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Abstract: Sensitive structures such as large earth damsreegontinuous and real time
information on their stability, particularly whehey are located in tectonically active zones.
The results from automated monitoring surveys, wbempared with the predicted regular
behavior of the structures, give information on #ffects of seismic disturbances and may
trigger a warning alarm if irregular behavior exdieg a threshold value is detected.
Deformations of an earth or rockfill dam start atowg during the construction of the dam.
After the construction of the dam is completed, ¢basiderable movements of the crest and
the body of the dam can develop during the filin§ of the reservoir. Later, the rate of
deformations decreases in time, with the exceptifonariations associated with the periodic
variations of the level of the reservoir and, ilsBgc zones, with the tectonic activity. The
dams located in the seismically active areas aitevoith the material, which allow for a dam
to be more adaptable to the changes of loadingitonsl The deformation process can be
simulated using, for example, the finite elementhrad. Due to the uncertainty of the model
parameters, careful monitoring of the dam andutsosindings are required in order to verify
and enhance the model. This paper presents ansanalylong term deformations of West
Dam of Diamond Valley Lake (DVL) Project in Califaa, U.S.A.

1. INTRODUCTION

Safety of earth dams depends on the proper desamstruction, and monitoring of actual

behaviour during the construction and during therapon of the structure. Deformation

monitoring of large dams and their surroundingsp$iep information on the behaviour of the

structure and its interaction with the bedrock. Manng results may also be used in

verifying design parameters where the geotechpaedmeters are of the highest importance.
Therefore, monitoring of the deformations is ondh& main tools to asses the stability and
safety of the dam. The comparison of the monitatath with the predicted data, obtained
during the design, may give important informatiancerning the quality of the accepted

geotechnical parameters.
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From the safety point of view, the most importatatge in the construction of large water
reservoirs is the first filling of the reservoirt Ahe stage of the first filling the main two
effects to be considered are pressure of watereffiedt of wetting. During the process of
wetting, the values of geotechnical parameterstaadierived values of Young modulus (E)
decrease. Young modulus of the material in the subed sections of the structure becomes
smaller and buoyancy force is developed producarg deformation.

After the filing of the reservoir is completed, tdeam undergoes long-term deformations
caused by a creep of material. A good review ofithg-term behaviour of earth dams, based
on an earlier evaluation of monitoring data fromdns, is given by Dascal (1987). If a dam
is subjected to changeable loading conditions bygtdiating water level in the reservoir, it

may undergo additional deformations. This is adayithe study presented in this paper. The
study has used 6 years of monitoring data avail&lode three large earth dams of the
Diamond Valley Lake (DVL) project in South Califaan

The construction of the three dams at the Diamoaliey Lake (DVL) was completed by the
Metropolitan Water District (MWD) of Southern Calrhia in 2000. This $2-billion project,
located near Hemet, California (about 160 km scaghef Los Angeles), was designed to
secure six months of emergency water supply (Metitam, 1997) for about 16 million
inhabitants. It was created by enclosing the Dogmmiiand Diamond Valleys at an elevation
of about 500 metres with the construction of tHeege earth/rock filled dams (Figure 1):

» The West Dam, 85 m high and 2.9 km long;
» The East Dam, 55 m high and 3.2 km long; and,
* The Saddle Dam, 40 m high and 0.8 km long.

The filling of the reservoir began in November 128@l took 38 months. Due to the
dimensions of the project and its location withie earthquake prone area, an extensive
monitoring program has been developed in orderdwige a warning system and confirm
that the dams and foundations are functioning @sded. The monitoring instrumentation
includes an extended array of geotechnical instriation for seepage and internal
deformation measurements, strong motion accelepbgraactive GPS stations connected to
the California continuously operating referenceaeys(CORS) and a fully automated
terrestrial geodetic system for Dam Deformation Kunng (DDM) (Duffy et al., 200; Lutes
et al., 2001).

This paper gives only a limited review of the auawed geodetic DDM system followed by a
discussion of the monitoring results and the resaftnumerical modeling of deformations
during the initial filling of the reservoir and Igrierm deformation (after the initial filling was
completed). The numerical modeling has been peddrby using a methodology developed
as a collaborative project between the Canadiarir€éor Geodetic Engineering (CCGE) at
the University of New Brunswick and Faculté d'inggie at Université de Moncton
(Szostak-Chrzanowski et al., 2002).
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Figure 1 - Geodetic monitoring scheme at the DVdjgut
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2. REVIEW OF THE DAM DEFORMATION MONITORING SYSTEM

A fully automated monitoring scheme with a telentcettata acquisition has been designed
using both geotechnical and geodetic instrumentafibe geotechnical instrumentation array
includes 189 piezometers, 15 strong motion accgtaphs, 3 inclinometers, 74 settlement
sensors, 4 fixed embankment extensometers and it§. Whe instruments have been grouped
mainly along selected cross-sections of the thasesd

Until October 2000, the geodetic monitoring surveyith about 300 survey markers were
performed manually, using geodetic levelling anagr fimving GPS receivers. In October 2000
a fully automated system with a capability of tletinuous monitoring of the behaviour of
the dams was implemented (Duffy et al., 2001). &beuracy of the geodetic measurements
was designed to detect displacements larger thanmi@t 95% confidence level (Whitaker et
al., 1999).

