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Denna rapport & ett delresultat inom Elforsk ramprogram Dammsakerhet.

Kraftindustrin har traditionellt satsat avsevarda resurser pa forsknings och
utvecklingsfragor inom dammsakerhetsomradet, vilket har varit en forutséttning for den
framgangsrika utvecklingen av vattenkraften som energikallai Sverige.

Maélen for programmen &r att |angsiktigt stodja branschens policy, dvs att:

e Sannolikheten for dammbrott dar ménniskoliv kan vara hotade skall hallas pa en
salég nivaatt detta hot sdvitt mgjligt elimineras.

e Konsekvenserna i héndelse av dammbrott skall genom god planering savitt
mojligt reduceras.

e Dammsikerheten skall hdllas pa en god internationell niva.

Prioriterade omréden & Teknisk sikerhet, Operativ sikerhet och beredskap samt
Riskanalys.

Ramprogrammet har en styrgrupp bestdende av: Jonas Birkedahl — FORTUM, Malte
Cederstrom — Vattenfall Vattenkraft, Anders Isander — Sydkraft Vattenkraft, Lennart
Markland — Vattenregleringsforetagen, Urban Norstedt — Vattenfall Vattenkraft, Gunnar
§odin — Vattenregleringsf éretagen samt Lars Hammar — Elforsk.

Lars Hammar
Elforsk AB
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Sammanfattning

Med borjan & 2001 t.o.m. & 2003 genomfordes forsok pa testdammar i Norge nara
staden Mo | Rana. Testdammarna utgjordes av ett flertal 5-6 m héga dammar av
varierande utformning fran homogena grus- och sprangstensdammar till zonerade
dammar med vertika tdtkarna och omgivande stodfyllning. Malsittningen med de
norska dammbrottsforsoken ar att forbéttra forstdelsen om dammars stabilitet och kasta
ljus ©ver dammbrottets olika mekanismer. | foéreliggande rapport anayseras
slantstabiliteten pa testdammarna fran ar 2001 och 2002 i jamforelse med testresultatet.

2001-ars springstensdamm (testdammen ”1-01") gick aldrig till brott trots 6ver- och
genomstromning pa totalt ca 3 m*/s. Forsoket dverensstammer med stabilitetsanalysen
som visar stabila forhdllanden med sakerhetsfaktor val over 1 under samtidigt hogt
portryck néar dammen &r vattenfylld och genomstrémmad, vilket var forvantat med tanke
pafyllningsmaterial et.

Stabilitetsanalysen understkte dven den stabilitetshdjande inverkan en taforstarkning
upp till hava dammhdjden kan ha pa en sprangstensdamm; sakerhetsfaktorn for
djupgaende glidytor okar med i storleksordningen 50-60 % jamfort med en ofGrstarkt
dant.

2002-drs grusdamm (testdammen ”2C-02") gick till brott i form av en bakatgripande
erosion fran dammtan mot dammkrénet. Nar erosionen slutligen nadde magasinet var
dammbrottet fullsténdigt.

Trots att testdammen av grus var belastad med hég magasinsvattenyta och utbildat
kallsprang i nedstromsslanten initierades € erosion forrén dvertoppningen paborjades.
Testdammen forefoll darfor ha en oforvantad forhéjd hdllfasthet med tanke pa
grusmaterialet. Den hojda hdllfastheten kan ha berott pa en rad faktorer, som t.ex. att
portrycket inte hunnit stéllain sig innan ny belastning pafordes (vilket ger intryck av att
dammen &r utsatt for storre belastning 8n vad den egentligen &r) eller att grusmaterialet
kan ha haft of6rvantade hallfasthetshojande egenskaper, som t.ex. bidrag fran kohesion.
Normalt & dock grus ett icke kohesivt material.

For at erhdla korrelerande resultat mellan testdammen och stabilitetsanalysen
erffordrades att Okad hdllfasthet modellerades, och en trolig orsak till
hallfasthetshdjningen beddomdes vara mobiliserat negativt portryck 6ver portryckslinjen,
som forenklat uttryckt bildar ett hdllfasthetshdjande "sug” i materialet inom stightjdens
réackvidd. Utan indlag av forhojd hdllfasthet sa visar analysen pa mindre stabilitetsbrott
som g intraffade under gélvatestet.

Analysen visade for 6vrigt att en stabiliserande taférstérkning kan vara patagligt effektiv
pa en grusdamm. Om grusdammen antas helt vattenmattad och forstarks med en tabank
upp till kronet sa kan det ge en fordubbling av sakerhetsfaktorn for djupgaende glidytor.
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Summary

Beginning in autumn 2001 through 2003 a number of large-scale field test were carried
out in Norway at atest site near the town Mo | Rana. A number of test dams of various
designs from homogenous dams of gravel and rockfill to zoned dams with central cores
and support fills. The large-scale tests analyzed in this report comprise of the 2001
rockfill test dam and the 2002 gravel test dam which eventually was brought to failure.

The Rockfill test dam 1-01 never failed although subjected to overtopping and through-
flow in total about 3 m*/s. The actual test results correlates well with the stability
analysis that indicates stable conditions though high pore pressure is acting on the
downstream shoulder. The safety factor of a “deep-going” dlip failure in the rockfill
dam, if occurring it would probably have resulted in breaching, is far above stable
conditions as would be expected considering the fill material.

The stability analysis also studied the influence a stabilizing toe berm has on the
stability. If the rockfill test dam is stabilized with a toe berm of approximately half the
dam height it improves the stability (safety factor) with roughly 50-60 percent compared
to the unsupported case.

