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Preface

The objectives of this research work are to investigate the behavior of rockfill
dams during first filling of the reservoirs and to develop more effective instrumen-
tation for the safety monitoring of rockfill dams.

We have accumulated a lot of experience in concrete dam engineering in japan
and published a manual for safety control of concrete dams. We, however, have not
determined all the parameters pertinent to the safety control of rockfill dams. The
stress-strain and seepage properties of rockfill dams are more complicated than
concrete dams. For example, while the stress-strain properties of rockfill dams
are inelastic and dependent on the type of materials and method of construction, the
stress-strain pro;;erties of concrete dams are elastic and the displacement of the
dam subjected to water pressure and other loadings can be calculated and the limits
of displacements can be defined.

The safety control during the period of the first filling of the reservoirs is
particularly important, becau-se failures of dams have frequently occurred during
this period, _

The rockfill dams reported here are zoned type dams which have rather thin,
impervious core zones and wide rockfill zones. The height of the dams ranges

from 60 m (197") to 131 m (430").

Norihisa Matsumoto

Fill-type Dam Section

Public Works Research Institute
Ministry of Construction
Government of Japan
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1. Leakage in Rockfill Dams

1-1. Measurements of Leakage Using the Weir at the Downstream
End of the Dam
The weir is often set up at the downstream end of the dam to measure the

leakage in rockfill dams as shown in Fig. 1. This system is easily used with

dams where the valley or creek of the site is U or V shaped and there is a small

amount of river bed deposit.

A terminal weil with a weir
to measure the leakage

Rockfill
zone

Fig. 1. A weir to measure leakage at the
downstream end of the dam.

The discharge measured using this system includes

1 Leakage through dam body

2 Leakage through foundation

3. Ground water through abutments

4 Surface water on each abutment

5 Precipitation on the downstream slope of the dam.

The discharge measured at the weir as shown in Fig. 1 is not always the
whole leakage of the dam. It is not possible and not always necessary to measure
the whole leakage in rockfill dams accurately. As the discharge at the weir
should be a useful index of the whole leakage, it will be described simply as
"leakage" hereafter. ‘

Fig. 2 shows the leakage and precipitation at the dam site and the water level
of the reservoir in A Dam during the eight months after the initiation of impound-
ing. The impounding was initiated in February. When the water level of the

reservoir went up to 27 m (89') in the beginning of April, the leakage began to
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Fig. 2. Leakage, water level and precipitation
in A Dam.

increase rapidly. While the water level was 30 m (98') to 40 m (131') the leakage
varied considerably in quantity from 2,000 1/min (530 gallon/min) to 6,000 1/min
(1,600 gallon/min). It should be concluded that the rapid increase of leakage is
due to the discharge from factors 4 and 5 stated above. While the water level
continued to rise during June, the leakage decreased slightly. When the reservoir
is filled full with water in July, the leakage decreases gradually because of little
rain in this month. Leakage amounts increased to 5,000 1/min (1,300 gallon/min)
temporarily in August and September because of heaQy rain. Leakage of A Dam
is about 1,000 1/min (260 gallon/min) in July when there is little rain, and there
was 200 1/min (50 gallon/min) of "leakage' before the initiation of impounding.
Accordingly it would be concluded that the leakage through dam body (discharge 1
stated above) would be approximately 800 1/min (210 gallon/min).

Fig. 3 shows the leakage, precipitation and the water level of the reservoir
in B Dam for three years. The leakage varies much from 300 l/min (80 gallon/
min) to 7,000 1/min (1,850 gallon/min). But most of the leakage over 500 1/min

(130 gailon/min) would be surface water due to rainfall. Rainfall is smaller in the
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winter (Nov. - Mar.) than any other seasons. While the .water level drops from 95
m (312') to 65 m (213') in the winter, the corresponding leakage drops from 350
1/min (92 gallon/min) to 150 1/min (40 gallon/min). Therefore 200 1/min (53
gallon/min), which is the difference between 350 1/min and 150 1/min, is the net
leakage through the dam body and foundation. Though f‘ig. 3 shows the behavior of
only three years, the leakage stabilized at from 150 1/min (40 gallon/min) to 200

1/min (53 gallon/min) six years later.
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Fig. 3. Leakage, water level and precipitation
in B Dam.

The similar results are shown in Fig. 4. The leakage in Fig. 4 is also under
the inﬂuence of precipitation, and it decreases much in the winter, because the
water level is low and the surface water is frozen in this season.

Figs. 2 to 4 show that it is difficult to measure leakage in good accuracy
using the weir system as shown in Fig. 1 which is easily influenced by surface
water or i)recipitation. However the net leakage without the influence of rainfall
can be measured fairly well if the inflow of the surface water is small. Fig.5
shows the water level and leakage relation for the first 14 months in D Dam.

While the water level goes up to the elevation of 50 m in the first two months, the
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tion. But we cannot know-the individual locations and quantities of the leakage flow.

