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THE PERUCA DAM ROLE WITHIN THE
CETINA RIVER POWER GENERATION
SYSTEM, ITS OCCUPATION AND
ATTEMPTED DESTRUCTION

MARIN VILOVIC, B.ScC.
Project Manager
Croatian National Elect
SPLIT

ity Lid

ABSTRACT

AU 10:45 am, on January 28, 1993 the Serbian aggressor destroyed a 32 year old
structure of the Peruca HPP activating explosive
Planted in the inspection gallery. The dam withstood the attack and succeeded 1o

the 470 x 10° m® “water bomb" with unforeseeable destructive effect downstream the dam,
all the way (o the town of Omis.

Fockill dam by the terrorist act of

INTRODUCTION

The Cetina River, with s wider catchment area of 4150 k' and mean discharge at the

mouth into the Adriatic Sea of 102 ms, prescns an exceptional water potential.

Since the first plant, Kraljevac HPP, was built in 1912, h it catchment
become @ valusble hydraulic resource for production of the electric power in five

hydroclectric power plants with the total instaled power of 8776 MW.

The valusble power gencration projects built on the Cetina and within its catchment
started with constructon of the Peruca Dam, reservoir and the hydroclectric power plant
adjacent to the da

e Pt Dum i o g il e poves g, wre bt on e s
stretch of the Cetina in 1 was intended 10 train the Cetina discharges up (0 the
Peruca Dam and later, together with the Busko Blato reservoir, train the Cetina water in
its entre catchment so that the Zakugac HPP reaches its maximum power outpu
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Fig. 1. The Cetina River hydropower system - map

Fig. 2. The Cetina River hydropower system - longitudinal section
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DESCRIPTION OF THE MAIN STRUCTURES

The Peruca Dam with the reservoir and the hydroelecric power plant adjacent (0 the dam
was constructed on the Cetina River, about 14 km upstream the town of Sinj. The Peruca
reservoir is one of the main storage basins within the hydropower system on the Cetina
River. The head created by the dam is used for operation of the Peruca power plant
adjacent 1o the dam.

The Peruca reservoir has total capacity of 541 x 10’ at the reservoir level at EL 360
I is used for annual balance of the Cetina discharge and was created by the
construction of the rockfll dam.

“The spillvay with gates for flood water discharge was built in the left dam end. Originally
it was designed 1o discharge a 100 year flood at the reservoir level of 36120 m 4l
namely a 1000:year flood together with the botiom outet.

“The wrbine water is supplied through a tunnel running around the dam through the left
bank. The tunnel opening span is 6.7 m, and it is 300 m long. Upstream the turbines,
the tunnel twrns into a steel distributing penstock which ends at the turbine butterfly
valves. The penstock diameter reduces (o 3.8 m upstream the butterly valves. The seel

X

part of the pipeline is laid in the concrete blos)

The power house and the switchyard are located upstream the dam, on the downstream
side.

BASIC TECHNICAL AND POWER GENERATION DATA
RESERVOIR - before explosion

Reservoir levels:

maximum operating.
maximum flood
minimum operat
Capacity at max. resenvoir level
at max. reservoir leve

Length a0 max. reservoir level

PERUCA DAM REMEDITION B



oan
HEAD RACE TUNNEL INTAKE STRUCTURE
BOTTOM OUTLET INTAKE STAUCTURE

OUTLET TUNNEL WITH CONTROL GATE
SPLLAY CHUTE
NeL

(GROUTING GALLERY AGCESS TUNNELS
121 DAM AGESS AOADS.
13, POWER HOUSE ACCESS AOAD

Fig. 3 Structures layout
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DAM - before explosion

Excavation:
dam fo 008
salery foundation 45387 m'
Dam volume: . ... .. 574097 '
Contans: kil 1955
e ayers S 16976 m'
ay core e 105
concrete gallery 1259 '

Dam height in the Cetina profile:
Dam widih in the Cetina profle:
Dam length in the crest:

Reservoir capacitydam volume - el &
Discharge sructures capacity
at the seservoir level of 36120 m asl.
spillvay . et (340 ik
~ bottom outlet . = .20 mis
GROUT CURTAIN
Curtain length . . 1600 m
grouting borchole depth 20 m
Boreholes length - . 164000
Total length of grouting borcholes . . 140,000 m
ry matter consumpion: . 51304 ¢
Contains: clay 3504 ¢
cement . . . 14492 ¢
emtonio i 4 A S AT AR 1260 ¢
sodium . P
dolomite sands . . . . L6

PERUCA DAM REMEDIATION s



Photo 1. Hydroclectric power plant and dam - downstream view

HYDROELECTRIC POWER PLANT

Tairace water lever
(@ = 60, 120, 250 ms) 304.065304.8630630 m a1

Design head dim
Average energy cquivlent 0089 KWivm'
Number of generating units S S L2
Turbine rating . ..o . Y
Generator rated capacity 2 MVA
Power factor ... ... ... .. o
Installed plant power a6 MW
pstalled dischargs S A SRR S2xe0 s
Turbine speed . . L1875 mint

o PERUCA DAM REMEDITION



Weight:  one wbine 0t
one buttertly vabe . . 11
penstock and branches 151
hydromechanical cquipment . . . sis t
Average annual ouput . . . . .. 106w
Average anmual flow 2 mis
Average. snmual inflow volume . ... ... .. . R

GEOLOGICAL DATA

A part of the Cetina valley where the reservoir is situated is generally cut into the
limestones and dolomites. The bottom and part of the flanks are covered with marl, and
the consderable area at the upstream seservoir end contains the ingress of the plastic
shiles.

T o s ey perd amintd, vl deope, o skl idoces
and reach, imestones. in the vicnity of the dam site are fractured with
numerous sharp scarps and cracks. The intensive process of crosion resulied in considerable
quantiies of red clay. The limestones contin lenses of chert.

The dolomites are generally well layered, weathered on the surface, and considersbly
vernally crystalized, very sound and dense

The basic underlayer of ll these layers are shales which underlay the complete area

Stratigraphicaly, the shales are Triassc, limestones and dolomites Jurassic and Cretaceous,
and marls Neogenc.

The basic structure in the reservoir area s a large syneline which contains a number of
aditional forms. The stetches in the Dinaric direction, and its axis approximately
h the Cetina basin axs

corcesponds

Hyemmguny, the undisturbed marls and dolomites form a bareier Which is the basis for
of the entire reservoir. Due (o their position, the older watertight layers.
unde the Lowee Crtaceos doloitcs i mprant e in the selogcal hisory

impermea

because they reduced the groundwater flows in the dolomitic arca and thus protected them
against intensive karstification processes. Due (o Karstificaton, the Cretaceous limestones
the permeable medium, and the highest permeability was detected by the dam profle.

PERUCA DAY REMEDIATION 7
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The main problem in the left Cetina basin end was ooding of the strong karst springs
whose inflows break along, the transverse tectonic fractures through the Lower Cretaceous
dolomite flanks. The investigations have proven that the groundwater tables in the back
of the left Dolomite block are high above the reservoir level, and there is no. possibilty
of water losses by this route.

HYDROLOGICAL DATA

The Peruca reservoir stores the water of the Cetina River and its tributaries at the
Derven and Peuéa profcs. The dam s oated 762 m upsacam the Cetina mosth nto
the Adiatic sea, and the normal water level reaches the bridge by the vilage of Vinalié,
some 993 km far from the dam. Almost all Cetina tributaries are on the left end, and
the majoriy is submerged even at the lower level of 36000 m asl.

Dircct and indirect catchment area 1250 k'
Mean fortysea period dicharge (19261965 200 mls
Average precipiations L e mm
Mean annual inflow volume 1350 '
0/0, mio ... L2
Minimum recorded discharge 0166 ms
Maximum recorded discharge 268 mis
Floods:
probabily 00001 510 mis
o001 27w
oo 344 mis
o 259 mls

RESERVOIR

The Peruéa reservor is situated in the upstream streich of the Cetina River course. The
reservoir bottom clevation on the dam profil s 300.00 m asl. The reservoir level is 60

With the capacity of 541 million m® it maintains water balance for the use of po
el o the. Ceia cachment Penoa HPP, Dale 1P, Zakutae HPP) which ceeeds
25 billion kWh a year.

It plays an important role by preventing flooding of the downsiream Hrvatatko and Sinjko
polje fields with surface area exceeding 15000 ha. The Peruca is the first Croatian
reservoir in karst, realzed after numerous geological and hydrogeological investigations.

PERUCA DAM REMEDIATION o



A part of the Cetina vlley in which the reservoir is situated extends along the syncline
With core consising of cretaceous limestone layers more. than 2000 m thick. Underlyng
it, at the bottom and in the flanks, are poorly permeable thick layers of Lower Cretaceous
dolomite. On the upstream and downstream side this syncline structure is dammed up by
impermeable Werfenian shales. These impermeable layers are an outer frame of limestone
layers where @ bed of the Peruéa reservoir is situated. This outer fra
imporant in forming hyvosclogcl relatons in the. limeston. e, dirceig the
underground flow and therefore the development of karstfication towards the Cetina vally.

One of the basic problems on which depended the success of the project was how (0
impound the strong Karst springs below the reservoir leve, especially because the total
vield of these springs exceeds two thirds of the water inflow into the reservoir.

The dam site flanks are cut and made wateright by a grout curtain, T route and dept
v e ehosen S o anab of 1 sl avind o exrion borchoe

The grout curtain is 1600 m long and 100 t0 200 m deep. It was realized by 164,000
grouting boreholes. 51,304 tons of cement and other grout mix components was spent.
Specific consumption of the dry matter in the grout mix was around 195 ke’ of the
curtain. With the hig

ghest reservoi level, the scepage from reservoir s approximacly 12
s, The average annual seepage is around 0.7 ms which is 17% of the average anmual
inflow.

The grout curtain was fully effcient in cutting off of the main underground karst drsins
and fisure zones, thus preventing large concentrated underground outflow. It has. also been

firmed that the Mr. Sviltja massif is impermeable so there is no water seepage.towards
the Cikola River.

PERUCA ROCKFILL DAM - before explosion

“The Peruéa Dam s 63 m high, from the lowest point in the riverbed 10 the crest on EL
363,00 m. The highest operating level 00 m, 50 the dam crest is 30 m above the
maximum water level in the reservoir.

The dam consists of the upstream and the downstream rockfil, with vertcal clay core

between them,

Between the core and rock are transitional fller ayers consis
gravel and crushed stones.

ing of nawral fine sand,

e narrow core is chosen for the dam tghtening because the nearby clay was not of
sufficient quanity for the wide core. The high clay plastiity with  lot of fine particles

o PERUCA DAM AEMEDIATION
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consumption in grout curtain

Fig. 7. Dry matter
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was favorable for the purpose. A very carcful choice of fier particle size for core
protecton against the hydraulic crosion was mandatory.

The upstream dam slope is covered with the large rock blocks (rpap) protectng it from
the wave erosion. The rip-rap s roughly placed on the slope profile, without any restment
o special arangement. The downstream slope s covered with fincr ston and is roughly
placed in the profile by the strong jet of water dirceted towards the slope. Material of
the slope s thus completely stabilzed.

Bl he i ik e Coi b o nmson’s e i
the upper face at EL m, which is above the low water of the Cetina downstream
the dam. The mmx part of the inspection allery is thus elevated always 1o be above
the water

In the layout, the dam is concavely curved towards the downstream side in order to
achieve compacting of the core due to the dam sirain under the pressure of the water
from the reservor.

The cofferdams weirs diverting the Cetina thorough the tunnel during construction are
made of large stones covered with fine stonc and gravel, (o be the underlayer for the
upstream clay layer preventing the water inflow into the construction pit, Thus built the
cofferdams were integrated with the dam bocy.

A diversion tumnel situaed in the right end, which was laer comerted into.the bottom
outlet, is also an integral part of the dam. This tumnel i fited with ausilary gates driven
thought the vertcal shaft situated by the downsiream slope of the dam. At the
Sovncan:cod o O el an s s e, i e e
insalled upstream. The headrace tunncl, with 8.0 m opening span, is located in the left
o s " i et o e o e G,

In the left dam end a spillvay is located with automatically controled 50 x 100 m fap.
The water from the spillway flows through a chute along the left valley slope into the
Cetina riverbed, where the kinetic energy disperses in the energy disspator.

For 32 years of its existence the Peruca dam completely fulfiled its humanitarian role. For
its designers and constructors it was an exceptional stimulation for future challenges. The
dam, the most valusble human achievement, which was tailoed 1o its surroundings so well
that it become integrated with it, become 3 threat (o the people and the nature in a brief
moment. Unfortunatel, it was used by a man to hurt another man.

Fortunately, it was only the Peruca Dam that got damaged.