The estimated rockfill strength model is a nonlinear Mohr-Coulomb failure envelope
with friction angle 57 degrees at the surface gradually decreasing to 47 degrees at the
base of the dam. The nonlinearity is based on Leps (1970) and its Norwegian
supplementation (sub-project 1: “Shear Strength of Rockfill and Stability of Dam
Slopes’).

The Gravel test dam 2C-02 failed through "head cut” advancement; the erosion works
itself backwards to the crest little by little until it reaches the reservoir and a breach is
completed. The erosion at the toe did not initiate prior to the raising of the reservoir
enough to overtop the crest allowing water to flow down the slope.

The actual test does not correlate well at this point with the stability anaysis, which
indicates instability at lower reservoir levels than the level that overtops the crest.
According to the analysis “superficial” shallow dlides form just below the discharge
point of the leakage. Such small dip failures at the toe below the exit |eakage point did
not take place at this point although it could be expected due to the mobilizing
hydrostatic uplift pressure in the gravel shoulder especially below the discharge. Erosion
first started when overtopping occurred and water flowed freely down the slope.

Another inconsistency between the analysis and actual test is that the stability analysis
shows dlip surfaces below stable conditions for “deep-going” failures with the scarp at
the crest going down to the toe when overtopped. As described above the erosion
process started with small erosion at the toe working itself backwards, not alarge failure
asindicated in the analysis.
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The unexpected stability of the gravel test dam could be due to the pore pressure
distribution in the dam had not yet had time to settle and the seepage line to position
itself before the reservoir was increased applying a new case of load, indicating a
tougher load case than actually applied. Had the seepage situation been allowed to settle
erosion might have progressed according to the analysis. Another explanation to the
supposedly increased shear strength of the fill can be that the gravel fill used in the dam
had some cohesive strength although assumed to be non-cohesive. Alternatively the
increased strength can be due to negative pore pressure creating added strength by
suction.

To accommodate to added strength in the fill the influence of negative pore pressure
above the seepage line was considered in the analysis. Negative pore pressure can create
a (matric) suction within the capillary reach increasing the shear strength in the
unsaturated zone. By this action more redlistic results can be obtained correlating with
the actual test results.

A fully saturated downstream side of the gravel could be expected after overtopping
some time allowing the pore pressure to position. “Deep-going” dlip failures are
unstable under fully submerged conditions. Assuming that the gravel test dam is not
fully submerged, subjected to strength enhancing suction, the analysis show stable
conditions in good correlation with the actual test.

In conclusion regarding the analysis on the gravel test dam is as the submersion is
continually increasing; closing in on complete saturation, the stability of “deep-going”
dlip surfacesis gradually decreasing towards unstable conditions and failure.

If the gravel test dam is stabilized with atoe berm all the way up to the crest the stability

(safety factor) improves with roughly 30-50 percent. 110 percent if the dam is
overtopped and assumed fully saturated.

Vi
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1 Introduction

Beginning in autumn 2001 through 2003 a number of large-scale field test were carried
out in Norway at atest site in proximity to the town Mo | Rana located in the Nordland
County and the Hemnes municipality. The main purpose of the tests has been to provide
better knowledge about stability of embankment dams of different design and the
breaching process. The large-scale test dams were constructed downstream of the dam
Ressvassdammen making it possible to control the inflow to the test dams by regulating
the three flood gates of Rgssvassdammen as the figure below indicates.

The test dams were embankment dams made up by various materials in order to make
up different scenarios regarding stability and breaching. The constituents of the
embankment dams analyzed in this report are rockfill and gravel, making up a typica
filling material of Scandinavian embankment dam conditions.

The large-scale field tests are a part of the project “ Stability and Failure Mechanisms of
Dams’.

Figure 1.1 Location of the test site.

The purpose of this report is to provide better knowledge about stability issues
concerning embankment dams composed of rockfill and gravel subjected to through-
flow and/or overtopping. The stability has been analyzed for two homogeneous
embankment test dams built 2001 and 2002 of rockfill and gravel separately to see if
correlations with the actual test results can be shown. Furthermore an evaluation has
been made on the effect on stability a stabilizing toe berm can have when placed on the
downstream slope of an embankment dam.

The dlope stability anaysis is carried out in the commercia code SLOPE/W
(http://www.geo-slope.com).
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2 Background

A typical cross-section and longitudinal section of the test site is shown in figure 2.1 and
figure 2.2. The test dam foundation was rock partly covered by gravel and stones. The
rock was levelled and the permeable material was removed in order to uniform the

foundation.

The homogenous rockfill test dam (1-01) never failed and the test subsequently crossed

over to 2-01 by adding a stabilizing toe berm to the rockfill test dam.

The gravel test dam (2C-2) failed when overtopped some time. The prior test to the “ 2C-
2" in year 2002, namely “2A-02 and “2B-02", involved the same gravel test dam as

“2C-02" but arranged with a toe berm.

374
372
370

WATER LEVEL

362
360
358
356
354
352
0 | | | |

368 h
366
3614

W

LI TS T I N P AP P O S |
T T 1T 1T

Figure 2.1 Location of the test site.
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3 Analysis Conditions

3.1 General

The in general used procedure in slope stability analysisis to investigate the relationship
between forces and moments causing instability compared to such that resist instability.
The general shape of the dliding surface is of a circular form but it can be a more
complex shape like a composite surface of sliding, which is a noncircular form or
wedged shaped. The shape of the dlip surface is normally depending on the stratigraphy
of the stability problem.