The automated system consists of 8 robotic totatiosts (Leica TCA1800S) with the
automatic target recognition and electronic measargs of angles and distances to a total of
232 retro-reflecting prisms. The prisms are mourdadconcrete pillars installed along the
crests and on the downstream faces of the dams2Eigows the West Dam with the visible
rows of target pillars.

Each RTS with its computer equipment, meteoroldgsemsors, communication radio, and
power supply are housed in an observation shetigr 8). Due to the remote locations of the
structures, all equipment is run by DC power froolas panels located adjacent to the
shelters.In addition, 5 continuously working GPSeieers, linked to CORS have been
permanently installed on the crests of the dan (E)i to provide a warning system that will
“wake up” the robotic total stations in case of anally large displacements. The
monitoring data is automatically collected at plested time intervals and is controlled by an
office computer located about 100 km away. All dieta collection and automatic data
processing are controlled by DIMONS software depetbat CCGE (Lutes et al., 2001). The
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software controls all functions of the robotic tostations (RTS) and automatic data
collection at pre-scheduled time intervals. It parfs an automatic data reduction (station
adjustments, EDM corrections), identification ofstable reference or RTS points using the
iterative similarity weighted transformation (Chetmal., 1990), and automatically updates and
displays the coordinates of the targets after egcle of observations.

Figure 2 - The West Dam equipped with the targkdrgi

It was realized that in the semi-arid and generadlyy hot climate conditions at Diamond

Valley Lake, systematic errors of atmospheric i&foen could produce unacceptably large
positioning errors (Chrzanowski, 1999). Therefore, designing the survey procedures,
minimization and randomization of the refractionfeefs was a major concern. The

randomization of refraction effects has been desigo collect 10 cycles of observations at 8
hours intervals over 4 days every week and avesagéhe results for the weekly reporting of
displacements. Error analysis of the monitoringeseé led to a conclusion that in order to
satisfy the 10 mm displacement detection critermmaximum distances from RTS to object
targets (prisms) should not exceed 500 m.

3. EVALUATION OF MONITORING RESULTS

Since all three dams of the DVL project have intidaa similar deformation trend, the
presented results are limited to only one crostiesem the middle of the West Dam (Fig. 4).
The dam of the average height of 85m and totaltlken§ 2.9 km was constructed from soil
and rock. Total collected surveying data coversn®ths after the dam was constructed. The
analysis included changes of displacements ofsaurey points: SP1 at the toe, SP2 and SP3
on the downstream face and SP4 on the crest afaime(Fig. 4).
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Figure 2 - Typical RTS observation shelter
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Figure 3 - West Dam cross section

Filling of the reservoir started in November 19984t reached maximum height of 75m

above the upstream toe of the dam after 37 mofigsre 5a shows changes in water level
since the beginning of the filling process. Betw&éfi and 56' month (marked by the arrows

1 and 2), the water level slowly decreased to 6@ started slowly rising again, reaching
another maximum (arrow 3) of 78m in thé“#onth (6 years from the beginning).

The effect of the changeable water level on thengba of the observed displacements is
shown in Figures 5b and 5c for vertical and horabdisplacements respectively. Figure 6
shows total vertical displacements of SP4 (cresty &unction of time. To check whether the
displacements follow a regular consolidation pattewhich is supposed to follow the
logarithmic function of time (Dascal, 1987), Figshows the displacements of SP4 as a
function of [log(time)] where the time is in monthEhe plot indeed resembles the expected
soil-consolidation curve (Dascal, 1987) despite ¢hanges in the water level. The obtained
curve shows the expected three stages of the da&plents, a slow settlement in the
beginning, followed by the major part of settlemaritich occurred in 37 months and the
linear trend in the third stage.
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c) Changes of Horizontal Displacements
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Figure 5 - Water level and displacement changesfaaction of time

The results indicate that the change in the watezl by about 20% does not affect settlement
trend when the dam is already at the third stagmo$olidation. This is also shown in Fig. 5b
that the settlement pattern for all other pointstlua face of the dam is not affected by the
water level change. However, the horizontal moveméRig, 5c), which are of the same
magnitude as the settlement values, show a signifisensitivity to the water level changes.
During the period of decreasing water level, theizomtal displacements stabilized and
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started increasing again when the water levelestdricreasing. One should also note that the
maximum horizontal displacements take place attpg®RB, which is about 20 m below the
crest. This should be taken under consideratiomvdesigning the monitoring scheme.
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Figure 4 - Measured settlement of point SP4 asetifon of time