Accordingly we have developed instrumentation and procedures to measure leakage
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leakage is nearly proportional to the water level and the maximum leakage is 300
1/min (80 gallon/min). While the water level goes up to the elevation 70 m from
50 m, the leakage rate increases considerably and another proportional relation
will be found between water level and leakage. The sudden increase of leakage
above the water level of 50 m would be attributed to the seepage through the weath-
ered granite rock of the left abutment of the dam site. The left abutment had been
treated for its high permeability before the construction of the dam. This dam
should be carefully controlled and the measurement of the leakage should be con-

tinued, since the leakage is large.

1-2. Refined Instrumentation and Procedures to Measure Leakage -
in Rockfill Dams ‘
The measurements of leakage stated in 1-1 are easily affected by the dis-
charge of the surface water. In case of Fig. 5 which is only slightly influenced by

surface water, we might obtain the total leakage through the dam body and founda-

Section a-a
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Rockfill Core R“kf‘?l zZom

zone zone |Filter Asphalt sheeting
zone Drain pipes (Routes A-E) -
) % Drain pipe (Route F)
\ / i ——
- Inspection
gallery

Right abutment

Weir Asphalt sheeting —

Route F

Section view looking D/S a Plan 1 section are
too close together
Fig. 6. Installations to measure leakage in
E Dam.




in rockfill dams. : B}

Fig. 6 shows a seepage collection system which determines seepage flows
from five seepage areas. After the five seepage flows are corrected, they are
drained through pipes to the terminal well which is located at the downstream toe
of the dam. The discharge of each drain pipe is measured at the terminal well.

Satisfactory results were obtained in E-Dam using the system as shown in
Fig. 6. Fig. 7 shows the six independent leakages and water level of the reservoir.
The maximum leakage is 10 to 20 1/min (2.6 to 5.3 gallon/min) in the A, B, C and D
routes, and 80 1/min (21 gallon/min) in the F route which is the lowest elevation of

the riverbed. Each leakage and the total leakage of A, B, C, D, E and F routes
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correspond closely to the water level of the reservoir, and are not affected by the
precipitation as shown in Fig. 7 and Fig. 8. Therefore, this system can be said to
be an advanced one to measure the leakage in rockfill dams.

The instrumentation in Fig. 1 and Fig. 6 can be used for dams whose down
stream water level is rather low or dams which have inspection gallaries along the
perimeter of the foundation. If the down stream water level is high and there is
not an inspection gallary, another device should be supplemented to the system as
shown in Fig. 6 in order to measure the leakage of the rockfill dams.

F Dam has a reregulating resexvoir in its downstream area, and has about a
20 m (66') high downstream water level (Fig. 9). Two inspection galleries are
located in each abutment. The leakage water collected at the upper intake weirs
flows down to the inspection galleries through drain pipes and the quantity of the
leakage is measured there. On the other hand, the leakage water collected at the
middle and lower intake weirs is drained through pipes to the terminal well at the
downstream toe of the dam, since the inspection galiery is located at a higher ele-

vation. The terminal well is usually bellow the downstream water level, The

00 Terminal well A (River bed weir)
Py T_el:_ming‘l:)well B (Middle eleva-
el

8

tion w
100 Left abutment Middle
inspection gallery- <ta,l°eva-

— 1% o——ao Right abutment ‘erilr
21g inspection gallery
A ]

Q
8|-] Water level
5 ot
Z 1001
m
50

s N Bunt e 5

P —
%0 I [ Zo I 10 20 | ip 20
FirstMo. | Second Mo- I 3rd Mo 1 4th Mo.

Fig. 10. Leakage in F Dam.
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water level in the terminal well is equal to the downstream water level, because the
terminal well cannot be completely sealed. The water in the terminal well is
drained with drainage pump, when the leakage of middle and lower elevation is mea-
sured. Fig, 10 shows the leakage and water level of F Dam measured using the
system as shown in Fig. 9. The leakages from upper elevations in the left and right
abutments, which are drained to the inspection gallaries, are appfoximately the .
same and proportional to the water level. The maximum discharge is about 30
1/min (8 gallon/min). The leakage of middle elevation (B) is also proportional to
the water level and the maximum discharge is 70 1/min (18 gallon/min). On the
other hand, the leakage at the river bed weir (A) increases remarkably when the
downstream water level is high. This shows that water of the reregulating reser-
voir overflows the weir at the river bed (A), when the downstream water level is
high. The leakage is also almost proportional to the water level of the reservoir,
when the downstream water level is low, and maximum is about 100 1/min (26

gallon/min).

1-3. Measurements of Seepage Flow in the Foundation

The leakage described in 1-1 and 1-2 is mainly concerned with the leakage
through the dam. The leakage-through-the dam is important of course, but the
leakage thfough the foundation is much more important. The use of impervious
materials and the construction of impervious zones have progressed in Japan such
that large amounts of leakage would seldom happen. The rock foundation, however,
sometimes have high permeability and the effects of grouting are difficult to con-
firm. ]

The seepage flow in the rock foundations can be observed using pore water
pressure gauges, piezometers, and the leakage in inspection galleries and other -
service tunnels. From the point of view of the safety control of rockfill dams, the
gquantity of the seepage flow in rock foundations is more important than the pressure
of the seepage flow.