The dam structures of the test dams are fairly simple; homogenous dams made up by a
single component (i.e. rock fill in test dam 1-01 and gravel in 2C-02). In the anaysis a
circular dlip surface has therefore been assumed. The following stability calculations are
in a 2D-cross section of the highest part of the test dams.

3.2 Strength parameters

The shear strength of soil materials is preferably determined from laboratory tests on a
specimen. In this case no laboratory work relating to shear strength has been done so it
has been necessary to estimate such parameters of the fill material.

By and large, the components of the two test dams analyzed in this report are granular
non-cohesive materials. This is of course the case of the rockfill dam with its rockfill
material. But one way of explaining the breach process of the gravel test dam, during
which steep, stable slopes developed, is to assume that the finer graded parts of the
gravel material must have had some cohesive tendencies, which increased its strength.
Otherwise the developed steep slopes in the gravel would never have kept stable but
crumbled down. Alternatively (as have been considered in this report) the effect of
negative pore water pressure (matric suction) above the zero pressure line can have
increased the shear strength of the gravely material.

Assuming a nonlinear failure plane (strength envelope) by a Mohr-Coulomb failure
envelope has been the best way to go about in estimating the shear strength
characteristics in the rock fill test dam 1-01 and the gravel test dam 2C-02. Each
estimated strength parameter of the materials in the two dams is further described in the
analysis part.

3.3 Analysis Method and Software

The software product SLOPE/W of GEO-SLOPE was used in the stability analysis of
the test dams. SLOPE/W is software to calculate the factor of safety of dlip surfacesin
slopes using limit equilibrium theory.

The method of analysis is the Morgenstern-Price method, which satisfies both force and
moment equilibrium and uses a selected interslice force function, in this case the Half-
sine function. Interslice shear forces are required to calculate the normal force at the
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base of each dlice in the dlip surface. The Morgenstern-Price method is considered to be
an adequately conservative method for stability calculationsin this particular case.

To explain the inconsistencies in stability in the analysis in comparison to the actual test
of the gravel test dam, the influence of negative pore water pressure has been
considered. The rate of shear strength increase with change of negative pore water
pressure, which usually is the case of materials with a notable capillary zone. In order to
pay regard to thisin SLOPE/W it is necessary to assume an unsaturated ¢p-value, which
isan angle used to accommodate for unsaturated soil conditions.

3.4 Acting external and internal water load

The following stability analysis has been made with regards to different reservoir levels.
The case of load has eventually been brought up to an overtopping of the test dams in
order to develop a dam breach. What reservoir level used in the following calculationsis
clearly presented for each case.

The two test dams phreatic line (line of seepage) has been determined from the
measured pore pressure in the installed sensors in the body of the dam. In order to get
the correct value of the pressure head it is usually necessary to reduce the pore pressure
measured in the sensors with the velocity head, but in this case the velocity of the
seepage was low and thus resulting in anegligibly low velocity head.
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4 Test Dam 1-01 - Homogenous Rockfill Dam

4.1 General

The as-built dimensions of the test dam 1-01 are 6.2 m height, 2.92 m crest width and
1V:1.6H dlope. The design is roughly according to the standard cross-section in figure
4.1 and the plan in figure 4.2. The elevation of the dam toe was leveled to +364.81m.

The 1-01 test subsequently crossed over to 2-01 by adding atoe berm of rockfill.

(2.92 m)

2.8 m

1.5

(1V:1.6H)

6.0 m

364871
L

Figure 4.1 Standard cross-section of the 1-01 rockfill dam with initially given dimensions. The crest
width, slope inclination and height were later on revised according to numbers in brackets.
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Figure 4.2 Plan view of the Rockfill dam with location of the pore pressure sensors.
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4.2 Composition of Fill Material

The fill material in the dam is anarrowly graded rockfill (gravelly stone material) with a
grain size distribution varying in size up to 200 mm. Only 10 % of the material is
smaller than 30 mm according to the sieving curve. The rock material was taken from
the excavation blasting of the tunnels of the upstream hydropower station during its
construction.

The rockfill material in test dam 1-01 was not subjected to any particular laboratory
work apart from screening as was the rockfill material in subsequent test dams 1-2003 to
3-2003 the following year. It is in the following calculation assumed that the rockfill
used in test dam 1-01 is from the same supply as test dams of 2003 used for the
downstream shoulder. The rockfill is further described with the parameters in table 4.1,
which defines the bulk unit weight to 21.7 kN/m® and the fully saturated unit weight can
be derived to 26.6 kN/m°.

Table 4.1 Rockfill parameters and characteristics.

Rock fill Parameter
Downstream |Density Bulk kN/m® 21.73
Density Dry  |ton/m® 21.2

Density Grain [ton/m® 27.7
Porosity 0.235
Cohesion kPa 0

Friction angle [tg ¢ 0.9 (=42°)

Shear 2/ _iix
Function #: 1 i, |

I Fz
Drescription: IAverage rockfil material k

—Fit Curve to Data Curve Segments —— 0 I I I I I
100 % 43 x
Approz. Exact Straight Curved u —
1 1

= |

— Data Coordinate wi —
# Maormal Stess  Shear Stress
0.0000e+000  0.0000=+000
1.0000e+001  1.5000e+001
2.0000e+001  2.7000e+001
5.0000e+001  B.2000e+001
1.0000e+002  1.1100=+002
1.3000e+002  1.3600=+002

Copy | Delete I DeleteAIIl n —

“r 47° ]

O e LA RS —
Shear Stress

Right-click for more options.