_20 4
-40 - \
-60

-80 \

R

-100 S~
-120 1
-140 \
-160 has SN

S~
-180 Ay

-200 \ \ T “\.."—

0O 02 04 06 08 1 12 14 16 18 2
Logarithm of Time [months]

Displacement [mm]

Figure 5 - Measured settlement of point SP4 asetifon of log (time)

4. ANALY SIS OF DAM BEHAVIOUR USING FEM

A preliminary deterministic modeling for verifyingeotechnical parameters of the dam
material was performed at the stage of the damteani®n in dry condition (Szostak-
Chrzanowski et al., 2000). In the analysis of cartdion process, the dam was assumed to
have non-linear material characteristics and waglaihed using the hyperbolic model
(Duncan and Chang, 1970). In the hyperbolic motthe, non-linear stress- strain curve is a
hyperbola ino1;—o3versus axial strain plane. Table 1 lists geotedirparameters used in the
analysis. In Tabld, @ is an angle of frictiony is unit weight, K is loading modulus number,
and n is exponent for loading behaviour, K bulk modulus number, m is bulk modulus
exponent, Kis the earth’s pressure ratio, and€Rhe failure ratio.
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Parameters Core Filters Rockfill shell
y (kKN/mP) 22 20.42 22

® 38° 47° 45°

Ko 0.5 0.5 0.5

K 500 560 560

Kp 210 330 330

n 0.55 0.48 0.48

m 0.4 0.33 0.33

R 0.7 0.65 0.65

Table 1 - Geotechnical Parameters for the West Dam.

The analysis of the first filling of the reservevas performed with the effects of pressure of
water, buoyancy force, and effect of wetting. Dgriihe process of wetting, the values of
geotechnical parameters and the derived value®ohd modulus (E) decrease (Touileb et al.
2000). Young modulus of the material in the subraedrgections of the structure becomes
smaller and buoyancy force is developed produciagn ddeformation. The values of
geotechnical parameters in case of wet conditiafiered through the structure and were
given in Szostak-Chrzanowski et al., 2002. Youngluhos significantly varied through the
structure and has been discussed in Szostak-Chvghhaet al., (2002). The modlled
settlement during the first filing of the reservigirshown in fig.8.

Next, the long term behaviour of the West Dam waalyzed including the effect of water
level changes on the settlement. In order to sitautasponse of the dam to the loading
conditions, the dam in the analysed cross sectamagsumed to be on the bed rock. In order
to follow the ob served progress of settlement, hkies of Young modulus used in the
analysis were decreased (scaled). The values afi¢y owdulus used for the decreased water
level to 60m are shown in Table 2. The calculatednges of settlement as a function of
change of water level are shown in Fig.8. The lomtizl monitored displacements are shown
in Fig. 9. FEM modeling of the horizontal displacants requires further research because the
mechanism of horizontal displacements follows dedént mechanism of deformation than
the mechanism of consolidation.

Average &y [MPa]
Water Core Filters Upstream face Downstream face
I[e¥39I Dry Wet Dry Wet Dry Wet Dry Wet
60 30 20 32.5 27 41.25 38.7p 41.5 38.f8

Table 2 - Values of Young modulus for dry and wettenial
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5. CONCLUSIONS

The deformation of the West Dam continued for sexears after the end of construction. The
after construction settlement reached 200 mm itn:1€524% of the height of the dam. It is as
expected for this type of dams. Generally, the medtion of the earth/rockfill dams are
considered as stabilized when the settlement becemaller than 0.02% of the height of the dam
per year. In case of the West Dam the averagersettit over the last five years reached only
0.014% per year. It means that the dam can bedmesi as stable. The change of the water level
by 20% has not affected the consolidation ratb@fdam. However the horizontal displacements,
which follow a different mechanism of deformatidmah the mechanism of consolidation,
require further study. One should note that theimam horizontal displacements do not take
place at the crest but much below (at about 2@efheight) on the downstream face. This
should be taken under consideration when desighmgnonitoring scheme.
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Figure 7 - Measured changes of horizontal displacesof pt. SP4

A very good agreement has been obtained betwearatbidated (modelled) displacements and
geodetic monitoring data on the crests of the diantke process of filling the reservoir. This
agreement confirms that the geotechnical parametetshe values of Young modulus, as used
in the FEM analysis, as well as the presented rdettfionodelling the dam behaviour, are
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correct. This is an important conclusion for a mesuse of the verified parameters in future
analyses of possible effects of additional loadsray, for example, from tectonic movements.
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