The seepage flow in the foundations-will be classified into two categories.

One is the seepage flow in the shallow depths of the foundation and the other is deep.

The former will be discussed here, since it is more important.than the latter in the

- 0.~




safety control of dams. )

Drain holes are usually located just downstream of the grout curtain in con-
crete gravity dams. Pore pressures and leakages are measured during the filling
of the reservoir and the effects of grouting are confirmed, Though it is not neces-
sary to reduce the uplift in rockfill dams, it would be useful to have observation
holes, similar to the drain holes of concrete gravity dams, in the inspection galla-
ries in the rock foundation of rockfill dams because the seepage flow could be
measured. If we measure the leakage through those observation holes during the
first filling of the reservoir, we can evaluate the effects of grouting. If the leakage
is larger than expected, we should regrout and improve the permeability of the
foundation using inspection galleries. These procedures will greatly improve the
safety of dams.

Fig. 11 shows the example of seepage observation hoies which are located
downstream of the grout curtain. The observation hole in Fig. 11 has a pressure
gauge and valve at the end. The observation hole should be protected with casing
and filter against erosion, if necessary.

Fig. 12 shows the water level of the reservoir, the leakage, and the pressure
of the water in observation holes No. 5-1 and No. 5-2. The leakage and the pres-
sure are proportional to the water level. The pressure of No. 5-2 hole is higher
than No. 5-1 hole, whereas the leakage of No. 5-2 hole is smaller than No. 5-1.
This shows that it is necessary to measure not only the pressure but also the
quantity of the leakage.

Fig. 13 shows the results of observation hole No. 2-1. When the water level
goes up to the elevation of 80 m (262') six months after the initiation of the impound-
ing, the leakage of No. 2-1 hole amounts to 70 1/min (18 gallon/min). Judging from
experiences with concrete dams the leakage under 100 1/min (26 gallon/min) per
hole is not dangerous. But the water level of the reservoir was lowered to insure
the safety, and supplemental consolidation grouting was performed. The regrouting
was successful. The leakage decreased to 2 1/min (0.5 gallon/min), which shows
the suppression of the seepage flow around No. 2-1 hole. The pore water pressure
of No. 2-1 hole was 4.0 kg/cm2 (57 psi) before regrouting and 4.5 kg/cm2 (64 psi)

after regrouting. The passages of the seepage flow in the rock foundation were

- 10 -
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reduced by regrouting. As a result, the quantity of the leakage decreased, but the
pore water pressure increased on the contrary. This shows that we cannot guess
the quantity of leakage by measuring the water pressure.

Next, another example of the leakage in diversion tunnel and inspection
galleries will be shown.

Fig. 14 shows the plan (downstream only) of G Dam. G Dam has a diversion
tunnel in the left abutment and two access tunnels for grouting in the right abutment.

The leakage in these tunnels are shown in Fig. 15. The leakage in the diver-
sion tunnel is due to the imperfect plugging of the tunnel and its rﬁaximum discharge.
is about 400 1/min (106 gallon/min) when the reservoir is full. The maximum
leakage of upper access tunnel is about 200 1/min (53 gallon/min). The leakages in
both of diversion tunnel and upper access tunnel are proportional to the water level

of the reservoir.

C- |
Access tunnel et
(lower elevation)

Fig. 14. Diversion and access tunnels in G Dam.
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Fig. 16 shows the relationship between the total quantity of the leakage in the
inspection gallery and the water level of the B Dam reservoir. The leakage in the
gallery here means the leakage through joints and cracks of the concrete wall of the
gallery and does not mean the leakage of observation hole as shown in Fig. 11,

Fig. 16 shows that the leakage is approximately proportional to the water level and
gradually decreases year by year. The passage of seepage flow in the foundation
will be closed with small particles or silts. -

At the end of this par#graph, the leakage in thé depths of the foundation will be
shown. Fig, 17 shows the leakage in the depths of the shaft in the rock foundation
of BDam. The shaft was set up to measure the effects of fault dental works. The
leakage in Fig. 17 has a slight relationship with the water level 6f the reservoir.
This is the characteristic of the leakage in the depths of foundation. = That kind of
leakage does not affect the safety of dams. As the leakage in the foundations de-
creases little by little with time, as shown ih Figs. 16 and 17, the stability of the

foundation relative to seepage will increase.
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1-4. The Leakage in a Rockfill Dam with Concrete Facing Slab

Fig. 18 shows the maximum section of H Dam which is a rockfill dam with
concrete facing slab. The leakage has been measured using a weir similar to that .
shown in Fig. 1, so the leakage includes both through the concrete slab and the
foundation. Fig. 19 shows the leakage in winter and summer during the 12 years

following the completion of the dam. (The normal high water level of the reservoir
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Fig. 19. Leakage in summer and winter in H Dam.
(All leakage values for water level 61.5m)
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is 61.5 m (202') in both summer and winter.) The leakage was rather large in
winter and rather small in summer within two years after the completion of the
dam, as is the case with concrete dams. Contraction joints in concrete dams open
in winter because of the temperature shrinkage of concrete. The leakage increased
siightly in a period between the 3rd year and 5.5th year after completion of the dam,
decreased in a period between 5.5th year and 7.5th year, and increased again in a
period between 7.5th year and 11th year. The cause of such behavior is not known
yet.