PERUCA DAY REMEDIATION "
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Fig. 8. Peruéa Dam cross-section

EXPLOSION

At 10:45 am, on January 25, 1993, the explosive was activated in the rockfl Peruca Dam
inspection gallery; this dam is the first in a series of power plants constructed on the
Cetina River.

By this terrorist act, a 32year old structure was destroyed, and yet it proved s quality
by resising the blast blow and retaining 470 x 10° m of water which threatened 20,000
inhabitants liing downstream.

There was no information about the destruction scale in the first news, because the war
was raging in the wider area around the dam.

1" PERUCA DAM REMEDATION



2. SUBSIDENGE IN THE CENTRAL DAM SECTION

7. DAMAGED GALLERY ACCESS TUNNEL
8 BURNED FOREST

Fig. 9. Dam layout with marked damages
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The explosion effect, the smoke and dust visibe on the film shoot by an amatcur from
a long distance, indicated the intensiy of explosion.
The first insight was got from the shots made by the Split HTV cameraman who
Succeeded in reaching the dam together with the Croatian Army, and recorded it on a
™

the situation permitted, at 20:00 pm the same cvening, a visit of the civl

engincering experts from Split was organized to the dam and the power hou

At that time the fighting moved some kiometers away from the dam, <o the first expert
inspection was done in the light of torches and under the Croatian Amy escort

The dam was occupied by the Serbian paramilitary troops and the so called Yugosiay
National Army on September 17, 1991, When the dam was taken, the enemy closed all
the discharges from the reservoir, the spillway flap and the bottom outlet control gate.

This was the omset of the threats 1o the downsiream area between the towns of Sinj and

become a detrimental weapon in the arms of the enemy who has proven capable
of realiing his threats regardiess of the 20,000 inhabitants who were directly imperiled
by such an act.

Tsghon o i o s coputon, o det s el kol sl
Croatia. For that reason, in November 1991, the study tiled T was
prepared by the Croatian National Electriity experts predictng such events,

ring the night after the blasting, the decisions was brought not 10 sound the natural
20,000 inhabitants, which could have resulied in

Dur
disaster aler, thus avoiding moving
1 evacuation was ordered of about 3000

panic and possible causaltes. Tnstead, a silent
inhabitants from the most endangered arca, the villages close 1o the dam.

The damages on the dam requestcd cmergency action on the dam body, 10 prevent water
inflow and erosion, and opening of the bottom oulet gate to make water discharge from
the reservoir possble, thus reliving the dam of the pressure

During the night, the continuous monitoring of the flow and tbidity parameters was
ized on the most accessible hydrometric profile in Han (spprox. 12 km downstream

the Peruéa dam)

“The purpose of these measurements was to obtain valusble informtion for quality cstimate

of the dam behavior, and therefore provide timely reaction i case of crisi.

" PERUCA DAM REMEDIATION
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The cxplosive in the dam was actvaed in five locations in the grouting galey, as marked
in cross section LV in the Fig. 10.

Photo 2. Right dam end crater

The scismic stations at Trl, Hvar and Puntiarka recorded the earthguake with magnitude
M=24, which cquals the explosion of 20 to 30 ¢ of TNT.

The explosion caused the damages a5 could have been anticipated after the visual
cxamination, and later confirmed by investigations.

The explosion opened 4 huge crater in explosion site V, which is the junction point
between the access tunnel No 1 and the inspection galley in the right dam end (station
3484), which was the only possble access of the dam crest. The crater was cone-shape

2025 m in diameter and 67 m deep. The crater was dry and the water was not noticed
cither in the crater or on the downstrcam sope, Photo 2. The access tunnel caved in, and

1 PERUCA DAM REMEDATION.



Photo 3. Transverse crack in the dam crest

the forest in front of the entrance and within the radius of hundred odd meters was
damaged and bumed by the thrown material and heat of the explosion.
The same effects were noticed on the explosion sites 1l and IV,

A 77 m crack in asphalt was formed along the crest, 15 from the right edge, strtching
from the crater in the right end towards the central part of the dam,
There was. another

e damage in the left dam end, and

presented the largest threat
for the structure at that moment.

The damage was caused by the explosive activated in explosion sites 1 and IL. The
explosion in site 1 happencd by the very right spilivay retaining wal, and in site 11 in the

juncrion point of the access tunnel No. 3 and the inspection galery.

~PERUCA DAM REMEDIATION



Photo 4. Left dam end and spillway

The effect was complete destruction of the right retaining wall, while the rockfll, Photo
4, was moved from the upstream side all the way to the spillvay fla

2 ~PERUCA DAV REMEDIATION



e explosion made a crater 25:30 m in diameter, about 10 m deep, in site I, through
e o omdbaiing inspection galley. The downstream crater end was only
30 10 50 m above the reservoir water level, while the upsiream end was looded.

These two explosions caused the largest and the most dangerous damages 1o the dam,
threatening with excessive eruption of water into the inspection gallery and spllng over
the dam slope.

Photo 5. Crest subsidence in the

As the spillvay retaining wall was blown up, the remaining parts shified sufficienly 1o get
the spillway flap stuck in case it was closed and prevent s opening. The water
overtopping ffects would have increased even at lower water levels,

The explosion was so powerful that the paris of the spillvay retaning wall were seattered

within the radius of 50

 of was found 30 m far from the cxplosion

PERUCA DAM REMEDITION 2



The reinforced-concrete bridge over the spillway was thrown onto the left bank, where it
ed partly hanging over the retaining wall.

In the deepest part of the inspection gallery, where the dum i the highest, the explosion
I caused visble 25 10 3 m deep subsidence in the dam crest, stations 04+89.54,
and 146222, Photo

The crecping of the upstream rip-rap was noticed on the upstream slope, and occasional
whirlpools indicating the water had burst into the dam body. This part of the upstream
slope.requested the backiling from the fank.

‘The emergency action was stared when the Croatian Army permitted sccess to the dam,
at 800 am, on January 29, 1993

The craters were backflled and the erosion development preventcd by DS bulldozer of the
Caterpila type and mobile loader, and the material was transported from the quarry some.
25 km distanced from the dam.

‘The activities were permitted only along the marked lines, since there sl were mines
planted around.

The most endangered location in the Ieft dam end was acsessble only across the damage
(the crater) in the ight end

The remediation of this part was carried out so that the basic dam rockfill on the both
sides of the crater was moved ino the crater by the bulldozer in order to fil it. The
filed crater was covered with the fine material from the borrow area, which enabled the
machinery access o the dam crest

When the other, left side of the dam, was approached the water was visibly entering the
inspection gallery i the explosion site 11 0n the access twnnel No. 3 on station 0444, The
ol xplllwly wall was 30-50 cm below the top of the downsream dam rockfil
“This was the best proof that, due (o the fact that the reservir level at the moment of
cxplosion was 35620 m asl, the catastrophe was avoided, although the Chetniks were
preparing it throughout the period 199192 in which the level of the reservoir was 361.20
m ash.

The water level at the time of explosion was crucial for the course of events.

The left cnd demanded an urgent repair because there was a real danger of water
bursting in through the remaining loose. rockfil

2 pERUCA DAM REMEDITION



Photo 6.
Peruéa HPP
switchyard 110 kv

Photo 7.
Drainage shaft at switchya

~PERUCA DAM REMEDIATION 2



To backil the craters, lorries were expected (0 transport min. 1,000 m of material.

Such an operation would demand about 150 lorries full of material. Every run requi
Sminute reverse drive on @ 400

m distance, unloading and retum (o the access road.
Therefore, this activity would require 125 hours.

Besides, at the time of bringing in and unloading the material, the DS bulldozer should
be removed from the dam and thercfore the upstream slope backflling would be siopped.

Due to the emergency of the action, it was decided on the site that the backflling be
performed only by DS bulldozer, pushing the material from the upper parts of the dam
body 1o the spillvay retaining wall, thus providing faser protection of the i along
the spillway wall (explosion 1), and then filing the crater through Which water entered the
inspection galley (explosion site 1),

Backfilng of the crater above the inspection gallery was finished after the rock
protected and dam overtopping prevented (L1510 am, that moring).

During the entire operation the lorres were laterally backfilling the damages in the
upsream siope.

Unéil the moment of backfilling the crater which opened above the inspection gallry,
water which entered o a body of the dam and the gallery flowed out through the
drainage canal shaft of the 110 KV switchyard platform, Photos 6 and 7.

The seepage of the smaller quantities of water was noticed on the downstream slope, in
the left dam end, in the point of the cavedn access tunnel, around the elevation 345.00
m sl On February 5, 1993, when the reservoir water level was 35062 m asl, the
seepage almost completely stopped.

AUTEL0 am, after backiling the craters in the explosion sites 1 and Il the water outflow
from the switchyard drainage shaft slowed and soon stopped, which indicated 1o clogging.
of the drainage canal due 1o decrease in water inflow. It also indicated that the major
inflow into the dam body was stopped.

However, about 1200 the water stated flowing through the access tunnel No. 2, Photo &
The water flow rate and wrbidity measuremens started immediately. During that day, the
flow rate was. about 320 Us, and the maximum flow rate of about S70 Us was measured
on February 3, 1993, The flow rate subscquently decreased, and the scepage completely
stopped on February 12, 1993

PERUCA DM REMEDIATION



Photo 8. February 5, 1993, - Access tunnel No. 2 - Measuring the water
discharge from the gallery

On the cxplosion sites 1 and T, a 2 m high frechoard was constructed above the reservoir

il depot (300 m) in case. the emergency action was

required on the dam.

PEAUCA DAM REMEDIATION 2



Photo 9. February 16, 1993, - Crater on
- Upward view

141216 to 146261

Photo 10, February 16, 1993. - Crater on station 1+52.16 to 1+62.62
- Downward view

B
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Photo 15 Cavern on station 0482 to 0+89

The total amount of the material transported for the repair activites was approximately

3000 '

When it was determined that the remediation of the left dam end reduced seepage,

1 (hé Peruca HPP crew and the Croatian army. The gate was successflly opened without
any damage at 1415 pm on January 29, 199

This was a success of the C ty and the Croatian Army. The
reservoir empiying at the discharge of 220 mYs decreased the risk of forther dam
damage on a daily basis

“The dam was visually monitored on a dally basis by frequent tours of the crest. The dam
Slopes were checked in detil, since there was @ suspicion that the mines were planted

in them as well

PERUCA DAM REMEDIATION 2



Additonally, the dam settlement measurements in 19 profles set on the crest were sarted,
along with the measurements of the water flow on the upstream dam slope. The
preliminary geophysical prospecting was lso conducted.

The cxpert tcam engaged on the monitoring prepared d
initated required actions.

reports, analyzed them and

On January 31, 1993, the crater approsimately SO m in diameter and 40 m deep opened
o e bkl im0 cam spillvay, on saion 0+40. 1t vas_immediacly
backflled, and the borrow area with 500 m' of material from the quarry for any future
repair works was formed.

On February 16, 1993 4 crater approsimately 100 m in diameter and to 800 m deep,
Photos 9 and 10, opened between the stations 1+52.16 and 1+62.61 on the downsircam
end of the dam crest. It was immediately filled with the quarry material. During the next
days there were no noticeable signs of anything happering in this part of the dam.

On March 4, 1993, a cavern sppeared between the stations 0+52.00 and 0+89.00, Photo.

11, i the downstream section. It spread 1o the half of the o

was sbout 50 m wide, 100 m deep, but in the days 1o come it stried to expand while

becoming shallower due o the caved in material Since at this point the reservoir level

was at EL 325,10 m asl, and ground elevation 330.0 m asl., there was no danger of

ol S weion Tl s v, it ety o ol

a distance of 7.0 m from its edge, indicating the dam insabily in this

et wic petild the rc of the macinr. T mbdeno an dcormao vere
also noticed in the upstream slope.

Iy, the cavern

CONCLUSION
Peruéa Dam withstood this war challenge and plaid a humanitarian role of saving

thousands of lives.
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THE PERUCA DAM REMEDIATION
SOLUTION

Chief Design Engineer
ELEKTROPROJEKT Consulting Engineers Lid
ZAGREB

ABSTRACT

The investigation and the dam behavior observation resulls afler the explosion are
o e o sl s Gt i
)

n - construction of the
Pl concste utoff wall a4 rcounracton of he e . sgh dams ends 18 1
impermeable dam elements.

INTRODUCTION

It had been planned 1o base the dam remediation solution on the resuls of comprehensive
investigation works which had been expected 1o give as precise determination as possible
of the damage location and scale in each of the dam sections, and particularly in the clay
core. However, due to the permanent threat of enemy attacks, only the dam setiement
mmmmg was cartied out. Therefor
visual n, the dam behavior monitoring results ob
emedinly aht th cposion, and stlemen monhoring

the dam remediation solutions were based on the
0 during several days
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The largest visible damage was detected in the left dam end where the spillvay structure.
was completly damaged, while in the dam crest, (o the right of the spilvay, a di
m and about 10 m decp crater was open through which water dircetly flowed into the
grouting galley. Movement of rock material was. noticed in the upstream slope, along with
occasional whirs, which indicated that the water was penctrating the dam body.