Shear [Momal=0); ID.DDDDe+DDD ! w w @ # 1m0 110 140

Mortmal Stress

0K | Cancel I

Figure 4.3 Estimated nonlinear shear/normal effective stress (kPa) relationship of the rockfill.
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Leps ([5]) found that rockfill material show nonlinearity in the Mohr-Coulomb failure
envelope. This nonlinearity is especially distinct at relatively low normal stresses (close
to the surface) where the angle of shearing resistance decreases significantly. There is
still nonlinearity at higher normal stresses but it is not as clear as at low depths. The
rockfill shear strength of the material in test dam 1-01 is related to the effective normal
stress on the failure plane in estimation to the Norwegian development and
supplementation (see [1]) to Leps ([9]).

The estimated shear/normal stress relationship for the rockfill material is shown in
figure 4.3. This function represents a decrease in friction angle from 57° right at the
surface to about 47° at the bottom of the dam, approximately 6 m below the surface.

4.3 Pore pressure test readings

The dam was equipped with atotal of 10 pore pressure sensors (P1-P10), see location in
figure 4.2. On the upstream and downstream side of the dam there were gauges arranged
for monitoring of water levels during the test.

Table 4.2 Pore pressure readings in sensor P1-P10 in test dam 1-01.

Date Time | Water level q P1 P2 P3 P4 P5 P6
(dd.rmwy)| (hhimm) | (mas.l) (m/s/m) (masl) [ (mas.) | (masl) |(masl)f (masl)| (mas.)

19-10-01] 13.01 368,88 0,091 36597 43) 367, 81 C 16%
7

311001 1634 370000 0112 366,32 , 367,92 36829D 366,00 D
11-11-01]  11:15) 37015 0115 364,89 36509  364,9| 36511 36743
11-11-01] 1236 37093 0188 36506 (36524]) 365,3% 36549 ( 367,59)

Table 4.2 shows the measured total head (energy line) in each pore pressure sensor in
the dam, displaying the head loss between the different points. The flow q in table 4.2
show that the discharge during the test varied up to 0.2 m%s,m and in gauge no 5 a total
discharge in excess of 3 m®/s was measured.

A rough estimate shows that these flows result in a velocity head of lessthan 1 mm at a
discharge of 0.2 m%s,m. The velocity head is thus negligibly low and its influence will
not be accounted for in the following calculations.

4.4 Analysis

Figure 4.4 shows the analysis model cross-section for the rockfill test dam during test
day 19-10-01, time 13.01.

The reservoir level was set to +368.88m, roughly 1.9 m below the dam crest. The
phreatic line through the dam has been estimated with basis on the head measured in
pressure sensor P4, P6 and P2 (in May 2004 the measured head was revised but with
negligible impact on the shape of the seepage line). This establishes a line of seepagein
the dam. The elevation of discharge was measured during the test to about 1.5 m above
the toe.
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No breach was developed in this test, which correlates with the analysis result. The
analysis show that superficial slides (thin failure plane, barely visible with a potentially
small impact on the slope) have a factor of safety of approximately SF = 1,2 which is
just over stable conditions (SF = 1) and these occur just below the seepage face as
would be expected due to the effect of the pore pressure uplift.

Figure 4.5 shows a slightly larger slip surface, developed at the seepage point, with SF =
1,45 (still one of dlip surfaces with the lowest “ safety”).

Rockfill dam 1-01 Reservoir level +368,88 Time 13.01

K nown seepage face and elevation of discharge point h = +366,31 (+1,5m)
File Name :1-01 6vy 368,88 kl 1301 Grund.slz

Anrdlyss Method :Morgerstern-Price

372 — _ 372
371 — — 371
370 — +368.88 — 370
—
E 0 — Av4 < —1 369
% %8 - Premr;samrm Préssure sensor P —] 38
D 367 — +367,81 +368,16 | %7
I Rodill ~_
366 — Fully sat Unit Weight:26.6 Pressure sensor P2 %6
M Shear/Normdl Fn. #1 +366,43 T "
365 344 Unit weight above WT:21.7 _ %5
S I O B w4

I I
4 3 2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 4 15 16 17 18 19 20 21 2
Longitudina section (m)
Figure 4.4 Rockfill test dam 1-01 model.

Rockfill dam 1-01 Reservoir leve +368,88 Time13.01
Known seepage face and elevation of discharge point h = +366,31 (+1,5m)

File Name 1-01 6vy 368,88 ki 1301 spannber M orgenstern.slz .
Analysis M ethod M orgenstern-Price ° ©. /
32 — /312 |
371 — : /.
370 (— / .
~— // 7
E 39— .
N 4
5w Presresmor Py Plesessr Po "4
. +368,16 . [
% w7 +367.81 U s
| Fully sat Unit Weight26.6 Pressuresensor P2 ="y L
%6 ) Shear/Norml Fn. #1 +366,43 " —h%e
365 (544 X Unit weight ebove WT21.7 | 365
o N
4 3 2 4 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2

Longitudinal section (m)
Figure 4.5 Superficial slide just below the discharge point of the slope. F = 1,449.

The factor of safety for a deep slip surface (see figure 4.6) with the scarp starting at the
top of the lope and dlip surface going down to the toe is SF = 2.145, which iswell over
stable conditions. This correlates well with actual conditions as a breach never initiated.

The test continued (crossing over to 2-01) with placement of a toe berm comprised of a
transition layer of uniformly graded stone (100-200 mm) with a top layer of stone 200-
500 mm. The berm was 3.4 m broad and 2.8 m high.
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Under

assumption that the reservoir level still is set at +368.88m and that such a toe

berm will drain the upstream layer and lower the pore pressure at the interface, it will
improve the factor of safety (increase the stability of the slope) of thin superficial slides,
that without the berm had a factor of safety just over 1,2, with in excess of 100 % (SF =
2,4). The factor of safety for a deep dlip surface with the support of a berm increases
from SF = 2.145 to 3.23 (50 % improvement), see figure 4.7.