Fig. 20 shows the relationship between water level of the reservoir and the
leakage in 7th, 9th and 10th year after the completion of the dam. There is a linear
relationship between the water level and the leakage in each year. This means that
the leakage is due to the concrete facing slab or shallow depths of the foundation.
Fig. 20 shows also the leakage increases year by year. The leakage through the
concrete slab does not decrease which is in contrast to the leakage in foundation or
impervious zone of center core embankment dams which may have self-curing pro-

perties. The reservoir of H Dam was emptied in the 12th year after completion of
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Fig. 20. Relationship between leakage
and water level in H Dam.
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the dam so that the concrete facing slab might be repaired.

1-5. Summary of Measurements of the Leakage

The instrumentations and procedures to measure the leakage in rockfill dams
have been discussed above. The followings are the conclusions of this chapter from
the point of view of the safety control of the rockfill dams.

1. The downstream weir system as shown in Fig. 1 is easily affected by the
surface water. The surface water which flows in the weir should be
suppressed as much as possible. The discharge through the weir should
be observed at least for a year before the initiation of the first filling of
the reservoir ir; order to understand the effects of precipitatibn.

2. Instrumentations and procedures as shown in Fig. 6 and Fig. 9 are the
recommended system to measure the leakage through rockfill dam bodies.
This system can measure the leakage of the dams without being affected
by the surface water or precipitation.

3. The seepage flow through shallow depths of the foundation is more im-
portant than in the dam body. Instrumentation as shown in Fig. 11 is
effective in measuring the seepage flow through depths of the foundations.
The valve of the observation hole should be closed usually and the water
pressure in the observation hole is read at the pressure gauge. The
leakage through the observation hole should be measured every day during
the first filling of the reservoir. If the discharge of a observation hole
exceeds a certain limit (about 100 1/min (26 gallon/min)), the rate of the
filling of the reservoir should be controlled and the cause of the leakage
should be investigated primarily considering the geological condition of
the foundation. Regrouting should be carried out if the leakage is very
large. We will be able to insure the safety of the foundation, against
seepage if we take these procedures.

4. The leakage through the dam body and foundation is apt to decrease year
by year. Therefore it is very important to observe the leakage during
the first filling of the reservoir.

5. The leakage in rockfill dams with facing slab may increase with time in
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contrast with the properties stated in 4. Therefore such consideration
should be made at the planning stage that it is necessary to empty the

reservoir in order to repair the facing slab at long intervals.
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2. Deformation of Rockfill Dams

The deformation measurement of rockfill
damé may be classified into two types accord-
ing to the position of the survey point. One is
surface deformation and the othér is internal
deformation. Surface deformation is obtained
by surveying the measurement points as shown
in Fig. 21. The internal deformation will be
obtained using the instruments as shown in Fig.

22 or other instruments such as inclinometers.
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Fig. 22. Installation of internal vertical

movement device
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2-1. Surface Deformation
Five to ten located measurement points are usually along the crest and five to
fifteen measurement points are located on the downstream slope of a rockfill dam.
Fig. 23 shows the settlement and the horizontal movement of the center of the
crest and the water level of the reservoir of A Dam. The settlement was about
10 cm (4 in.), when the water level of the reservoir reached the normal water level
six months after the initiation of impounding. The rate of the settlement decreased
a little in subsequent six months when the water level was maintained nearly con-
stant. The settlement accelerated again after 1 year and 2 months, when the water
level was lowered. The crest of the dam settled about 7.5 cm (3 in.) in this pexiod.
The horizontal movement is prdportional to the water pressure. The crest of
the dam moves downstream when the water level goes up and moves upstream when

the water level goes down.

Settlement

tm) Horizontal
100 movement

Water level of
the reservoir

80

60

40

204

Jan | Feb | Mar [ Apr [May] Jun | Jul [Aug] Sep | Oct | Nov [Dec | Jan [ Feb]Mar [ Apr
“First year _ econd year

Fig. 23. Deformation at the center of
the crest in A Dam.