The blasting of the central section caused 25 to 3.0 m settlement in @ 5060 m long
strech. In the right end @ 2025 m in diameter and 67 m deep crater was formed.

RESULTS OF THE DAM BEHAVIOR MONITORING AFTER EXPLOSION

The geophysical prospecting, measuremens of the water flow velocity by the upstream dam
slope, and flow rate and turbidity of water running out of the grouting gallery access
tunnel were conducted immediaely afer the mining.

Geophysical prospecting was carred out by the "MOHO" company for applicd geophysics
from Zagreb.

The geopsial PR s ol it e i i i
of the dam damage. The methods of scismic. refraction, self potential, and  resisivty
ofling (maprne wer sopled. Figs 1 304 3.

The velocites of the longitudinal seismic waves enabled general separation of the dam
Sections which suffered major damage, L. the top section to the clevation of 5 10 10 m
from the crest, left and right ends and the highest central dam sccton.

The prospecting results were confirmed by the subsequent crater-shaped caving
points: on February 16, on the central dam section, between the stations 145216 and
146261, diameter sbout 10 m, depth 10 80 m; on March 4, in station 0+85.50, diameter
about 5 m, depth 10 10 m, with tendency of increasing as indicated by the cracks which
pvemnd ma 7 ey ke i on Mo 2. s 356000 s o 3.
344200, 45 m in diameter, from which the dam material was flling on the
grouting gallry through the damaged concrete.

ins in four

Water flow measurements were carri
Fisheries from Split.

4 out by the Institute of Oceanography und

The measurements were intended 1o locate the paints i the upstream dam slope, through
which the water ingress in the dam body was more or less concentrated.

‘e messurements were conducted from the (0p. dam section, where the explosion caused
the crest subsidence  of approximately 30 m. This lead us to the conclusion that the
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m galley section, which caused the

was also planted and activated in this
cracks and cavities i the upstream shell m.mn which the water was. entering the
srouting gallery. These would have been the potential internal erosion development sits,
causing even more intensive damage and dam collapse with heavy consequences.

The measurcments were carred out on February 2 10 5, 1993, when the water discharge
from the gallery was maximum, Fig. 3.

The measurements were carred out on a 25 m long siretch along the dam, locared some.
35 m in the direction of the reservoir, between 353 and 330 m asL, Fig. 1 and 2. The
measurement resuls indicated that the water was generally flowing in the SW-NE dirceton,
namely towards the left dam end. But deviations from this pattern were observed

elevations between 330 and 340 m asl, where the flow direction was perpendicular 1o
the dam axis. However, no concentrated water ingress o the dam was detected at the

measurement sitc.

Flow rate and_ turbidity monitoring of water discharged from the access tnnel. The
monitoring was carried out by the Civl Engineering Institute from Split.

§

R seomeNT
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Fig. 3 Water discharge and turbidity diogram
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Fig. 4 Dam settlement in profiles

‘The measurements have shown that during the period between January 30, 1993 and

Februay 3, 1993 the flow rae increaed from approsimaicly 400 Us o 570 s
Simultancously, the reservoir water level (namely the hydrostatic pressure) decreased for

€l e ot sy, e . St ity e B B inually,
and the water scepage ceased completely on February 12, 1993. At that momen, the
reservoir level was on EL 38441 m asl, mmely the difference in elovation of the
reservoir level and the access wnnel bottom was 231 m. The water wrbidity continually
decteased, 5o the water outlowing the last day was completely clear.

Based on these data. it was concluded that there was no intensive internal crosion
development in the dam  body. Bascd on the discharged water volume and sediment
concentration it has been calculated that 1,500 m of clay has been washed out from the
dam by this rout.
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Dam settlement. monitoring wis carried out continually by the Surveying Bureau from
Split from January 29, 1993 to February 10, 1994, namely for 377 days

The monitoring was carried out in 19 profile and in three monitoring points set on the
dam crest . on the upstream edge, centally, and at the downstream dam crest cd.
The profies were set in the dam crest section ad not been completely destroyed
by blusting, 50 that the setdlement monitoring st e 0 o st 0% of
total dam crest length

m seutlement data, Fig. 4, indicate that the seulement was the most intensive in
profilcs P-7a and P, to 1554 m and 1367 m, respectvely, which is 26.79%cand 23.57%
of the dam height, and in the profile P-2, where the seitlement was 0846 m, namely
2488 Fcof the dam height, Fi

s ey e e o
e igs

Fig. 5 Dam settlement at crest centre in profiles P2, P-7A, and P-$A

These data revealed that the dam suffered the major damage in these sections. This
particulrly regards the profiles P-7a and P-8a where, before blasting, the dam crest was
on clevation « 36380 m asl, and after blasting on elevation 361345 m asl, namely
361407 m asl. Therfore, the inital setlement 3t the moment of explosion was
approsimately min. 3 m, since the benchmarks levelling was carried out after backfilling
this part of the dam erest 1o evaluated 0510 m 10 enable vehicle trafic to the left dam
end.
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The dam setiement analsis was carred on the setlement diagrams for partcular profiles
in order to define the general Gime wend. The diagrams were transformed into. the
coondinate sstem in which the relative setlement a5 compared 10 the dam height in the

monitoring profile *s | %o I was plotted on the ordinate, and " {1 where  is

monitoring duration in days was plotted on the abscise, which gives the settlement data
concentration on 4 time axis.

To illastrae the analysis and the obtained resuls, & characteristic setlement diagram for

U ol P4 s wlote. In 1 ol i am biht s 48 5, sty shout $3%
ean botom ceon n ths prtl s 315 e

which corresponds with the lowest_ reservir level recorded during its discharging after the

dam blasting. The setlement i e i e e it

i s v i Fig. b and the mesorned seemton digram . soordate stem

* '8 [ % T s presented in Fig. 7.

oo | ) o) | oo o) e s

ENLE Yy,

Fig. 6 Dam settlement in profile P4

.
slul

Fig. 7 Dam settlement in profile P-4
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The regresion analyss results have shown three dam setdement time intervals where the
relative setement trend during the first period can be approximated with a parsbola, and
the other two with straight lines with high coeffcient  of correlation ~ranging between
094 and r

The point of intersecion of the parabola and the first lne is defined as the end of the
first period and corresponds with ¢ = 41 day, which is well in concordance with the
compietion of the reservoir discharging which lasted for 42 days. The end of the second
period is defined by the intersection of the lines corresponding 0 that
b sceond dam seulement erod aed fo sboue 38 s, whle the hind perid ted
unil the end of the monitoring, ic. 301 days.

“The resuls of the settlement mor
are gencrally characteristc for the dam setlement duration:

diagram analysis have shown that three periods

-~ From January 29 to March 12, 1993, which corresponds with the reservoir discharge.
(0 EL 31450 m asl. (42 days); the reservoir volume at this clevation was sbout
namely about 2% of the total volume and actually presents an

empty reservoir.
- From March 13 10 April 15, 1993 (3¢ days);

- From April 16, 1993 (o February 10, 1994 (301 days), namely untl the monitoring
was complted.

The period of the resenvoir disharge could be considered the period of the primary post
explosion dam consolidation which was acseleated by increase in effective vertical strsses
and decrease in pore pressre in the clay core caused by the reservor level drop. During

in all profiles except for the profile -2, P7a, P-Sa, P17, P-IS
During this period, the scttlements on profiles P2, P-17 and P-18 were 65%, 67% and
56% of total, respectively, which leads 10 a conclusion that the primarily postexplosion
is section has not been achieved during the reservoir discharge.

¢ contary, the seulement on the profiles P-Ta and P8 were 945 of tonl, although
the visible damage indicated that the explosive was blasted right in this scction of the

grouting gallry.
Hourr, b stnent i G hes profes was e st g prc, i 35
and 31 mimiday, respectivly, while the setlement rate of the adjacent profiles P-6 and P-9

was about three times lower, ic. 11 mm/day. The settlement rate on individual profiles
o he Kl ad i, )i ooy dexling, Wt cxcpton of the
profile P-2 with 13 mmiday.

During the period between March 13, 1993 and April 15, 1993, the dam setlement was
considerably decelerated in comparison with the period of discharge, i.c. about 6.5% of
total settlement, while the setement rate was about 0.6 mm/day or sbout 23 cmyear.
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“The exceptions were profiles P2, P-17 and P-18 on which the settlement was 147, 19.3
and 163% of total, respectively, and the profles P-7a and P-Sa with 27% and 29%
setlement of total, respectvey.

setlement rates on profiles P2, P-7, P:Sa, P17 and P18 were 365, 124, 115, 03
and 0.2 mmiday, namely 133, 45, 42, 11 and 7 cmfyear, respectively.

‘The comparison with the dam settlement rate after its completion in 1960 (25 cmiyear)
st e on sbou 75% o the Iegth on whch the dam simen mosoring s

e level of consolidation was achieved as at the time of the construction
wmplﬂmn T rockinet e 2 e profile P-2 of 133 cmiyear, and on profiles P-7Ta
and P8 of 45 and 42 empyear, respectively, indicated 3 considerable damage in this dam

Dur

' the period between April 16, 1993 and monitoring completion on February 10,
1994, the dam settlement on a 75% of the monitored siretch was .S of total, and the
setlement rate was about .09 mmday, namely about 3 em a year.

sctement on the profiles P-Ta and P-$a was 33 and 3% of the total, at rate
of 0.18 and 0.14 mmiday, namely 7 and 5 cmiyear, respectively. The scttlement on the
profle P-2 was 203% of the total, the settement rate was 0.56 mmiday, namely 20
empyear.

X

Ts DESTROYED P-A
P-A SETILEMENT MONITORING
PROFILE

Fig. 8 Benclmark displacements in the downstream dam slope
compared to 1991
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Fig. 9 Dam cross section before and after explosion in profile P-A

The above data lead 1o the conclusion that dam material texture which was considerably
disturbed by the blasing reached the sate of secondary consolidation at 4 quite unitorm
Settlement rate, with the exception of the profile P-2 on which the setlement rate was
i approximate concordance with the dam scutlement rate recorded two years after the
dam completion

The geodetic conteal of the dam displacement benchmarks minimum deformations in the
dowmstzcam slope were noticed as compared o the measurement conducted in 1991, Figs,
8 and 9.

However, the visual inspection afier the reservoir discharge has shown considerable.
deformation in the upstream dam siope.

Conclusions
The resuls of the above investgations and measurements lead 10 the below conclusions:

(1) The major damage cavsed by the dam lasing was sufered by i top section, in

long the entir length, in the left dam end 1o the profle
P3 in the appron. 80 long strtch 1o the spillvay, in the highest central dam
section between the profiles P-6 and 9, and the right dam end between the
profles P-17 and P19 in the length of approx. 80 m.
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(3) According to the settlement results the dam, the material texture of which had
b ey dted by e basio, b gy echd i sage of oy
and s presently in the stage of secondary conso
‘The downstream supporting zonc (vockfll i, sufred no srios damge and
shall take over the function of the dam support structue.

The clay core damage s of such a nawre that it cannot assume the role of the
impermeable dam clement.

(3) 1t has been assumed that the grouting gallry had been completcly demaged in the.
left_dam end, in the length of approximately 45 m from the spilluay, in the
highest central dam section in the length of 25-30 m, and in the right dam end
between the profiles P15 and P-19 in the length of 25 m. Otherwise, the gallery
had been damaged to a greater or smaller extent

(@) The right spillvay wal, access bridge and the operating building have suffered the.
damage which requests their ful reconsruction. The spillvay gate and its driving
mechanism are not operable and should be replaced with the new ones.

BASIC DAM REMEDIATION CONCEPTS

The dam post.explosion behavior monitoring and visual inspection resuls were used 25 the
basis for remediation alternatives which were an outcome of the below concepis:

() In the left dam end, reconstruct the central, core section of the dam;

@ In the right dam end, due to small height, reconstruct the complete dam cross
section;

(3) Reconstruct the upper dam part along the enire length and o the height of 5 to
) Reconstnuct the dam core in the cemiral scetion in order (o increase it
impermeaily:

(5)  The downstream rockfill shell s not seriously damaged and could assume the
function of the dam supporting section;

(6)  Reconstruct the grouting gllery, from the access tnnel in the lefe dam end 1 the
access tunnel in the right end

(1) The il works on the spilvay shall ollow the original design documentation, while
the completehydromechanical cquipment shall be replaced;

(8 Toke into consderation the monitoring of the dam behavior after the remediation
works have been completed.
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(©)  Because the Peruéa reservoir is of particular importance for the Cetina River
v Power Sy, the dam emdiodon bl be <ompleted with th ot
possible period of time under the guaranteed security preconditions and with
required qualit of work.

