-40% 116.19 19.968 51.50 6.01 0.46 3.58 0.57
35-50% 95.94 24.035 59.95 6.01 0.44 3.57 0.48
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Table 10 Slope stability safety factor of models with
triangular toe drain

Quasi-
S = Static condition static
%E condition

S Stead End of

T S seepagye Drabvsjsown construction  (D.S)
(D.S) (U.5) (D.S)

15 2137 2.807 2.449 1.906

25 1.824 1.817 1.837 1.411

35 1.672 1.36 1.506 1.142
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Table 11 Downstream slope safety factor of models with combined and triangular toe drains

Model Static-steady state (D.S) |[Static-end of construction (D.S) Quasi-static (D.S)
Safety |Change of safety| Safety Change of safety | Safety [Change of safety factor
factor factor (%) factor factor (%) factor (%)

15-20% 2.138 0.05 2.44 -0.29 1.90 -0.157
15-30% 2.308 8.00 2.48 1.27 2.11 10.703
15-40% 2.14 0.14 244 -0.20 1.90 -0.157
15-50% 214 0.14 2.45 -0.08 191 0.000

25-20% 1.799 -1.48 1.78 -3.32 1.36 -3.473
25-30% 1.781 -2.46 1.75 -4.57 1.34 -5.245
25-40% 1.774 -2.85 1.74 -5.23 1.33 -5.457
25-50% 1777 -2.68 1.75 -4.90 1.43 1.276

35-20% 1.643 -1.78 1.42 -5.44 1.08 -5.079
35-30% 1.629 -2.61 1.39 -7.90 1.05 -8.231
35-40% 1.616 -3.39 1.37 -9.16 1.03 -9.720
35-50% 1.609 -3.81 1.36 -10.03 1.02 -10.683
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Table 12 Boundary conditions and upstream safety factor of models with triangular toe drain for drawdown state

Dam height (m) Initial W.L. (m) Final W.L. (m) Draw down duration (days) ?:gf;)r/
15 13 10 2.807
25 23 17 1.817
35 33 25 1.360
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Table 13 Comparison of safety factor for models with combined and toe drains at drawdown state

Model Safety factor Changes of safety factor (%6)
15-20% 2.806 -0.0356
15-30% 2.806 -0.0356
15-40% 2.806 -0.0356
15-50% 2.806 -0.0356
25-20% 1.818 0.055
25-30% 1.818 0.055
25-40% 1.818 0.055
25-50% 1.818 0.055
35-20% 1.36 0
35-30% 1.36 0
35-40% 1.36 0
35-50% 1.36 0
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