Fig. 24 shows the settlement and horizontal movement of the center of the

crest and the water level of D Dam (see Fig. 1 for dam cross section). The
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Horizontal movement
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. N—"

100

m A Water level of the resexrvoir

VAN

Apr [ May] Jun | Jul |Aug ] Sep ] Oct [ Nov [ Dec [ Jan [Feb
lrS[ year

Fig. 24. Deformation at the center of
the crest in D Dam.

settlement is very small and is about 2.5 cm (1 in.) at maximum. The rate of the
settlement is large when the water level goes down. This is the same tendency as
in Fig. 23. D Dam had been completed one year before the filling of the reservoir
started. The year of consolidation partially explains why the settlement is so
small. The horizontal movemenf is proportional to‘thé water level as in Fig. 23.
Figs. 23 and 24 shows that the settlement of the rockfill dam has the propeity
of consolidation and the dam body is subjected to the upward vertical force which is
due to the buoyancy, when the water ievel goes up. The settlement is ac.celerated
as a result of the increase of effective stresses in the dambody when the water level

goes dam. The horizontal deformation consists of elastic deformation and pléstic
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deformation. The former is small in well compacted embankment dams.

The deformation described above is only concerned with the deformation at
one measurement point of the crest. Next the distribution of deformation along the
crest will be shown.

Fig. 25 shows the settlement and horizontal deformation along the crest of E
Dam. The maximum of horizontal movement is about 10 cm (4 in.) when the re-

servoir is filled full. The horizontal movement does not increase after that, while

the settlement increases as time goes on.

Fig. 26 shows the settlement and the horizontal movement of B Dam during 13
years. The settlement at the center of the crest is 35 cm (13.8 in.) after one year
and 65 cm (25.6 in.) after 14 years. The horizontal movement is 41 cm (16.1 in.)

after one year and 54 cm (21.2 in.) after 14 years.

Fig. 27 shows the settlement and horizontal deformation of a point on Miboro
Dam. Figs. 26 also shows that the settlement has the property of creep and the

horizontal movement consists of elastic deformation and plastic deformation as

discribed before.

After 6 months since the
initiation of impounding
After 7 months— ==

After 8 monV \

/ =

20 -
After six months.
30 After 7 months
After 8 months
70 /

Fig. 25. Deformation along the crest in E Dam
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Fig. 26. Deformation along the crest in
14 years in C Dam.
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Fig. 27. Deformation at the center of the

crest in C Dam
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Fig. 28 shows the deformation along the crest of B Dam during 7 yéars. The
maximum settlement and horizontal deformation at the crest are 12 cm (4.7") and 8
cm (3.1") respectively after one year and 42 cm (16.5") and 13 .cm (5.1") respectively

after 7 years. It should be noticed that the maximum settlement does not occur at

the maximum section but closer to the right abutment.
The deformation of C Dam as shown in Figs. 26 and 27 is larger than those of
A, D and E Dam as shown in Figs. 22 to 24. The reason for this might be atributed

to the construction method. The rockfill zones were compacted in thin layers in A,

D and E Dam, while they were not in C Dam.

200
3rdy. Tthy.

E 2nd y.
£ Isty. dthy.
‘5 100 Sth y.
= 6th y.
5l
>
£
— Maximum section.
a 0
g
Q
N
T
o
4

100 Ist year
E
£ 200
=3
o
E
3
£ 300
w

400

Fig. 28. Deformation along the crest in B Dam.

Finally the ratios of the maximum deformations at the crest to the height of

the dam are shown in Table 1.
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Table 1., Deformation (percent of dam height)

A 0.2 0.05
B 0.1 ’ 0.08
C 0.3 0.32
D 0.2 0.09
E 0.1 ) 0.06

1) When 1 year passed since placement had completed.
2) When the reservoir was first filled full.

2-2, Internal Deformation

Fig. 29 shows the arrangement of the internal vertical movement devices in
D Dam. Fig. 30 shows the measured results of internal movement device No. 9 as
shown in Fig, 29. The abscissa indicates the time after the initiation of placement,
and the ordinate means the compressive deformation between two Cross arms. For
example, notation 1-2 means the compressive deformation between crossarm 1 and
2. In Fig. 30, the compressive deformation fluctuates within 2.5 cm (1), after
the filling of the reservoir was initiated. This phenomenon may be caused by the
buoyancy of the water pressure and corresponds to the surface deformation as

shown in Fig. 24.

EL 1060 m

H ;—\S) ELios3 (5
¢ —® 1__19a3 ®
1_ 033
1wz —©
toie o0y

movement devices

No.13 ~—
No.g
Internal vertical

Fig. 29. Arrangement of the internal vertical
movement devices in D Dam.
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Fig. 30. Internal vertical movements in D Dam.

Fig. 31 shows the relationship between the compressive and the overburden
pressure which is derived from Fig. 30.

Next relative settlements among different zones in rockfill dams will be
shown. If the materijals and the compaction methods- are different among zones,
differential settlements will occur and the boundary between the zones may be
sheared.

Fig. 32 shows the relative settlements which were measured using the inclino-
meters (E Dam). Absolute settlements cannot be known, because the angles are
measured. The differential settlement at the end of the impervious zone is shown
in Fig. 32. The placement of the impervious zone in E Dam is like this: thickness
of one placement: 20 cm (7.9"), compacted 12 times by sheep's foot roller, while
the placement of the filter zone is: thickness of one placement: 30 cm (11.8"), com-
pacted 4 times by bulldozer. Since there were gaps at the boundary between the

impervious and filter zones, the upstream and downstream ends of the impervious
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Fig. 32. Horizontal distribution of
settlement in E Dam.