(10)  Adaitonally, the Cetina River flood wave should be discharged through the bottom
outlet and Peruca HPP turbines during the remediation works, so that the hydro
potential be at least partally used. However, the care should be taken that the
remediation works would not be obstructed and the security precautions should be
undertaken,

Four basic remediation alternatives have been established, .

1. Dam core section reconstruction along complete leng

2. Dam core remediation in central part by construction of the plastic conercte cu
e o s motaemeny T s ek . . o of ke
complete crosssection in the right dam end, according 1o the original desi
documentation containing the solution with clay core as the impermeable dam
clement;

3. Dam core remediation in its central part by grouting and jetgrouting procedure,
Thde 1 i s i dam eais would e recpamied 5 1 100 Abemarie 3

4. Construction of upstream impervious screen 35 the impermeable dam element,
replacement of the core section in the left end and reconsiruction of the complete
cross-section of the dam in the right end by rockfiling,

The alternatives 1 and 4 had sub-alternatives with respect to the impermeable dam
element, core and upstream screen material. Some of the above aliermatives had sul
altemnatives, 5o that sltogether 7 alternative solutions were considered. All the analyzed
Solutions were detailed 1o the same level in order (o enable the most objective quantiative
and qualiative evaluation and selection of the most favorable solution.

DESCRIPTION OF ALTERNATIVES

Alternative 1

“This alternatve is the most radical operation which actually proposes construction of
dam. Two solutions have been discussed for the impervious clement, ic.

@ aey e 1 n he gl desg,
(1) asphali-conerete core, Fig. 1

PERUCA DAM REMEDATION .
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The aliemative with the asphaltconcrete core has been analyzed because the onsite
climatic condiions are more favorable for the asphaliconcrete than for the lay core; abso,
it has been assumed that quite a large quantiy of clay should be transportcd from the
clay deposit some 10 km far from the sie. These could be the reasons of higher cost-
effectiveness of the asphaltconcrete core alternative.

“This remediation alternative has been planned for exccution in four stages, Fig. 10.
The first stage includes the dam material removal along the entire length (o the El. 335
m a1, material selecting and its removal to the dump. Portion of the rock and clayey
material is transported to the upstream dam slope, (0 form the upstream cofferdam
b witn of the reservoir 1o the level of 330 m asl. in dry, and 10 the water
P L 5 o ey s of oy 2o g e G U
year Cetina river floods. Additonally, the water seey the dam core section is
prevented
During this stage of works, the damaged grouting gallery is also supported 1o prevent

caving-in of the dam sections under the load of construction machinery.

During the second stage, the dam core section is excavated 10 the grouting gallery bottom
level, namely to the foundation ground. Addionally, the damaged gallry is knocked down
in this stoge.

During the third stage, the grouting galery is consiructed in sub-alternative with the clay
core, and the concrete underlayer placed the asphaltconerete subvalternative. The contact
srouting of the ey bottom, namely conerete underlayer in the altemative with
the asphalt concrete s to be carried out as well as the grouting of the grout curtain in
the sections requesting it according 10 the resuls of the impermeabiliy inspection

The fourth stage s reconstruction of the dam core section o the EL. 335 m asl., and
subsequent backfiling of the entire crosssection (0 the dam crest.

In the alternative involving the dam clay core, the reconstructon is carried out according
-t gl N ks it St iy core, Vo o
downstream filier layers and upstream and downstream rockfill shells. The matcrial
excavated from the dam is used 10 the maximum possidle ex

1 slternative involving the asphall-concrete core includes a 10 m wide core, 15 m wide
upstream and downstream filer layers with grain size of 046 cm, 3 m wide transiive filer
ayers with grain size 020 cm, and upstream and downstream dam rockfill shelk.

PERUA DAM REMEDIATION “
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Alternative 2

The cssental concept of the dam remediation her s sk b s et o
4 plastic-concrete cutoff wall as the impermeable clement in the central dam part, and
replacement of some 100 m of the dam core section in the left cnd, and about 100 m
of the complte dam crosssection in the right end, with the cly core as the impermeabl

dam element. In the central dam part, where the cutoff wall is to be constructed, the
dam t0p section s be reconsiucicd 10 the height of 5 - 10 m, with the clay core as the
impermeable dam clement. The grouting gallry s planned for reconstruction from the.
access wnnel No. 3 in the Ieft end (o the access twnnel No. 1 in the right dam cnd, Fig
11 and 12,

teristis:

The plastic-concrete cutoff wall shall have the below basic mechanical char
compressive strength > 1 MN/m, modulus of elastcity < 400 MN/me.

“The cutoffwall s o be constructed in the dam clay core, upstream the grouting gallery,
with the 4 m centerdine distance. The cutoff wall is 1 m thick, and its depth varies from
13 t0 52 m, depending on the foundation soil depth. The cut-off wall is founded in the
rock, namely on the concrete slab in the central dam section, and the foundation depth
is about 2 m. The cutoff wall - foundation joint impermeability is achieved by grouting

from the grouting gallry
“The hydraulic trench cutter s used for s construction from the dam plateau suffciently

wide o provide for simultancous consiruction of cut-off wall and running of traffic slong
the enire dam length. This enables simultancous reconsiruction works on the dam left and
right end

Itis planned to o e o wilh cementcnionts sy ong the cult wal
Ths, the cxplosion-induced cracks in clay are filled, and the danger of slurry losses
lovee, vk e i utott l 2 3 iy,

In it left end, the dam is 1o be excavated along the entire cross-section to the El. 345
m sl namely 1o the bottom of the access wnnel and grouting gallry joint, while only
the core scction shall be excavated below this clevation 10 the EL 330 m as.. In the
section where ey resomucion s paand, s oo < sl b pacd tor
 the curtain grouted where it has been

The next suage is the dam

the clay core, and cor performed
determined necessary m the  impermeability  inspection.
backflling to the EL 353 m as..

cqual 1o the concept for the left end

The remediation concept for the right end
remediaton, but for the fact that the complete dam cross-section is reconstructed to the

When the cutoff wall is bult, and the reconsiruction of the left and right dam end
completed 10 the EL 353 m asL. and 358 m asl, respectively, the S - 10 m high top
dam section s reconsiructd.
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The blasting caused deformations in the upstream dam slope. It remediaton includes fxing
of th ey i, clin of ispaies 1 s g e e s sope
atio of 11

The grouting gallery remediation shall be carried out for several reasons. One of the most
important reasons i that s reconstructon would actually be the investigation work which
Wwould enable good insight into the clay core damage in the area of the highest hydrostatc
pressues along the entire dam length, including the mine plantin sitcs.

When reconsiructed, the gallery shall enable quality contact grouting of the cutoff wall
and s foundation, control of grout curiain impermeability and corrective actions where

n, the gallery shall senve for control of the cutoff wall impermebilty and,
if necessary, for additional corrective actions in order {0 prevent. scepage.

According to the available data, the grouting gallery concrete is mainly cracked, but the

puu, ..., generally maintained its shape, while in the blasting sites it was compleiely

destro

The .,mm reconstruction shll generally be carred out in two ways. In sections wherc
with steel arches is planned, the concrete lining

e sl e bl e crricd. out a3 well

a5 the grouting of the contact surfuces between and the clay core, namely the foundation

rock.

In damaged gallery sections, the excavation shall be carried out under the protection of

steel arches and pancls, and the 80 em thick lining be constructed.

The gallery reconstrucion s the priority dam remediation actvity which should be carried
out during the dry season when the reservoir water level can be maintained a5 low as
required. In this vay, the water scepage into the damaged gallery would possibly be
prevented or the seepage water quantty reduced o @ minimum. The water secpage would
considerably hinder the works, particulaly in the far botiom section where the gallery is
assumed to be completely destroyed in an approximately 25 1o 30 m long stretch.

“This dam remediation alterativ, in which the reservoir would be wsed o the EL 330 m
asl, which s also the lowest trench bottom clevation in the left dam end, enables
discharge of the 100-year flood water through the bottom outlet and turbine. conduits
assuming the gallery has been reconstructed.

Alternative 3

The basic dam remediation concept is that the clay core in the central dam part be
remediated by jetgrouting and grouting, while the left and right dam ends should be
reconsiructed as in Altermative 2. The grouting gallery would not be reconstructed in the

PERUCA DAM REMEDIATION -
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central highest dam part, in order to reduce the remediation coss, while in other dam
sections the remediation would be as in Alternative 2, Fig.

The jetgrouting method would be applicd in order to consolidte the dam clay core from
the gallery bottom 1o the EL 320 m asl. I has been planned to place four rows of dia
15 10 20 m ginders of imegular shape in the crosssection, which would form a 6.5 m
wide impermeable dam element.

Above EL 320 m asl. the dam clay core remediation is o be realized by upward
grouting from the crest with cementbentonite mix with additon of sand, in 35 m
sections, either by gravitation o under low pressures

The three rows of 225 m distanced boreholes are planned, placed in the direcion of the
dam axis and with the distance of 3 m between the borcholes; the borcholes in the
middle row are offst for 15 m from those in extemal rows. In this way the 65 m wide
remediated strip of the clay core is formed.

The dam core section remediated by grouting. and the one remediated by jetgrouting, shall
be_bonded by extending the grouting boreholes for 5 m and by grouting of the contact
stip.

The curtain impermeablity control and contact grouting i the central dam part, where
the gallery will not be reconsiructed, shall be carried out through the external ows of
grouting borcholes.

The upper dam section shall be reconstructed in this strctch to the height of S m,
according 1o the original design.

In this dam remediation alternative, by using the reservoir o EL 330 m asl. (which is
the clevation of the trench bottom in the left dam end), and assuming the gallery has
already been reconstructed, the discharge of the 100-year flood water through the bottom
outlet and turbine conduits shall be cnabled.

Alternative 4
m remediation concept is based on construction of a screen placed on

o 15 40 om0 e ok ot b

reconstructed in its left and right ends without the clay core. The grouting gallery should

be reconstructed 1¢ in Alternatives 2.

T Sanle e G o e e e o M S 1S
reinforced concrete slabs, clay, PERD foil.
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In the lowest dam section, the screens are founded on the former upstream cofferdam
crest which is on EL 315 m asl

The impermeability of the dam section going (o the Cetina riverbed botom, and of the
joint between the screen and the exising grout curtain, shall be achieved by the new
inclined grout curtin descending from the upstream cofferdam crest at the angle of 45°
along the entire upstream dam perimeter. In the deepest point the curtain length is about

The curtain is of the three-ow type, with 40 m apart borcholes, and 25 m distanced
rows. The part of the curtain passing through the upstream cofferdam material is realized
with the high-density grout mix and applying the prepact method, whilc the remaining part
would be realized by upward groutng in 5 m sections.

The subscquent grouting during reservoir operation could be carried out from the new.
grouting  gallery along the entire upsiream dam perimeter.

Since the upstream dam slope i protected with rip-rap, and the slope is interrupicd with
some S m wide bank on El. - 3245 m asl, the slope shall be levelled with 3 m thick
layer of compacted stone in order to obtain flat, undeformable and suffiiently permeable
screen base.

The reinforced concrete screen shall be place on S0 cm thick drainage layer and made
of 1015 m, 50 cm thick double-rinforced slabs, connected with seals and putty of
permanent elasticity. The slabs shall be poured onsite, in a sliding formwork, Fig. 14,
Along its perimeter, the screen leans against 1 m thick concrete slab on the grouting
gallery bottom.

The clay screen, Fig. 15, shall be placed on a 4 m thick three-layer filter consisting of
finely sized grave, sand and sandy clay. In its bottom part, vestcally o its plane, the clay
scrcen thickness s 4.5 m, and in ts t0p part it s 1 m thick. The protection from the
top end is with 2 m thick twoayer gravel and sand fiter, and rip-rap.

The clay screen requesis the most thorough works. The screen stabilty requests dectease
in the upstream slope inclination by widening of the upstream cofferdam against which the.
scrcen s leaned.

The PEHD foil, Fig. 16, is lsid on a 50 cm thick drainage layer. The lower sufac is
fited with spikes presenting the foil to slide down the slope. On the upper cnd the foil
is protected by 10610 m 15 cm thick plastic fiber reinforced shoterctc slabs. The slabs are
Scparated from the foil by geotextile, and the construction joints are closed with plastc
putty. I the lower end, the foil is embedded in the conerete slab of the groutng gallry,
and in concrete threshold in the dam crest, Fig. 1

M PERUCA DAM REMEDIATION
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In all the above alternatives, the screen shall be drained through drain pipes dri
fom e reonnted ot ey 0 e diag e bl the s, The s
are 10 em in diameter and 10 - 80 m long. The scepage water is collected in the
srouting gallery collector ditch, and :unvrycd through the reconstructed drainage canal
below the downstream dam rockfill shell into the existing drainage system.