RocKfill dam 1-01 Reservoir leve +368,88 Time 13.01 .
Known seepage face and elevation of discharge point h = +366,31 (+1,5m) ,
File Name 1-01 6vy 368,88 kl 1301 spannber M orgenstern.siz

Andysis M ethod M orgenstern-Price

372
37
370

—_

£ 39

N

£

.8’ 368

T 7
366
365
364

Figure 4.6 Deep slip surface from the top to the toe of the slope. F =2.145.
.0 o/ /o

Rockfill dam 1-01 Reservoir leve +368,88 Time 13.01 . o /e .
Known seepage face and elevation of discharge point h= +366,31 (+1,5m) . ° . ’,r“/ /./ . /
FileName 1-01 évy 368,88 kI 1301 t&bank.slz . o/ :
Anaysis M ethod M orgenstern-Price

372
371

370 —
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8

L
4 3 2 414 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2

4 3 2 41 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

+368.88m o
[ 4 369
B PressuresisorPd P 368
- +367,81 3
Rockfll %7
- Fully sa Unit Wei ght26.6 .366
» Shear/Normal Fn. #1 .
FH7as Unit weight choveWT21.7 %5
364

Longjtudinal section (m)

/ . A - ams

+368.88m
— AV4
Pressure sensor P4
- +367,81
Rockfill

[ Fully sat Unit Weight26.6

M Shear/Normd Fn. #1
- Unit weight ebove WT21.7
1234

I e Y s

Longitudinel section (m)

Figure 4.7 Deep slip surface with support of a toe berm. F = 3.23.
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During the continuation of the test the upstream level was increased to +370.00m (Oct
31st 2001), roughly 0.8 m below the crest. According to photos taken this resulted in a
heightening of the discharge face on the downstream slope, which lead to a seepage face
above the berm, depicted by figure 4.8, with another point of discharge approximately at
half of the berm height. This does not agree well with the pressure sensors, which
measured lower head (displayed with X in figure 4.8). An explanation to this can be that
the material had not had time to completely saturate during the increase in reservoir
level, showing lower pressure or simply a measuring error. With regards to these
circumstances the phrestic line in the dam has been estimated with basis on the photos
taken and the pressure sensors are disregarded.

Thin dlides, developed on the slope of the berm just below the seepage point, has a
safety just over stable conditions, SF = 1,0 (such a dlip surface on an unprotected slope
that allows seepage running freely down the slope is unstable, SF = 0.8). Figure 4.8
shows that a deep dlip surface with the support toe berm has a SF = 2.4 which is far
above stable conditions and an improvement of 65 % compared to the factor of safety of
such adip without the berm (SF = 1,45).

Rockfill dam 1-01 Reservoir leve +370.00 Time 16.34
Phreetic line estimated from photos

File Name 1-01 6vy 370,00 kI 16.34 tdbank.dlz
Analysis M ethod M orgenstern-Price

372 —

371 — e
+370.00m /
30 |— AvAN—————
P B V990909 090905 5% % % % % % % % % % % % %% % % % % % % -
£ ;9 —
Nt .
=
% %8 - Pressuresensor P4 P .
o +368,29 .
T ¥~ Rockiil |
366 |— Fully sat Unit Weight26.6 .
5 Shear/Normdel Fn. #1
365 (3, Unit weight sbove WT21.7 <
Y N N Y s N A \

-4—3-2-‘1(‘)12345678910]11213141516171‘81‘93‘32‘1‘22‘3'24.

Longjtudingl section () ’
Figure 4.8 Deep slip surface with support of a toe berm. Higher reservoir level with high pressure
in the dam. F =2.4.

The dam was overtopped Nov 11th 2001 during which the pressure sensors measured
unreasonable pore pressure (marked with X in figure 4.9), not taken into account in the
following calculations. Similar to previous stability calculations thin dlides (barely
visible) occur with a factor of safety under stable conditions on the slope of the berm
(SF = 0.9) in agreement with the actual test where small erosion took place at the toe at
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this point. Thin slip surfaces (with SF = 1.43) develop above the toe berm on the upper,
unprotected part of the test dam, see figure 4.9.

A deep dip surface during overtopping (and complete saturation) has a factor of safety
of 2.15 (figure 4.10) with the support of a toe berm. The analysis shows that if the
rockfill test dam overtops unsupported the factor of safety of a“deep” dip surfaceis SF
= 1.3, which indicates a 65 % increase in the factor of safety and improvement of the
stability when saturated and with through-flow.

Rockfill dam 1-01 Reservoir level +370,93 Time 12.36 °

File Name 1-01 6vy 370,93 ki 12.36 t&ank.slz
Andysis M ethod M orgenstern-Price

$2 —  +370.93m
371 — \V4
o
a0 |- XX
~—~ 0:0 /
Ew i
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T 37— K5 .
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364 .
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Figure 4.9 Thin slip surface during overtopping on the upper unprotected part of the slope above
the toe berm. F =1,43.
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Rockfill dam 1-01 Reservoir level +370,93 Time 12.36

File Name 1-01 vy 370,93 ki 12.36 t&bank.slz

Anaysis M ethod M orgenstern-Price

372
371

Height (m)

370
369
368
367
366
365
364

— AV4
— Pressure sensor P6,
+368.47 X
[ Rockfill
| Fully sat Unit Weight26.6  Pressuresensor P4
) Shear/Norre Fn. #1 +368,29 X Pressure sensor P2
— Unit weight sbove WT21.7 +366,8 X
[ S T Y Y S ) N O O B
3 2 4 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 2324 :
Longitudinal section (m)

Figure 4.10 Deep slip surface during overtopping with supporting toe berm. F =2,15.
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5 Test Dam 2C-02 - Homogeneous Gravel dam

5.1 General

The gravel test dam was roughly 5 m high and the crest 2.2 m wide. The typical cross-
section is displayed in figure 5.1 and the plan in figure 5.2. The slopes of the dam were
1V:1.57H. The dam crest had elevation +369.84m and the toe of the dam +364.81m.