2-3. Summary of Measurements of Deformation

As the stress strain properties of concrete dams (concrete) are more elastic
than that of rockfill dams, the deformations have more definite meaning in concrete
dams than in rockfill dams. The deformations of concrete dams can be used as
indeces for the safety control of dams. In rockfill dams, however, the character-
istics of materials are complicated and affected by the property of the material and

the method of construction. It would be difficule to define the limits of the deforma-
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tions in rockfill dams. Therefore it is important to pay attention to the displace-
ment distribution and the longtexrm changes of displacement for the safety control
of rockfill dams.

Nobori and Duncan (1972) reviewed published case histories of movements in
embankment dams caused by reservoir filling. They distinguished movements in
embankment dams during reservoir filling into three different types:

(1) compression due to wetting in the foundation causes settlement; because the
upstream portion of the foundation is wetted first, this settlement is not uniform:;
(2) compression due to wetting of homogeneous dams or the upstream shell of zoned
dams causes settlement of the upstream portion and upstream movement of dam,
with a general spreading of the dam and possible longitudinal cracks; and (3) the
water load causes downstream movements; because the water load increases pro-
portionally to the square of the depth of water retained, downstream movements

are most pronounced during the latter stages of reservoir filling.

The observed field results reported here do not show the two types of move-
ments (1) and (2) stated above. The reason why they do not show may be attributed
to three factors; (1) the foundations consist of hard and sound rock; (2) impervious
zones consist of well graded materials which include coarse sand and gravel and
are well compacted at a slightly higher water content than optimum water content;
(3) pervious zones consist of well graded hard rock materials and are well com-
pacted. The compression due to wetting in embarkment dams may not be a major
factor of movements in case the foundations and embankments meet the conditions
stated above,

The characteristics of deformations in rockfill dams investigated in this
report are as follows:

1. Settlement has the property of creep. The crest of the rockfill dam
settles usually 0.1t00.3 % of the dam height one year after the completion
of placement. The settlement goes on subsequently. The crest will
settle 2 to 4 times more than that of the first year after ten years.

2. The settlement is not so sensitive to the water level as is the horizontal
deformation. The rate of settlement decreases when the water level

rises increasing buoyancy effects, and increases when the water level }
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drops increasing effective stresses.

The horizontal deformations of rockfill dams are proportional to the water
level 6f the_resérvoir. The horizontal displacement at ;he center of tﬁe
crest‘irs about‘0.05 to 0.3 % of the dam height when the reservoir is first
filled full. Most of the horizontal deformation in well compacted rockfill
dams is elastic. The crest o‘f the dam moves in the upstream direction,
when the water level goes down. The horizontal deformation does not
proceed as much with time as the settlement. That is, the horizontal
deformation consists of elastic deformations and plastic deforrhations.
The amount of deformation of rockfill dams varies much depending on
materials and construction method. Deformation is less in rockfill dams
which are constructed by thin layer rolled compaction method.
Measurements of surface deformation would be adequate for the safety
control of rockfill dams. Measurement of internal deformation will give

us information for the design.
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3. Measurements of Pore Water Pressures

The pore water pressure in rock foundations has already been described in

1-3. Here, the measured results of pore water pressure in rockfill dam bodies
will be shown.

Correlation was made between the observed results and the two dimensional
seepage flow analysis.

3-1. Measurements of Pore Water Pressure

Fig. 33 shows the pore water pressure distribution of B Dam after four months

since the initiation of impounding. The water pressure in upstream filter zonec are
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Fig. 33. Pore water pressure
distribution in B Dam.
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100 % of full reservoir pressure and those in downstream filter zone are 0 %. This
shows that there is a large difference in permeability between impervious zone and
filter zone. The hydraulic gradient is large in the downstream end of the core zone.
Fig. 34 shows the pore water distribution of A Dam after 1.5 years since the
filling of the reservoir. Residual water pressures still remain at the bottom of the
impervious zone. The impervious material of this dam has a high uniformity co-
efficient and a very small coefficient of permeability. Residual water pressures
such as shown in Fig. 35 are not harmful to thin center core dams because there
are no residual water pressures in filter zones and the impervious zone is subjected
to high effective lateral earth pressures

Fig. 35 shows the relationship between the water level of the reservoir and

After ly and 5m
since impounding

@ Izr‘r;l;l)grvious
© Filter zone
@ Rockfill zone

Fig. 34. Pore water pressure
distribution in A Dam.
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Fig. 35. Pore water pressure and water
level of the reservoir in D Dam.

the pore water pressures in D Dam. Each pore water pressure corresponds well

to the water level.

3-2. Analysis of Two Dimensional Steady State Seepage Flow

The seepage flow in rockfill dam bodies can be assumed to be applicable for .