The lef and right dam ends shall be remediated o the same extent as in Alienatives 2
and 3, as rockfill dam without clay core

The grouting gallery is reconstructed 1o the same exent and in the same way as in
Altemative 2.

The top dam section is recomstructed in the central part 1o the height of 5 m, as &
il

Utilization of the reservoir o the EL 315 m asl. enables discharge of 25-year Cetina
River floods during July and August. This means that the works on the upstrcam
cofferdam crest, under the specified sceurity precautions, could be performed only during
the two months of a year.

DAM
SELECTION

Comparison of the dam remediation alteratves has been completed applying quantitaive

and qualitative analyss.

The quantiative analysis has been carried out on the basis of cconomic cvaluation of
alteratives by determining the present value of the Peruéa Reservoir contribution (o power
generation over the period of S0 years in the downstream hydroelectric power planis of
the Cetina Hydro Powier System, i Peruca HPP, Dale HPP and Zakuéac HPP. From this
value, the costs of cach particular remediation aliernative are deduced.

“The civil works cost and remediation duration have been determined on the basis of scope

h partcular job and remediation schedule which encompasses al the work stages,
columns (2) and (3), Table 1. The costs of cach remediation aliernatve are added the
10% curtent interest, columa (4), Table 1.

dam remediation costs, column (6), Table 1, include the cost of il works, and the
value of lost power generation during remediation works for each discussed alternaiive.
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Annual value of power generation losses during the remediation works consiss of power
eneration losses of Peruca HPP, and decreased value of power gencration of Dale and
Zakutac HPP's which work under the conditions of natural Cetina River discharge since.
the Peruca Resevoir shall s out of operation.

“The mean annual discharge of the Cetina River in the Peruéa Dam profile is sbout 42
s <0, with cnergy equivalent of 049 KWhm * for Dale HPP and 0579 kWhim * for
Zakutac HPP, this discharge provides for an annual power gencration of 64900000 kWh
in Dale HPP and 766335000 KWh in Zskuéac HPP. The mean amnual power gencration
of Peruéa HPP is 121,175,000 KWh.

With the unit price of electricty generated with and without the Peruéa Reservoir of 0,046
USDAWh and 0.032 USDKWh, respectivel, the value of annual power losses for Dale
and Zakuac HPP's amounts to USD 11,644,290, This amount should be added the value
of power generation in Peruéa HPP of USD 3877,600, 5o the total value of the powe
losses, or the value of the Peruta Reservoir and HPP contribution amounts o USD
15,521,890, This amount varies for particuar altematives, depending on their ime schedule,
column (5, Table 1.

The present value of the reservoir and Peruca HPP contributon 1o the power generation
for the period of S0 years is USD 153896660, This value, reduced by the total
diaton. costs, gives the present value of the contribution for 4 particular remediation
altemative, column (8), Table 1.

According 10 the results of quantitaive analysis, the most favorsble alterative is
Alternative 3, where the dam clay core shall be remediated in the central part using the
jeterouting methods, and the left and right dam ends shall be reconstructed according 1o
the original design documentation.

Aol e o o ;g e 0, ot S
Ml X sord 0 913 e, S S B e el st i b 0
jetgrouting procedure and grouting, and the left and right dam ends are reconstructed
according to the i S it

The costbenefit ratio of the Peruca HPP and Reservir i the power generation for cach
individual lternative and the most favorable Alienative 3 is give in columns (7) and (9),
Table 1.

The most expensive remediation alierative s the one with. asphalti-conerete core, since
its value the Peruéa Reservoir and HPP contribution (o power gencration during the 50-
year period is 20% lower than for the most favorable alternative, and it is intally th
times more cxpensive than the Alternative 3. There are no great deviations from this
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alteratve cither by the alterative with reconstruction of the dam core section according
o the orginal design with clay core, or by the alterative anticipating the upstream clay
screen as the impermeable dam clement.

In other alteratives, ie. Allemative 2 with the plastic concrete cutoff wall and
Altematives e and 4a with wpstream scrcens of PEHD foil and reinforeed coneree s,
the value of the Peruca Reservoir and HPP contribution 1o power generation in S0-year
period is 2:7% lower than in the most favorable Alernative 3, while the inital costs arc
19729 higher.

Based on the results of quantitative analysis the Alternat
excluded from further consideration.

 1a, 1b and 4b have been

mediation alternative sclection has been based on qualitative analysis of
Mrmaien 3, 5, b et 4o st 1o e olemng bracieisis of e
alternatives:

(1) reliabitity,

(@) complexiy of civil works,

() possibilty of subscquent repair actions if necessary,

() possibilty of reservoir utlization in power generation during the remediation works.

The charscterstics of Alter

emative 2 flly satisfy the reliability criteria, snce the new dam
is constructed in the left and right dam end, and the plastc-concrete cutoff wall the dam
core grouting as well as in the central part shal repair all the transverse and longitudinal
cracks and cavites in the core and fom, together with the clay core an impermesble dam
clement

As regards the cut-off wall constructon, the construction methods are not 100 complex,
and the Croatisn contractors have the required experience.

‘The subsequent repairs in the bottom section of the membrane would be possible from
the reconstructed grouting gallery.

he reservoir could be used to the EL 330 m asl, provided the grouting gallery has
already been reconstructed.

Reliability of Alternative 3 s lower a5 compared 10 Allenative 2, since even extensive
investigation works would not result

ea rding of all the dam core damage sites. This
solution requests close monitoring of the dam behavior after the remediation, particlarly
related 1o the clay core impermeabiity, and the probablity of the subsequent repair works
is higher.

“This solution requests two clay core remediation methods which decrease reliabilty and
might prolong_the construction schedule.

The subscquent. repair works are possible only by grouting from the dam crest.

PEAUCA DAM REUEDUATION El



Annual value of power generation losses during the remediation works consiss of power
generation losses of Perua HPP, and decreased value of power generation of Dale and

PP's which work under the conditions of natural Cetina River discharge since
the Peruca Reservoir shall s out of operation.

The mean annual discharge of the Cetina River in the Peruca Dam profile is about 42
s o, with energy cquivalent of 0.049 kWhim * for Dale HPP and 0579 kWhim * for
Zakudac HPP, this discharge provides for an annual power gencration of 64900000 kWh
in Dale HPP and 766,835,000 kWh in Zakutac HPP. The mean annual power gencration
of Perua HPP is 121,175,000 kWh.

With the unit price of cletricity generated with and without the Perua Reservoi of 0.046
USDAWh and 0.032 USDKWh, respecively, the value of annual power losses for Dale
and Zakutac HPP's amounts to USD 11644290, This amount should be added the value
of pawer generation in Peruéa HPP of USD 3877600, 50 the total valuc of the power
losses, or the value of the Peruta Resersoir and HPP contribution amounts to USD
15,521,890, This amount varies for pariular altematives, depending on 1 schedule,
column (5), Table 1

The present value of the reservoir and Peruéa HPP contribution 1o the power generation
for the period of SO years is USD 153896.660. This value, reduced by the total
remediation coss, gives the present value of the contribution for @ partcular remediation
altemative, column (8), Table 1

According 10 the resuts of quantitaive analsis, the most favorsble altenative is
Alterative 3, where the dam clay core shall be remediated in the central part using the

fing methods, and the lcft and right dam ends shall be reconstructed according to
the original design documentation.

According to the resulls of the quanitative analysis, the most favorable is
Alternative 3, according to which the clay core in the central part is remediated by the
jetgrouting procedurc and grouting, and the left and right dam ends are recomsiructed
according 1o the original design documentation.

The costheneft rato of the Peruca HPP and Reservoi i the power gencration for cach
iidual alterative and the most favorable Altemative 3 is give in columns (7) and (9),
Table 1

The most expensive remediation alternative s the one with asphaliicconcrete core,
fis value the Peruca Reservoir and HPP contrbution (0 power generation during the S0
year period is 20% lower than for the most favorable altermative, and it is initially three
limes more expensive than the Alternative 3. There are no great deviations from this
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altemative cither by the alierative with reconstruction of the dam core section according
1 the original design with clay core, or by the alternative antcipating the upstream clay
screen as the impermeable dam element.

In other altematives, ie. Allemative 2 with the plastic concrete cutoff wall and
Alteratives 4c and 4a with upstream screens of PEHD foil and reinforced concrete slabs,
the value of the Peruéa Reservoir and HPP contribution to power generation in S0-year
period is 2% lower than in the most favorable Alternatve 3, while the initial costs arc
19:72% higher.

Rased on the results of quantitative analys
excluded from further consideation.

the Alternatives 1a, 1b and 4b have been

. jon_alternative selection has been based on malysis
Mm% 5 d4a and 4o accteg 1o he vl carscirsn of .
lernatives:

M) reliability,

@) complexity of civil works,

(@) posibi ubscquent repair actions if necessary,

@) possibiliy e i o power generation during the remediation works.

The s f v A sty 02 Y o 5 e
ted in the left and ight dam end, and the plstic<concrete cut-off wall the dam

5 i vl 1 e sl i ok et 4 s e it ot

cracks and caviies in the core and form, together with the clay core an impermeable dam

clement

As regards the cutoff wall construction, the construction methods are. not (00 comples,

and the Croatian contractors have the required experience.

The subsequent repairs in the bottom section of the membrane would be possible from

the reconstructed grouting galley.

The reservoir could be wsed to the EL 330 m asl, provided the grouting galery has

already been reconstructed.

Reliability of Alternative 3 is lower as compared (0 Allernative 2, since even extensive
imvestigation works would not result in recording of all the dam core damage sies. This
soluton requests close. monitoring of the dam behavior afer the remediation, particularly
relted 1o the clly core impermeability, and the probability of the subsequent. repair works
is hi

“This solution requests two clay core remediation methods which decrease. reliability and
might prolong the construction schedule.

The subscquent repair works arc possiblc only by grouting from the dam crest.

PERUCA DAM REMEDUATION &



The conditions for utlization of the reservoir are identical with those in Alternative 2.

The lowest reliabilty is achieved by Alternatives 4a and de, with upstream srcens. One.
of the reasons is construction of a new, inclined grouting curti
by grouting i the rock applying the prepact method in the arca of the former upsiream
cofferdam. The atention should be particularly focused on the joint with the existing
curtain, grouting in highly-permeable surface rock belt where the grouting pressures should

which shall be realized

cpt low, and achicsing sufficient impermeability of the upstream cofferdam constructed
of various rock material, including the tunnel excavation material.

Additonally, the curtain is affected both by horiz W by verteal component of the
hydrostatic pressure, which increases the pemw.w ot s damage, mamely equest top.
qualy workmanti which ol be il 10 achise due 1 he shove i o
Therefore, there s a realisi risk of secpage through the curtain which could damage. the
upstream screen due to hydrostatic pressure on s lower scction,

Therefore, the upstream sereen drainage should be. impeccable, with minimum distance
between drainage pipes so that dimages are easily detected and repaired. Instalation of
drainage through the upstzeam dam rockfil shel conssting of various rock material 10 80
m wide in the foot, which could cause o number of problems so that it should be
considered s one of drawbacks of this aliernative

Reliability in of PEHD foil impermeable screen is higher than the relisbilty of the
reinforced-conerete scrcen, since quality welded plasic foil joints are caser 1o achieve than
the qualty reinforced-conerete slab_joints,

The subsequent repairs of the new grout curtain during exploitation are possible from the
rouing gallery, and by it aces 1 the upsiream sren ith prie lowering o the
reservoir level, would it be the site conditions and extent of damage.

Toe e o b ssd during the remdinion wors 1 th. lovaton 1 i the
new grout curtain, grouting gallery and upstream screen have been completed.

CONCLUSION

reservoir and HPP contribution (0 the power generation in the analyzed SO-year period
is only 2% lower than in the most favorable Alternative 3.

e of the basic characterisics of the selected solution for the dam remedi
that all the planned works were also the only detailed investigation works the results

s PERUCA DAM REMEDIATION



Photo 1. Final dam remediy

jow when the dam completed and back in operation, can be

remediation is
i e 5 o et paledamiteyloplilg iy

T e (e st 0 U e it U
i beyond doubl, since the deected crater-shaped damage and the crest
ooy sious it the dfomation o the downstream slope, certainly
lead 1o the conclusion that the dam material structure in these sections s disintegrated.
Therefore implementation of another remediation method was actually impossible.

oA ki s 50 0 i i 8 st
the basis of the dam settlement monitoring results were confirmed correct,

material structure in the ends of these sections was not disturbed, Photo 2.