In test 2C-02, carried out 2002-10-15 and 2002-10-16, the purpose was to study the
breaching process of a dam with a material of minimum cohesion. The reservoir was
raised to a level where the dam was overtopped in an arranged 2 m wide and
approximately 0.12 m deep "channel" and the breach process started.

—_—

1.57 1.5T

= ~ 1

ws

36481
=

Figure 5.1 Standard cross-section of the 2C-02 gravel dam.
. T :.z .II //z/.- I;__. ‘._ -L_‘\ \ )

I " . \._.: I'.'I | :" .'I LY \__ I|ll

. |I -.....-\.____\\l':_.\__

R \\._ -

V2

T A I
- 1 b - I'.I
[ T
| " ! i
Flow direction

Figure 5.2 Plan view of the Gravel dam with location of the pore pressure sensors.
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The test started at 10:00 by raising the reservoir to the channel. From 10:50 to 11:35 the
water level stayed at el. 369.765, 0.045 m above the "channel” elevation. A wooden
board avoided the water from running in the "channel”. At 11:35 the breach initiation
phase was started. The breach initiation phase (11:35 - 12:22) was mainly erosion
downstream of the crest, making a "water fall" which developed its height, while
working itself upstream towards the reservoir. The erosion process on the downstream
side showed head cut characteristic. The seepage face and the elevation of the discharge
point are estimated from photos taken during the test.

The test prior to 2C-02, namely 2A-02 and 2B-02, involved the same gravel dam as 2C-
02 but arranged with a toe berm.

5.2 Composition of Fill Material

The test dam was made of gravel taken from a borrow area 600 m from the test site.
Figure 5.3 shows the sieve curves for the materia at different levels of the dam, which
indicates that the dam is made of relatively broadly graded sandy gravel. The curves
show some variation on different levels, but the Cu-factor seems to be equal. Level 4
has a Cu=19.7. This is well-graded masses and typical for Norwegian dams and
Scandinavian embankment dam conditionsin general.

Sieve curves at every layer dam 202 (sandy gravel)

L [BLE L LA 111 o LI 152 1105 w1 B2 1524

100 t } } } } t } |:I
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a0
70
. B0 e
e 50 LA
=
40
2 30
7
20 P
10 et
=
0 jan
001 04 1 10 100 1000
d {(mm)
| + US. Standard Sieves (mm) —t—1 —4—1.5 3 T g Y 3 5 —4|

Figure 5.3 Sieve curves for dams 2A--C-02.

The laboratory tests conducted on the gravel material show characteristics according to
table 5.1. The bulk unit weight is 22-22.5 kN/m® (average 22.3 kN/m®) and from this
fully saturated unit weight can be derived to vary between 22.6-26.5 kN/m* with an
average of 24.6 kN/m®.

The nonlinearity between the shear strength and the normal effective stress has for the

material in the gravel test dam been estimated in a previous project (see [1]). The shear
strength and friction angle were back figured according to table 5.2.
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Based on the back calculation the shear/normal stress relationship for the gravel material
is displayed in figure 5.4. This function represents a decrease in friction angle from 49°
right at the surface to about 45° at the bottom of the dam, 5 m below the surface.

In order to accommodate for unsaturated soil conditions in the gravel material a ¢p-value
of 20° has been set, meaning that above the seepage line (due to the influence of suction
mobilizing through negative pore water pressure) the negative pore water pressure will
have such enhancing effect on the shear strength. Otherwise the shear strength above the
line of seepage will get no influence from suction. A ¢p-value of 20° falls within the
commonly used bounds.

Table 5.1 Given gravel parameters and characteristics.

Gravel Parameter
: 3
Testdam  |Density Bulk | kKN/m® | 22 —-22.5
2C-02 Porosity 0.15-0.20
Water content 0.03-0.05
Table 5.2 Back calculated ¢’-values from model gravel dam.
)
(O ¢ -vaue
(kPa) (degrees)
10 49
50 47
100 46
200 45
shear/no 2l i
Function #: 1 S | Tools
En?
Descriptian: |Imaterial, backealculated fi-walues I k "{ | |§|
— Fit Curve to Data Curve Seaments—— 0 | |
100 % |49 E4
Approx. Exact Straight Curved 120 _
{T] -t
r— D'ata Coordinate: 00— —
# Maormal Stess  Shear Stess . 45°
7 00000e+000  0.0000e+000 8wl |
2 1.0000e+001  1.1000e+001 é."é
3 5.0000e+001 5.4000e+001 >
4 1.0000e+002  1.0800=+002 T |
5 1.3000e+002  1.3000e+002 ﬁ
w —
[ |
Copp | Delte | Deleten | »F -
e _ 49°
Right-click. far more optiohs. i i | i |
i 0 40 60 ] 10 120 140
Shear [Mormal=0]; ID.IJDDEIe+IJDD
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ag | Cancel |

Figure 5.4 Estimated nonlinear shear/normal effective stress (kPa) relationship of the gravel.
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5.3 Pore pressure test readings

The dam was equipped with pore pressure sensors for continuous measuring of pore
pressure. In addition water level gauges were used to measure discharge. Figure 5.5
shows the water level upstream of the test dam during the test.