Darcy's rule, The two dimensional steady state seepage flow analysis was per-

formed using the finite element method.

Fig. 36 shows the observed field results of E Dam. Fig. 37 shows the finite
element model of the impervious zone and foundation of E Dam.

Fig. 38 shows the water pressure distribution determined by the analysis,

assuming the coefficient of the permeability of irﬁpervious zone, grout curtain and
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Fig. 36. Pore water pressure
distribution in E Dam.

Fig. 37.

Finite element discretization
of the model.
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CASE |

Coefficient of permeability (cm/s)
Impervious zone 0.5X10°
Grout curtain 2.0x10"
Foundation 8.0X10"

Depth of grout curtain 35m

p=ot/m?

P=0

P=150

Fig. 38. Water pressure distribution in Case 1.

CASE |

1x10~%am/s

v ¥ T T

\\ /////,,.

N \ \ // / “/ s 4
N . N ~ \\\\_//// Vd . .
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~ ~ - -~ ~ — — — - - -

Fig. 39. Velccity distribution in Case 1.
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CASE 2

2 - 77.8m

Depth of blanket grouting: 10m
Depth of grout curtain:  40m

Coefficient of permeability (cm/s)
Impervious zone 9.5X10*

}s.0x10+
8.0%10°

Blanket grouting
Grout curtain
Foundation

t/m?
Ps0
Psl0
P20
P30
P20
P50
P60
P70
P80
P=100
P+200 %0
Fig. 40. Water pressure distribution in Case 2.
CASE 2
Z, 77.8m
Unit X0 4em/s
I ' .
[} ‘ \
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Fig. 41. Velocity distribution of Case 2.
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foundations to be 0.5 x 109 cm/s, 2.0 x 10-5 cm/s and 8.0 x 1079 cm/s respective-

ly (case 1). Fig. 39 shows the velocity distribution in case 1. The analysis shows

that the amount of seepage flow is larger in the foundation than in the dam body and

the water pressure does not drop so much behind grout curtain under assumed con-

ditions.

Fig. 40 and 41 show the results of case 2 which has blanket grouting. Blanket

grouting is usually performed prior to the curtain grouting in the foundation which

contacts the impervious zone. The effects of grouting are not so clear in case 2,

because the coetficient of permeability of grout curtain and blanket grouting are

rather large. Table 2 shows the discharges of seepage flow per one meter length

of the dam in case 1 and case 2, If the length of the dam is 100 m (assuming the

height to be uniform), the total discharge of leakage in the dam body and foundation

are about 30 1/min (8 gallon/min), 200 1/min (53 gallon/min) respectively, which

Table 2. Discharge of seepage flow (by FEM Analysis)

CASE 1 CASE 2

Ko | width | acent> | uCemssy y @ N 1IN wigen | Acent> [ ucemss) | &
51 35 12.9 | 12.9x10*| 4.69x107° 36.3 -§‘ 24 12.9 ) 129x10*[4.76x107%| 36.8
'é 42 25.9 | 259x10*[ 8.21x107%| 127.6 'g 31 25.9 | 259x10*8.22x107°| 1277
8| 47| 260 | 260x10%| Lo1x1075| 157.6 8 36| 260 26.0x10*/1.03x107%| 160.7
50 5.9 | 59x10*| 7.59x107°| 2687 39 5.9 1 59xX10*7.19X107%| 254.5
116 10.9 | 10.9x10*| 6.63X107%| 433.6. 66 10.9 | 10.9x10*| 7.356X1075[ 480.7
§ 117 10.0 | 10.0x10*} 483x107°| 289.8 § 67 15.0 [ 15.0x10% 4.98X107%| 4482
'{-2 118 12.5 | 125x10*[ 3.74x107°] 280.5 '(g 68 17.5 | 17.5X10%3.26X107°| 3423
E 119 17.5 | 17.56%10*| 279x1075| 2923{m | 69| 250 | 250x10¢ 2.35X107%| 352.5
120 20.0 | 20.0x10*f 1.94x107%| 2328 70 37.5 | 37.5>10% 1.33x107°| 299.3

21 22.5 | 225x10*| 1.39x107%} 187.7
Leakage through dam body 0.285 1/min | Leakage through dam body 0.325 1/min
Leakage through foundation 1.985 1/min Leakage through foundation 2.178 1/min
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coincide approximately with the observed results of the dam as shown in Fig. 36

(ref. Fig. 8).

3-3. Summary of Measurements of Pore Water Pressure

1.