Farther, the reconstruction of the subject dam sections confirmed the assumption that
dam was not suMcient for construction
.

the quantity of clay excavated from the existing das
of the new core. Only 63% of the existing clay was usable, w}
in from a 10 km remote deposit found afier a pinstaking and time-consuming

reconnaissance and location investigation.
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St i te dam Botom pst e o there is o doubt that this percentage
e R oo ot a4 b i avog i
the total dly il Tal sl ke i o Hegmy 40 18 Skl pecboms
with finding of a new deposit would arise

Therefore, discussions about the sub-alternative which includes asphall-concrete core were
fully justiicd.

Reconstruction of the grouting gallery was specially diffcult and complex construction
anticipated types of reconstruction based on the assumed classification of

damage were confirmed as correct, but the evaluation of the reconstruction scope with

respect to the damage scale was (oo optimist

It was assumed that about 100 m or 27% of total gallery length was completely
i 65 20 o 7% o the g el et comert
enal form.

e 1 i i
destroyed. 1t was possible to reconstruct the remaining 179 m or 49% of the gallery
using the steel arches, a layer of double reinforced. shotcrete, and grouting behind the
cracked concrete lining.

The e e i 1 98 of ok, prclcaly ey sl bcose
of the limited possibilites for ery, caused delay of the gallery

recommruction completon dendine for 10 ey

Howere, the damage has confrmed (b remediaion of his pat of the dans throvgh
rwise this section, which is the most delicate
with respect to impermeabilty of the contact surfaces of various material exposed (0 the
maximum hydrostatic pressures, would always remain uncertain from the aspect of
successful remediation of the complete structure.

The need for impermeable contact surfaces was obvious already during. the cut-off wall
Coutrorticy whon e dimwbet ot of the cay s 403 the bl B the
ungrouted gallery joint on the outside perimeter caused leakage of slurry from the cut-

off wall trench Into the gallery.

Further, the grouting gallery was reconstructed in 79% of the dam length in the zone

ydrostatic pressures. When the Ift and right dam end reconstructi
was completed, and the cutoff wall constructed at the reservoir level at 353.00 m
when the hydrostatic pressure in the top dam section is 85% of the maximum, the water
Seepage into the gallery was estimated (0 be about 0.3 s. Thus, it may be concluded
with sulficient certainty that the gallery remediation was of good quality.

@ ~PERUCA DAM REMEDIATION



Additionally, one of the basic design preconditions and concepts is confirmed,
this part of the dam should be successfully remediated and constantly aces
control and any necessary emergency operation.

that
e for

In its central part, in sbout 9% of ts total length, the dam core was remediated using
the plastic concrete cut-off wall.

The goodness of this solution was confirmed by the core grouting in the cut-off wall
actvities aimed at filling in the cavies and cracks in clay cavsed by the explosion, in
order 1o prevent abrupt slurry loss and increase the cut-off wall trench shear strength.

The grouting results lead to the conclusion that the core damages are inconsistent and
disperse, both lengthwise and heigthwisc. The difference in average slurry consumption
in two neighborig borsholes st on 8 1.4 m disance sometimes reched 427 1 of oy
or about 150 kg of dry matter per 1 m of borchole. The devi aifferent
eonig scsiens of e sume. borele smeins rwsbod 3300 1 of sy or 81 5§
of dry matter per meter of a borchole station.

These dat

indicate that only & continuous impermeable clement, such as a cutoff wall,
able and safe remediation solution for the dam core. This conclusion is
confirmed by the above data on the water seepage into the gallery of 0.3 Is.

Since the grouting works were {0 a certain degree and scope also the core damage
investigation works, the oblained results confirm the conclusion from  th

Photo 2. Left dam end excavation completed
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comparison of alternatives that the core remediation in this dam section with exclusive
ovlnen of g wod e ks

1 dam ek, partcalrly o impermeat
repairs would be highe

Fequest. permanent. monitoring
.+ The probabi the subsequent

During the remediation works, the Cetina floods with maximum discharge of about 270
ls were succestully stored in the reseroir and evacuaed through the power plant

rgest while

a1, and its discharge was approximately 130 Umin. It
i e W 1 ey g (5 ki -V SIS o m SOME

ARG et VERTEE el ke teml et o i et e
e Cetina flood discharge through the power plant
lipdtion iy Sl e
injsko.polje, and undisturbed construction actviies on the dam.

Hevatacko polje and §

Therefore, the maximum impoundment level for July and August was set (o 353.000 m
s and the reservoir volume about 410 million m’ or about T3% of effective volume.

In this way, two months before the reme Works were completed the dam was
capable of fulfillng its basic function, regulating of the Cetina River flows in this
particularly significant hydropover sysiem.
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THE PERUCA DAM REMEDIATION DESIGN

ZVONIMIR SEVER, B.Sc.
Design Engineer
ELEKTROPKOJEKT Consulting Engineers Lid.

ABSTRACT

Engagement on the damaged Peruca Dam remediation project was a challenge for all
participants since there has been no experience with the rem of this type of
Structures damaged in war operations anywhere in the world.

The rem

on_desin documentation was prpared sccoring o (he stteoftheart
engineering practice and governing regulations.
and 10000

reservoir level was increased by 1S m, which results in
about

it ey water, which 4% increase.

The basic dam remediation solution consisted of removal and complete reconsiruction
o the dam. ends and th wpoer par  of 510 m, and construction of an
Hagerovaie cut<f vl n 1 st dan seeon wlch sk ks e 1 i
of the damaged clay core.

The present paper is @ summary of the project realization and application of the
technical solutions.

GENERAL

The aciiies on devclopment of the fnal design for the damaged Peruca Dam
remediation started in June 1993, immet ¢ the conceptual design for the dam
remediation was approved. The accepted solution planned removal and  complete
reconstruction of the dam ends and the upper part to the height of 510 m and
construction of an impermeable cut-off wall in the central dam section to take over the

function of the damaged clay core. The reconstruction of 4 heavily damaged and parlly
trapped grouting gallery and s bringing into function was also plannc
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The design process itself was a great challenge for all the partcipants, since there has
been o experience with the remediation of this ype of structures damaged in war
operations anywhere in the world

T e om0 il 5o Sk i gt o Gt

i lack of adequate data on the dam body damage scle and nature. The investigation
wmh, expected 10 give the data on the damage, were planned for April 1993, but were
obstructed by the fightng in the area. Therefore, the scope of investigations was narrowed,
and they were conducted only during May and June 1994, when the design aciivities were
o B iy Howes, soms da u Wy cors v o cais, duin the
remediation activiies on the grouting gallery which started in August 199

In addition t© the data on the damage scale and mature, the majorty of the original

design documentation was missing, while the as-buill documentation for the Perua Dam
has never been preparcd. The more comprchensive information on the original dam
construction, particulaly regarding the original technical requirements, was obtained from
the partcipants in the original dam design and consiructon.

The lack of data causcd & sicuation in which it was necessary (o estimate the damage
scale and natre, along with the complete conditon, particularly on the clay core, and
prepare cach technical solution on the basis of such estimates. Tt should be noted that
tes used as the design data were mainly confirmed afier the dam ends and
upper part were removed and investigations carried out

Since the objective was to make the Peruca Dam and reservoir functional within the
shortest possible period of time, primarily because of their role in the Cetina. river
power system, the design and remediation works run in parallel. The design pr
was organized so that the bulding site was under full work load, and the design
documentation was divided in volumes for independent plant structures which allowed for

separate building activitcs.

Due o a very poor enery situation in Dalmatia, the efforts were exercised during the
remediation o, maintan the reservoie level 4t approximately 325,00 m asl, which enabled
the Peruéa Hydroelectric Power Plant operation.

The design philosophy was that, regardiess of the foct that the Peruca Dam operation for
more of 30 years prior to explosion was impeccable, the remediation design should follow
the sate-of he-art engincering practice. This primarily relates o the dam seismic stabily,
10000-year flood analysis and installation of sophistcated monitoring instrumentation.
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INVESTIGATIONS

“The investigation works conducted in order 1o obtain the design data for the Peruca Dam
remediation were expected 1o give the feedback on:

the condition of the damaged Perua dam, including the foundation ground and
srout curtain

the seismological and scismotectonic characterstics of the Peruca Dam st

the Cetina.river floods at the dam.

The below investigations were carried out for the foundation ground and grout curtain:

-~ Continuous measurement of the dam body settlement

-~ Geophysical cross-hole prospecting of core and a part of the foundation ground,
and electrc logging of the matural gama radioactivity

-~ Geophysical prospecting by a seismic polar method along the dam and in
transverse section

with

- Geotechnical drilling through the core and a part of the foundation groun
continuous core drilling and taking of undisturbed samples, Photo 1 and
-~ Sttic penetration tests (SPT)
- Laboratory determination of the core material parameters
~ Measuring the borchole water loses in the bedrock and clay core
“Trial grouting of clay core and bedrock
- Continuous grout curtain seepage control.

A swdy was preparcd for the site scismological and seismotectonic characteristics
determination. The study contains the basic design seismic parameters: maximum carthay
intensity and_ maximum acceleration

At sty s bess propied s deminadon 0 ot e Bkt
the Peruca o

Contrary to the original design preparation, when the qualiy recorded hydrological data
were insufficent, it was now possible (o offer a_ qualty hydrological analysis because the
quality recorded data collected since the original dam construction was completed were.
availble.

The above investigations are covered by special papers, so they shall not be detsiled here.

In addition 10 the above, the investigations have been conducted on potential clay deposits
Which have  also been deseribed in a special paper. The rock deposits were not specially

PERUCA DAM REMEDIATION o



Photo 1. Geotechnical investigations - core and bedrock drilling

Photo 2. Drilled core
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investigated since the rock was taken from the same quarry as for the original dam,
located in the right reservoir end, some 200 m upsiream the dam,

A number of investigations were also conducted related 1o solving of some minor
problems.

DAM STABILITY ANALYSIS

The dam stabilty analysis included:

-+ dam static subility analysis,

< dam scismic subility analyss.

Dam Static Stability Analysis

e e s s e b i i
dam exploitation stages. The analysis for the direct dar

ek ety 2 Vi e i 1 et Bl ki T sexie

for the dam exploiation stage used the strength parameters in efective streses for three
water levels:

-+ water level at EL 36220 m asl. - flood water
© water lovel at El 34300 m asl. - reservoir graviy centre
< water level at EL 36150 m asl. - maximum operating

Dam stabilty caleulation under the satic conditions was performed using the SSTABI
program (Wright, 1974) based on the Spencer slope stability analysis by the limit
equilibrium method (Spencer, 1967).

The stability calculation assumed the below strength parameters for various materials:

@ cay
< unit weight ¥ = 20 kN’
- strength parameters in effective sresses ace. to Bowles (1952) and Goodwin (1975)
for liquid limit 60% and plastic index 40
cohesion ¢ = 5 KN/m’, angle of friction ¢' = 20°
< strength parameters in total stresses (undrained srength)
- cohesion ¢, = 40 - 60 KN/m, angle of friction g, =
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Fockill

unit weight ¥ = 21 kNm®

sirength parameters in clfective and total stresses:
cohesion ¢ = 0 kN’

®

angle of friction ¢’

45°, for normal stresses 0200 KNim*
angle of friction ¢/ = 41°, for normal stresses above 200 KN

filters
unit weight ¥ = 20 kKNfm'
swrengeh parameters in effective and fotal suesses:

©

ohesion ¢ = 0 kN
angle of fricon ¢’ = 35°

@) clayey rock in dam crest
< unit weight v = 20 kNm’
strength parameters:

- cohesion ¢ = 0 kN/m?
angle of friction ¢/

The safety factors obtained by caleulaions for all sliding surfaces exceed the required
minimum. The safety factors for individual cases are shown in Tables 1 and 2, and the
potenial siding surfaces are given in Fig. 1.

il I R R
p—

o i [ [ i [ [ s Jrae
& 15 | i L [ |23 | i [ i [ aae
T I e T T
TR N e P e
T I I R T T T T

T i s e ey SRS

) PERUCA DAM REMEDIATION



Upstream and downstream sliding surfaces

Fig. 1
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Depth over 500 m - strenght parameters of undrsined clay

Case 11 Depth 0.00 - 750 m - strenght parameters of drained clay
Depth over 750 m - strenght parameters of undrsined clay

Water level 1 Water level EL 36220 m asl.
Water level 11 Water level EL 34300 m asl.
Water level Il Water level EL 36150 m sl

Dam Seismic Stability Analysis

The Newmark sliding block method was used for the seismic stabiliy analysis. The scismic
analysis included:

- Comparative dam seismic response analsis by the Ambraseys and Sarma procedure
(1967), applying the SHAKE program (Schnabel, Lysmer, Seed 1972);

Caleulation of yielding horizontal accelerations causing the it safety factors on the
potential sliding surfaces in the dam body, applying the modificd SSTABI program.