Table 5.3 shows the total head in the pore pressure sensors in the dam, compare with
figure 5.6. The low flow q resultsin a negligibly low velocity head to which will not be
accounted for in the following cal culations.

Water level upstream of dam, test 2C-02
370.00

369.50 _\\

369.00 \

368.50 ]

368.00

367.50

Elevation (m a.s.l.)

367.00

266,50 \

366.00
10:00 10:30 11:00 11:30 12:00 12:30 13:00

Time (hr:mmj)

Figure 5.5 Reservoir level upstream test dam during test day.

Table 5.3 Measured pore pressure (total head) in sensor P1-P4 in test dam 2C-02. The velocity
head has not been reduced.

Date Time | Water level q P1 P2 P3 P4
(dd.mm.yy) | (hh:mm) [ (ma.s.l) (/s/m) (mas.h) | (mas.) | (mas.l) (mas.l)

16-10-02 09:37 369,14|  0,0306 (&D 367,92| 367,76 (367,32
16-10-02 11:30 369,76] 0,0389] ( 368,95] 368,36] 368,00 367,71 N

N4

Pressure heights tests 2-02:
2A-02 (30.09-3.10), 2B-02 (8.10-11.10) and 2C-02 (15.10-17.10)

251
E Ll 2 [ |
2 M\ \ L J
> , r
2154 f——
e \\‘ // (
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r 3 i
05 i i "
. T =
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077_"‘ T T T \m\ A_'V'_ T T T
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o 4 o o < W © ~ o o 4 o ™ < 1B © ~
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Figure 5.6 Pressure head in pore pressure sensors during the different tests.
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5.4 Analysis

Figure 5.7 shows the analysis model cross-section during the initial test of gravel dam
2C-02 Oct 16th 2002. Due to the dense and tight quality of the gravel material changes
in reservoir level was made gradually and then letting it set in order to permit

adjustments in the pore pressure while it positioned.

2CG-02 Reservoie level +369,14 Time 0937

Assuned seepage face and eevation of discharge point
Hle Nanme:Gund.slz

Anaysis Method :Morgenstemn-Price

LRI
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oot oot oot etototototototototototototet
SRR
S

v

Pressure Sensor P1

+368,51 \“\
Pressre sendor.P4
+367,32

Soil Model:Shear/Normal Fn.

Height (m)

g 884883
\

M Fuly sat Unit Weight:24.6
ba Unit Weight above WT:22.3 1 ¥
I Y o N (oo
4 3 2 4 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 B 17 B8 19 2D

Longitudinal section (m)
Figure 5.7 Gravel test dam 2C-02 model.

2C-02 Reservoir level +369,14 Time 0937 . .

Negative pore water pressure is considered .
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Figure 5.8 Thin slide on unprotected slope at +369.14. F = 1.4.

2C-02 Reservoir level +369,14 Time 0937 . .
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Figure 5.9 Deep slip surface on unprotected slope at +369.14. F = 1.92.
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At the initial phase of the test the reservoir was set to +369.14, 0.7 m below the crest.
Pressure sensor P1 and P4 are used in the model to estimate the phreatic line in the dam.

The analysis show that the factor of safety for thin barely visible dlides is below stable
conditions (SF = 1) and these slides occur just below the seepage point under the
influence of uplift. So according to this some erosion should have initiated under the
seepage face during the first part of the test, this never happened. The influence of
suction isthis case is minimal because the failure occurred below the point of discharge.
Maybe the erosion process would have started in the actual test dam if this case of load
had continued for a longer time allowing the seepage situation to settle. A more
tangible, but still small slip surfaces, has SF = 1.4 (according to the analysis in figure
5.8). Without the influence of suction 1.33.

The factor of safety of a deep dlip surface that probably would have resulted in a breach
under these conditionsis 1.92 (1.83 if negative pore water pressure is not considered, no
suction), seefigure 5.9. Thisisfar above stable conditions.

The first gravel test dam 2A-02 was not brought to failure and it was equipped with a
rockfill downstream berm all the way up to the crest. This dam was overtopped which
initiated some erosion on the rockfill slope. Before the subsequent test (2B-02) the rock
fill in the middle of the dam was removed, exposing the gravel that proved to be very
erodible. The test continued with 2C-02 before which the entire rockfill was removed
and the dam was brought to failure. Assuming that a2 m wide rock fill berm was placed
on the downstream slope (similar to what was placed on to the previous test dam 2A-
02), with the same characteristics as the rock fill in test 1-01, this would result in a 33 %
improvement of the stability (factor of safety), se figure 5.10. SF = 2.54 with the toe
berm. The force polygon is attached to figure 5.10 showing the interslice forces, normal
forces and shear force of a dlice subjected to pore pressure uplift in the slip surface.

When the dam was overtopped the breach initiation phase started with small erosion on
the downstream side evolving to a head cut working its way backwards. The pressure
sensors measured what seem to be unrealistic pressures (marked with X in figure 5.11)
during the ongoing overtopping. Disregarding the pressure sensors and assuming fully
saturated body of the dam the stability analysis show that factor of safety is less than
stable (0.7-0.8) for thin slides on the downstream slope, which correlates well with the
test.