The residual pore water pressure is so small in the rockfill dams shown
above that it does not affect the stability of the dambody, if the impervious
materials are well graded and the impervious zone is thin. If the mate-
rial of the rockfill is fine and silty, the measurements of pore water
pressure during construction are very important, -

Pore water pressure devices are usually located in one or two typical
sections of rockfill dams. The observed results of pore pressure, how-
ever, show the only local behavior of the dam, while the deformation at
the center of the crest of the dam and the leakage show the iﬁtegrated be-
havior of the dam. The pore water pressure devices can easily mal-
function and we cannot judge the safety of the dam if one pore water
pressure device shows an extraordinary value. Accordingly measure-
ments of pore water pressures in dam bodies are not so useful for the

safety control of the rockfill dams.
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4. Measurements of Temperature in a Rockfill Dam

Materials in rockfill dams will be weathered for many years and might lose
their strength, if the materials are not sound. Weathering of rockfill materials
may be influenced by many factors: including moisture change (rising and falling of
the water level), temperature change, stress condition and etc. Here temperature
change was picked up. Temperature change was measured in E Dam in oxder to
know the location and magnitude of temperature change inside the dam.

Fig. 42 shows the measurement points of thermometers. Fig. 43 shows the

temperature change durihg the six months following the first filling of the reservoir.
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Fig. 42. Arrangement of thermometers

in E Dam.
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Fig. 43. Temperature change in E Dam.
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. It should be noted that the site of this dam is in a northern part of Japan and on a
high altitude where the temperature sometimes goes down below -30°C (-22°F) in
the winter. The farther insidé the dam the measurement point is, the higher the
temperature is, when the filling of the reservoir started in November. The tem-
perature in upstream side is higher than in downstream side, because the upstream
slope looks towards south and gets more sunlight. When the water level goes up to
the elevation where the thermometers were set up (after six months since starting
the filling of the reservoir), every thermometer in upstream side shows the same
temperature which is equal to the temperature of the water of the reservoir. In
downstream side, the closer to the dam surface the thermometer was, the higher
the summer temperature was because the outer part of the dam body is warmed by

the oper air., Accordingly the downstream rockfill zone will continue seasonal

change of temperature, and the temperature change is a maximum at the outer area.

Since there is a time lag of the temperature change between the inner area and
outer area, there is a temperature gradient in dam body. Fig. 44 shows the maxi-
mum temperature change in one year., A schematic view of temperature change

in the dam body will be shown in Fig. 45. In Fig. 45, zone 1 and 2 are subject to

Upstream Rockfill Downstream Rockfill
Measurement Temperature Measurement Temperature

Point Difference Point Difference
No.71 5.7° No. 91 —

72 154 92 23.0°

73 15.0 93 14.7

74 121 94 —

75 11.6 95 9.4

76 104 96 . 6.1

77 7.8 97 -

NTRRTB™ 5. 17

Fig. 44. Maximum temperature change
in a year.
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Up and down
of water level

Fig. 45. Temperature change distribution
in dambody. ’

big temperature change affected by the rise and fall of the water level. The tem-
perature change in zone 3 is rather large because it is affected by the temperature
change of open air. The temperature in zone 5 is always equal to that of the water
of the reservoir, and its temperature change will be small.

These results should be taken into account in zoning of rockfill dams.
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5. Measurements for the Safety Control of Dams

Table-3 shows the obligatory items of measurements of dams in Japan as

provided by a government ordinance. Extra measurements besides Table-3 are

required for dams which height are over 100 m (328') oxr have special structures,
if necessary.

Table 3. Measurement items according to type of dams

Type of Dams Measurement Items

Concrete Gravity Dam, over 50 m Leakage, Uplift
under 50 m leakage, Deformation, Uplift
Concrete Arch Dam, over 30 m Leakage, Deformation

under 30 m Leakage, Deformation, Uplift

Embankment Dam, homogenious type Leakage, Deformation, Seepage Line

zoned type Leakage, Deformation

The Japanese National Committee on Large Dams requires the frequencies of

measurement in dams as shown in Table-4. The intervals of the measurements

are close in the first period, when we have to know whether the dam shows the
stable behavior as expected during the first fiiling of the reservoir. In the third

period, the deteriorations such as the deterioration of concrete and spillways and

outlet works come into the problem.

The measurements in the first period are the most important for the safety

control of dams. The measurements of leakage should take first priority in em-

bankment dams among various kinds of measurements as stated in previous

chapters. It is recommended to have inspection gallaries in the foundation of rock-

fill dams for this purpose. If we have inspection galleries, we can know the places

of leakage through foundation and repair it by regrouting.
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Table 4. A interval of measurements

Ak oo oot iy it

Gravity D. 100m | Gravity D.1) 100m | - Embankment D.
ArchD.  30m | ArchD.2) . 30m | Homogeneous[, o rpe
Type
g | Lst. period a day a day a day a day
3‘(: 2nd. period a week a week a week a week
'3 3xd. period a month - a month a month a month
1st. period ‘ a week 7 - a week
% "2nd. périod a month a month None None
= 3rd. period 3 months 3 months
o | ist. period a week
%3 2nd. period None None a monph None
= 31d. period - 3 months
w 1st. period a day aweek | ‘aweek a week
g o | 2nd. period a week a month a-month a month
8 2 3rd. period a month 3 months 3 months 3 months

S

1) Gravity D. which height is under 50m does not need to measure deformation.

2) Arch D. which height is under 30m does not need to measure uplift.
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