Calculation of pemanca siding body displacements applying the Newmark sliding
(Newmark 1965, Seed 1979), based on the results of the seismic
ontal accelerations. a5 the

respone amiis and cslelaon of the. seing
supporting data for evaluation of the permanent dam deformations.
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The scismic load on the Peruca site was determined by the “Andrija Moborovitic”
Geophysical Department of the University of Zagreb, 1994,

“The maximum expected bedrock acceleratons were obtained by the deterministic procedure
for the three types of carthquake:

(@) canhquake on the dam i

. magnitude M=5.7, maimum acceleration 4,,=0.160
& maximum intensity 1, MCs

s0°

) dow canbquake, cpientral disiance - 7 i g
acceleration 3,
() remotc carthquake, epicentral distance - 21 km, m«gmludc M=66, maximum

acceleration g,

7 5. maimum incensity 1,

‘The maximum scismic acceleration 2,=022 g for the retur period T=1,000 years was
obtained by the probabilisic method, earthquake, 2, while the maximum acceleration for
the operating basis carthquake, S1, is a=0.17 g

Many regulations request that the seismic stability of an structure be. inspected for
cpuring bus exrke, For he okl dm ke sty el of sl o
it is not common to conduct special operating basis
carthquake analyses. Therefore the maximum value g’
analyses, defined by the deterministic proceedure for close earthquake,

The analyses resuls have indicated that the static safety factors are above 15, even 1o
253 for the upsiream liding surfaces, and 205 for the downsiream slding surfaces. The
exception is a very shallow downstream sliding surface where the satic safety factor is
141,

The yilding acclerations with the safety factor 10 range between 0.1 ¢ and 0.28 g for
the upsircam sliding surfaces, and 022 g and 0,63 g for the downstream sliding surfaces.

The permanent displacements along the slding surfaces range berween 0 and 46 cm on
the downstream dam end, and 2 and 108 cm on the upstream dam cnd, Fig. 2.

On the basis of the analysis resuls the below conclusions on the dam seismic stablity
were reached:

The dam body damage is possible under the cffect of the maximum probsble
carthquake on the site with maximum acceleration 5, =029 g due to permanent

isplacements of potential si
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NORMALIZET HEIGH

SEIZMIC ANALYSIS
UPSTREAM AND DOWNSTREAM END

PERMANENT DISPLACEMENT ( cm )

Fig. 2 Permanent displacements along the s|

ing surfaces

It is estimated that the global dam stability shall pot be impaired due 10 the dam
overtopping because the maximum probable permanent dam crest settlement s
about 60 cm and there is an ample frecbourd between the maximum operating
level of the reservoir and the crest; any possible dam crest damage is not
considered signifcant for the global stabilty:

The potential displacements of the sliding masses in the upper half of the dam
may cause local damage in the slope and cracks in the dam body, but it is
cstimated that the planned consiruction of fiters on the both core flanks, and the
impermeable cutoff wall in the central section, shall suffciently prevent any.
possble outbursts and scepage through the core.

The scismic instrumentation and the dam behavior monitoring according (o the
nguhlmm are of particular importance. Would the carthquake with acceleration
over 9,02 g occur on the bedrock, the reservoir level should be lowered

e Bachirget, ubiequely, the dum shoud be nspoed, panicacy the
e upstream slope.
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FLOOD DISCHARGE

For sizing of the remediated Peruca Dam spillvay, the relevant flood wave was the one
with the 10000-years recurrence perio.

“The flood analysis for this design documentation has been prepared for various recurtence
periods. The analyss results are prese “Table 3. All the resuls from the Table arc
expressed in rounded numbers, so the actual value of the 10000-year recureence period
flood used in the analysis s 509.60 msee.

Recurrence. Qs ()
period WET PERIOD DRY PERIOD
o) Oct - May Sept
2 192 670
s m 956
0 250 120
2 255 140
2 200 146
50 31 166
100 30 155
1000 o 29
10000 10 31

Table 3 The maximum Cetina annual discharges with different recurrence
periods for wet and dry pe

AS required for determination of the relevant spillvay dicharge and it sizing. the 10,000-

flood ransformation simulation was. performed i sitation when it eners the
reservoir in which the masimum operating level s on EL 36150 m asl. The maximum
operating level was determined for the new dam crest elevation which is by 15 m higher
than the earlier (to be detailed in the nex section).

Tie s s oo it e 10000sac B cn compely ke s e

spillway. The water level in the reservoie in that case raises from the EL 36150 m s

1 the El. 36220 m asl, with maximum discharge of 427.93 msec to which the chute

had been sized. This high discharge lasis for approximately one day. It should be

underlined that the maximum ood inflow discharge of 509.60 mscc transtorms into
793 mifsec at outflow.
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WAVE TRANSFORMATION Vi THE
SPILLWAY (1006 YEAR RETURN PERIOD)

pr——

TRANSFORMED FLOOD WAV LiVEL X T
RESHRVOI (0MVEAR RETURN PERIOD)

sy ore
2 BoTIoN ouTLE cuossp
B
AR MM MM I M o ®
Fig. 3 Discharge of the 10 000-year flood wave through the reservoir
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“The assumption that only the spllway partcipates in flood discharge is on the safe side,
and it assumes the low probabilty of the bottom oulet gate clogeing, impaired water
discharge through wrbines and occurrence of an extremely high flood wave, al together,

The Fig. 3 shows the transformation analysis results of the 10,000-vear flood over the
spilvay and the corresponding levels in the reservo

DAM CREST ELEVATION DETERMINATION

. the
downstream slope ratio. 1:15, the operating reservoir level on the EL 36000 m asl, and
the maximum reservoir level on the El. 3612 m asl,

The dam crest was on the EL 36300 m asl, the upstream slope ratio 1:L4S,

The actvties related to the development of the damaged Peruéa Dam remediation design
documentation included analyses and calculations of dam stabiliy under the seismic loads
and discharge of 10,000-year floods through the existng discharge structures which were.
o included in the original design documentation

original design documentation did not include the dam stability analsis of the seismic
i el et o practce at the time, and the calculation
possibilides were limited because the modern electronic computers did not exst

On the other hand, the present criteria for determination of the dam crest elevation are
different compared 10 the ones applicable at the time.

The three crucal effects were 10,000-vear flood wave discharge, dam stabilty under the
effect of seismic forces, and height of a wave set-up on the dam slope due to wind.

The gl s of te e ety of il Sy now ks of e
rvoir for the period 1961-1986 defined the hydrograph of the 10,000-year
e s mecai St o s

maximum operating level of 36000 m asl. (o the EL 36217 m
555 e v DA% s, A oo b e des s B i
water level makes 097 m, and the discharge increased by 8493 msec

The scismological and neotectonic investgations defined the maximum  earthquake
acceleration on the Peruca site a5
sabilty, an

9 5. This value was sed to check the dam
the dam crest settlement caused by the scismic forces is about 06 m.
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Fig. 5. The Peruéa reservoir volume curve
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“The analysis of the wind speed, diretion and frequency has shown that the highest
o troeied by e NULES wld o b e o 135 bt end e i e
143 km. The wave height is 140 m, length 19 m, and the wave set-up 0:

According 1o the applicable critera, the dam crests in the scismically active zones should
be designed on clevation 20 - 2.5 m above the flood wave level, Therefore, the Peruca
Dam crest should be between the EL 36418 m asl. and 36467 m asl, which is the
heightening of the design and constructed clevation of the original dam crest at 363.00
m asl by 117 0 167 m.

According to another criterion, the dam crest elevation is defined so that the 10,000-ye
flood wave level is added the height of wave sct-up caused by the wind and frecbosrd
of min. 1 m, which for the Peruéa Dam is 36397 m sl

Therefore, the seismic crterion according 1o which the dam crest should be berween the
EL 36417 m ash and 36467 m asl is relevant for the Peruca Dam. The dam
settlement of S0 em after completion of works s estimated, so that the crest clevation
Of 36500 m asl, ie. 2 m above the dam crest from the original design, with gradual
descend 0 36450 m a1 towards the fanks was preliminarily accepted.

Since the seismic eriterion requested heightening of the dam crest for min. 15 m, the
posibility of raising the operating level of the Peruéa reservoir has also been considered.
“This would give additional water quantiies. Simulation of discharge of 10000-year flood
encounters the reservoir level of 36150 m asl. has shown that the level rose to
the EL 36220 m asl., Fig. 3. With respect to the maximum water level of 36217 m
situation when the 10,000.year flood encounters the maximum operating level at
EL 36000 m asl, this is the level increase of only 3 cm.

Since the level of 36220 m asl. meets the it
36450 m sl it bas been decided 1o raie the operaing water lvel in the resevoi by
15 from the carlier 36000 m asl. o 36150 m sl This would provide an
addiional 26 x 10 m of wate, ic. an increase of approsimately 4%, Fig. 5.

that the dam crest should be on El.

SELECTING THE DAM HEIGHTENING METHOD

Since the anaysis resuls indicated that the dam crest has to be heightened by 15 - 20
m, the heightening method was discussed.

Two possibiliies were considered:

- heightening by backflling on the upstream slope of the existng dam,
-~ heightening by backfilling on the downstream slope of the cxisting dam,
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Dam Heighte

ing by Backflling on the Upstream Slope

The backfilling on the upstream slope requests the horizontal width of 7.5 m. This
includes 6 m required for geometrical reasons provided the dam crest widih

“This s aso the width providing for normal work and tratfc during performance ey
while 15 m is required for the rip-rap.

The backfilling s carried out by rolling in approx. S0-100 em thick lyers, followed by
placement of rip-rap. The reservoir water is (0 be empied o the bottom, under the than
allowable EL 33000 m asL., namely the minimum operating level of the Peruéa HPP of
. only after the backfilling is completed on
S m, which with respect to duration of works for the EL 33500 m asl. means

32500 m asl. The said clevations are a

add
approimately 2.5 months. During this period the power plant would be out of operation

Special problem s fillng of joinis between individual blocks of the existing rip-rap by
pressing the rock material under the water jet pressure

Total of approximately 130,000 m’ of materia is used for backfilling.

tening by Backfilling on the Downstream Slope

The backfillng on the downstream slope requests the width of 6 m, which s both
‘seometrical and technological minimur.

The basic problem related 1o the backfilling on the downsiream slope is viciity of the
Peruéa HPP switchyard, ic. the fact that the dam toc penctrates the swichyard area. For
that reason, the construction of a 5.0 m high retaining wall is planned which would
minimally enter the switchyard,

Such a solution requests only relocation of three clectrical cabincts and. reconstruction of
a concrete pilar, ic. its base would be founded in the retaining wall The works also
incudes the retaining wall construction around the botiom outlet ausliary gate house, and
extension of the access tunnels leading (0 the grouting gallery for 6 m.

In this case, throughout performance of the acthvties the reservoir level can be maintsined
on the EL 330.00 m asl. With good organizaon, the work on the retaining wall in the
switchyard would last for & month. The power plant shutdown is necesary only while the
rctly entering the swichyard are is consiructed, for ot more than o

part of the wall
weeks.
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¢ of materal, the

The backflling on the downstream slope requests about 80000 m’
retaining wall volume i the switchyard includes approximately 700 m of concrete, and
around the suxiliary gate house 350 m of concrete, Figs. 6 and 9.

Selected Solution
The analysis of the above altermatives and the cost estimate lead 1o the below conclusions
The advantages of the backiling on the downsiream slope are:

() The downstrcam dam shel increases, which favorably affects the dam stabilty;

() The required quantity of material is approx. by $5-60% lower;

() The large rocks are not required for the rip-rap:

(&) There is no need for Glling in the cavites between the rocks in the downsream
shell;

() There is no need for a forced emptying of the reservo

. which s very important
with respegt 1o the Cetina river regulating:

(0 The Peruta HPP shutdown would last for 15 days insicad of 2.5 months requested
for the alterative with the backfiling on the upstream slope; this is important
YT T e e discharged through the
power plant

®  The works ol san ko i, whi the alsuthe vith th bckling
on the upsiream slope would require empiying of the reservoir;

(W) The costs of backflling on the downstream slope are about 34% lower than the.
costs of the backfiling on the upstream siope.

The advantages of the backfilng on the upstream slope are:

(@ Simpler work organization

() No interferences with the switchyard

(@ No traffic through the power house which is unavoidable in case the protecive wall
s built on the switchyard.