Such barely visible slides can evolve into a more or less continuous process with
progressive erosion. Even deep dlip surfaces acting on an unsupported slope (figure
5.11), which probably would develop to a fast breach, have stability below SF =1
although the influence of negative pore water pressure is considered. This is an
inconsistency with the actual test result. Note that in this case it is assumed that the
entire body of the test dam is saturated (submerged), which naturally makes the
influence of negative pore pressure nil.
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If the pore pressure readings are considered correct it means that the upper part of the
dam is not fully saturated though overtopping is taking place and water is flowing freely
down the slope. Under such conditions there can be a mobilized suction, which
increases the shear strength of the unsaturated zone within the capillary reach rendering
afactor of safety of 1.53, displaying amore realistic result comparable to the actual field
test (figure 5.12). Assuming that this is the case then the submersion is continually
increasing as the overtopping goes on, closing in on fully saturated conditions and by
this the stability is gradually decreasing towards unstable conditions (see figure 5.11).

Figure 5.13 disclose the influence of a toe berm, which increases the factor of safety
from 0.96 to 1.94 assuming the upper part of the dam is completely saturated (no
suction), which means a 110 % improvement of the stability. The toe berm is placed all
the way up to the crest.

If the sensors are assumed to register pore water pressure correctly (analogous to
previous case without toe berm) the influence of suction will increase the factor of
safety to 2.32, which is a 51 % increase in comparison to unprotected conditions (see
figure 5.14).
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Figure 5.10 Deep slip surface with toe berm supporting the slope at a reservoir level at +369.14. F
=2.54.

20



ELFORSK

Assuming fully
saturated upper part

2C-2 Reservoir leve +369,76 Time 11.30
Overtopping o grave dam. Suction considered
File Name 2c02 évy 369.76 ki 1130 spannber norska.slz
Anadysis Method Morgengern-Price

3 — X
Pressure sensor P1
Eg +368,95
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7= ] +367,71
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N [ Fully sat Unit Weicht24.6
5l Unit Weight above WT 22.3

g r
4 3 2 -1 0 1 2 3 4 5 6 7 8 9 10

Longitudinal section (m) .

Figure 5.11 Deep slip surface during overtopping with unsupported slope. F = 0,961. Totally
saturated material.

Assuming the sensors register
correct measurements.

2C-®2 Reservoir level +369,76 Time 11.30 . .
Overtopping o gravel dam. Suction corsidered
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Figure 5.12 Deep slip surface during overtopping with unsupported slope. F = 1.53. The upper part
has not yet been fully saturated permitting suction to mobilize.
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Figure 5.13 Deep slip surface during overtopping with toe berm. F = 1.94. Upper part fully
saturated.
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Figure 5.14 Deep slip surface during overtopping with toe berm and influence of suction. F =2.32.
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6 Conclusions

6.1 Test Dam 1-01 — Rockfill Dam

Based on the strength model chosen for the rockfill test dam the result of the analysis
correlates quite well with actual test.

At unprotected conditions small slides have a factor of safety just above 1, and these
dlides generally develop just below the discharge point according to the calculations.
Even a deep going dlip surface when the dam is undergoing overtopping has a factor of
safety above 1, such slope instability would probably have initiated a breach. A toe berm
(of the same characteristics as the one placed in test 2-01), when the rockfill dam is
overtopped, increases the factor of safety (stability) with 65 % for such a case of load.

Table 6.1 displays the change in factor of safety of “deep going slip surfaces” with a2.8
m toe berm placed on the downstream side under different case of load.

Table 6.1 Change in factor of safety of “deep” slip surfaces after placement of a 2.8 m high toe
berm on the rockfill test dam.

Reservoir Factor of safety
Level Without toe . Improvement of

(m.a.s.l.) berm R pstability

+368.88m 2.15 3.23 50 %
(crest-1.9m)

+370.00m 1.45 24 65 %
(crest - 0.8 m)

+370.93m 13 2.15 65 %
(overtopping)

6.2 Test Dam 2C-02 - Gravel Dam

The result of the gravel test dam analysis correlates well with the actual test if the
influence of negative pore pressure is considered.

The factor of safety for thin slides, when the dam is unprotected, is below stable
conditions and these form just below the seepage point on the downstream slope as
would be expected. In this case the there is no effect of suction assuming the soil isfully
saturated.

Table 6.2 displays the change in factor of safety of “deep going slip surfaces” witha2 m
wide toe berm all the way up to the crest under different case of |oad.

When the breach process initiated during the test small erosion started working its way
backwards until failure occurred and this happened when the dam was undergoing
overtopping. The analysis shows that thin slides are unstable during overtopping, which
agree with the actual breach process. Even deep dlip surfaces, which would have
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evolved to afast failure, have factor of safety just below 1 under the assumption that the
upper part of the dam is fully saturated, i.e. no influence from suction. This was not the
case during the test and does not agree well with the actual result.

Table 6.2 Change in factor of safety of “deep” slip surfaces after placement of a 2 m high toe berm
on the gravel test dam all the way up to the crest.

Reservoir Factor of safety
Level Without toe . Improvement of
(m.a.s.l.) berm With toe berm pstability
+369.14m 19 2.5 33 %
(crest —0.7 m)
+369.76m 0.96 1.95° 110%°
(overtopping) (153) ! (2.32)* (53 %) *

! The effect of suction mobilizing from negative pore water pressure is applied if the pore pressure sensors
are considered to register correctly.
2 Fully saturated body of the dam.

If the suction effect is considered a more redlistic result is obtained, correlating with the
actual test. This means that the negative pore pressure mobilizes a suction, which
increases the shear strength of the material above the phreatic surface. By and large
negative pore pressure has an increasing effect on the shear strength above the zero
pressure line as the (positive) pore pressure below the seepage line has an adverse effect.
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