The comparison gave the priorty (o the backflling on the downstream slope

structural, technological and financial aspect, so this alienative was accepred for the Peruéa
Dam heightening.
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SOLUTION OF THE REMEDIATION

The final design for the Peruca Dam remediation was based on the acceped s n
June 1993 The final design did not considerably depart from that design, and
differences were an outcome of the new information obiained through hy:lmlng)t

orologi investgations  studies and. calculaions, and need 1o respect the
actual field wmlmom, Figs. 7 and 8.

Therefore, the final design documentation for the Peruca Dam remediation included the
below activites

-~ removal and reconstruction of the heavily dmaged left and right dam ends and
510 m high section of the dam erest,

= the plastc concrete cutoff wall i builtin into the central dam part to take over
the role of an impermeable clement instead of the damaged clay core,

T ol o s & et 7 o s g o o 06 S
wall route in order to protect the wal t

© B e il ¥ ot i o

< the dam crest tened to the design clevation of 36450 m asl. with
constructon elevation in the central part 365.00 m asl. and in the ends 36450 m
ast,

-~ the dam heightening i achieved by backfiling on the downsiream end, and a
switchyard and auxiiary gate house retaining wall is constructed in the dam toc.
Figs. 9
the spillvay, including the gate house, is completely removed and built anew;
the flap s increased by 15 m, and the spillway flap span s 10 x 7 m instead of
0x5m
the new hydromechanical equipment is insalled;

= the chute is partially reconstructed for acceptance of spilled discharges in case of
a 10,000 year flood wave;

- the Cetina riverbed s partly reconsiructed in the point in which the chute enters
the Cetina;

-+ the left and right plaforms in the dam ends are heightened (0 the EL. 36450 m
ask, which elevates the level line of the access roads;
the consolidation grouting is performed on the grout curtain and the  contact
srouting in the joint between the gallery and grout curtain;
to achieve impermeabilty the joint between the grout gallery and cut-off all

foundation is grouted;
-~ the monitoring instruments are installed.

The technical solutions shall be detailed below.
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Fig. 7 Remediated Perua Dam - layout
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GROUTING GALLERY REMEDIATION

The essential problem related to generation of a solution for the grouting gallery
remediation was lack of precise data on the gallery condition. The gallery condiion and
the scale of its damage could not have been determined since the access tunnels Nos. 1
and 3 were demolished and completely blocked, while the access tunnel No. 2 was heavly

damaged. However, from this point the gallery was accessible 10 a certain degree, which

enabled inspection of some 0. m.

Therefore, a decision was brought o prepare a standard solution for the gallery
remer for three degrees of damage. This lead to four types of gallery remediation

~PERUCA DAM REMEDIATION o



@  TYPE1

assumed damage included cracking of gallery vault and walls, with no deformation,
while the vaul retained its statc function.

The remediation for this degree of damage would include placement of 10 cm thick
shoterete lining reinforced with double Q-131 steel mesh.

“The preparatory works would include cleaning of the exising gallery concrete covered with
500t after the explosion, and sandblasting of surface (o provide for 4 quality bond with
the shoterete, Fig. 10,

®  TYPE2
The assumed damage included major cracks and deformations in the gallery which had till

i its shape. The parts of the vault were ripped off. However, the vaull retained
its static function although there was a threat of its partial or complete c:

The remediation for this degree of damage would include placement of 15 em thick

s e vih st it b TUZL il G ol i doste Q13 s
reinforcement. The average axial distance of arches of 10 m is anticpated. The

points in which the concrete broke off should first be filed in with the shotcete, Fig. 10.

The preparatory works would include cleaning of the existing gallery concrete covered with
soot and sandblasting of its surface

© TYPES3

The assumed damage included complete collapse of gallery, vault and walls, while the
foundation slab would be damaged and the new one should be placed.

‘The remediation is performed in o stages:
- Firs, the excavation s carred out under the protection of steel sited arches YU-
21 with flexible joint and steel plates. The plates are fixed above the arches. The
axisto-avis distance between the arches s approximately 65 cm, but it can be

smaller if necessary.

The excavation goes along the profle perimeter 10 the steel arch, after which the
internal part of the profile is excavated.
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The 80 cm thick gallery conerete lining is placed in @ steel-wood formwork, and
the pumped concrete s placed.

It is planned 10 bond the newly consiructed part of the gallery with the exiting
foundation slab by anchors. The anchors are 1o be drlled ino the slab. The gallery is to
be constructed in 20 m excavation units, Fig. 10,

The gallery crosssecton s reduced as compared (o the original gallery in order 1o achieve

the reduction in excavation works.

@  TYPE4

“This type of remediation is applied on the gallery parts reconstructed and access tunnels

open trench, afler the dam ends have been removed. The 80 cm concrete linng is
alo placed in the steelwood formwork using the pumped concrete. The gallery fining in
not reinforced, except for the joints between the old and new conerete and in branches.

I s also planned that the gallery reconstruction would be followed by contact grouting
behind the lining in order (© il in the remaining cracks caused by shifing of individual
blocks which could not have been filled in during the remediation, Fig. 10. This is
important because i this way the full contact between the galery lining and the clay core
structure of the vault and provide

il iy n rer (0 f e i con
its symmetric loading

e desn documenaion ko anicpted moiori g the gally recinion. T
observations, primarly regarding safety and
n work,

monitoring was aimed at the structure beha
structural stablity. Since the gallery remediation actually presented the investgat
it was focused on oblaining as many information sbout the core condition s possible.

The following monioring, investigation and measurement actvites were planed 1o be
carried out during the remediation works:

-+ geotechnical monitoring,
-+ comensence measurements,

- geodetic suncying.

-~ taking of undisturbed dam core samples

The geotechnical monitoing includes determination of the material properties in the front

Scction of the cavedvin gallery part trench, surveying of the constructon. procedures and
daily records of quantities of the bultin support, namely timbering.
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‘The convergence measurements and geodetic survying were planned to be conducted i
the profiles set in specified intervals, for each change in excavation conditions and in
itical poinis such as fracuured zones, etc.

The measurements 1o be conducted in each profile were:

- diagonal convergence,
- horicontal convergence,
-~ absolute arch shift (geodetic).

o determine the dam core condition, the undisturbed clay core samples were o be taken
along the entire gallry.

CONSOLIDATION GROUTING ALONG THE CUT-OFF WALL ROUTE

The primary objectve of the core grouting was filling in the cracks and cavites generated
in core by the cxplosion in the dam, in order 1o prevent stury losses and cavingin of
the cutoff wall trench wall,

“The consolidation grouting s related with the type of technology applied in construction

cutoff walls. Regardiess of whether a grab or hydraulic trench cutter is used for
excavation, the twench walls are secured with slurry, which is the standard. technology
Bl in e e of woks. Ths o prsent prbien v sch (i i e
sl of sy o though or presence of material of larger grain
s w1k I b i o e st 8 machinery as conscaquence.
However, such cases are rare in trenches excavated in the natural so

il, we expected a sitation in the damaged Peruéa Dam core 1o be completely diferent.
The assumption was that & mumber of finer and larger cracks opened in the dam core
a5 a result of the explosion. Ao, it was assumed that the considerable settlemen, 35 the.
consequence of the gallery caving-in, generated the relef arches in the core, which leads

t© formation of cavems. This assumption was confirmed during the  grouting. gllery
remediation works, when a considerably large cavern was encountered i the cavedin core.

AWl the above said indicated that there was 4 realisic isk of sbrupt slumy loss durin the
cutoff wall trench excavation. This would cause the trench walls caving-in and trapping.
of cxcavation machinery, and consequently longer stoppage or works, the loss of machinery
or extensive expenses for its savage. Therefore, the measures were considered which should
be undertaken 1o minimize the possbilty of the abrupt slurry losses during the cutoff
wall consiruction. One of these measures is consolidation groutng.
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“The decision on consolidation grouting of the core and partly of filter layers along the
cut-off wall route was brought by the Peruéa Dam Remediation oard of Experts on the
meeting comened on December 7, 1993, afier a comprehensive consderation of the isse.

‘The grouting was planned (0 be carried out in the central dam section which has not
been removed, in 2 256.30 m long streich, between the stations 048770 and 3+44.00.

The grouting was 0 be performed in the boundary zone along the route of the future
cutof wall trench, from the working platorm between the EL 35300 m as. and 35800
m asl. from which the cutoff wall construction was lso 1o be carred out

The primary row of boreholes was to be drilld first. When grouting of the primary
borcholes was completed, the delling of control borcholes for the grouting conteol were
1o be drilled. The control borcholes are made by core drillng. Would nirol
vl resls e o 5 conlion hat 3 row of econary orehls s ecea, they
shall be drilled i the scction where they are requested.

A twiangolar arcangement of the primary grouting boreholes was designed. The distance
between the boreholes in direction of the cutoff wall axis and in the ayout is 14 m, and
14 m along the height of the triangle which is vertcal 1o the cutoff wall axis, Fig. 11
The control borcholes are delled in the designed secondary borcholes locations, in
wiangular arrangement and located in the mid-distance between the primary borcholes.

Two grouting methods were planned for the clay core consoldation along the cut-off wall

- downward grouting in parallel with borchole drilling (SIBUP),
srouting with gravity filing (sravity grouting).

Both selected methods meet the specific conditions of the medium in which the grouting
s performed and the specified requirements.

The prouting medium s the dam clay core and partially the filtrs, and it is completcly
aypical for this type of works, which considerably affects the grouting technology. Thi

it was not simple 1o decide which grouting method would be the most suitabl.

1t was concluded that the decision on the mos suitable method shall be brought afer the
il grouting planned within the geotechnical and geophysical investigations was completed.
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As regards the grout mix ratio to be used for

in the cracks in clay, the e the

to 1:07. Al would the cavern be encountered during the grouting the slurry would be
used with addition of sand. The sturry content in such case would be: 30% cemen, 10%
bentonite and 60% sand.

As regards the grouting pressure the actual risk of hydraulic fracture of materal existed
since the grouting was performed upstzeam the gallery in & comparatvely thin clay corc
segment. Therefore the grouting pressure determined related 10 the cffecive vertical
stresss in the dlay core and vaied beuween 100 KN/’ for the
for the depest of the injected borcholcs.

The consolidation growting progress and resus are presented in a special paper.

Kev

(- asnc concree -
@ - oo v

A - croum extoison Raos

Fig. 11 Arrangement of boreholes for consolidation grouting along the
cuteoff wall trench route
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CUT-OFF WALL

The cutoff wall is builtin into the dam body 4 m upstream the grouting gallery axis, in
order 10 take over the impermeability function of the damaged clay core, Figs. 6 and .

In its joint with the left and right dam end the cutoff wall is cut into them for 2 m.
Itis also planned that the cutoff wall cuts for 2 m into the bedrock, namely the conerete
plinth immediately below the central dam section.

Too b bl G i U, ctll wall s dtrmlnion ke
mechanical o of the cutoff wall material and its depth. The calculation was
conducted of the cut-off wall characteristcs under various loadings. The calculaton included
the stresssrain analyss for diferent loadings. This subject is covered by a special paper,
and this paper shall give a summary of the analysis relted to the cutoff wall

The calculation were based on application of the FEM method, respecting the clastoplastc:
behavor of the material and nonlinear relaton of stress and stffness, namely sirength and
o of the carth material in the dam. The FLAC computer program was used
which enables solution of such complex. geotechnical siain problems.

For calculation of the cutoff wall internal forces, the following dam body loading stages.
were simulated:

6 phases of backfillng during the dam construction in 10 m high layers
removal of the top layer, dam reconstruction

< cutolf wall construction, backfiling the last layer and dam crest heightening with
addiional ilng of the downsiream siope
= scismic loading, set as the static force equivalent to 15% of the total weight,

The cutoff wall material characteriscs were varied in the calculation in order 1o come
0 optimum charactersics.

= For all alteratives of dam materal siffness and cutoff wall material stffness and

e ol b b e Ak, s
wall displacements which cause occurrence of oy i Hinge in e sugporing
point on the dam foundation level In all other points the bending moments i the
cutoff wall are smaller than the crosssection bearing capacity regardless of the
assumptions o stiffness and strength parameters.
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- The transverse crack in the cutoff wall plasic hinge, caused by lack of cutoff wall
s ol st 90 g fn s 0 e domsrcn
off wall cdge. In the most extreme case, the crack opening is less than 5 mm.

-+ The parameter amalyses have shown that possible softening of the cutoff wall
material, and thus reduction in its suength (where the analyzed ratios of
Young's modulus and strength are from 1000:1 (0 300:1) does not climinatc plastc
hinge in s bottom. Since there is certain possibility of cut-off wall material
crosivity in the crack location, the cut-off wall material should have satsfactory
trength, and it is recommended that the cutoff wall material be designed o that
its Young's modulus does not cxceed 400 MN/m', and the compressive strength
after 28 days s not below 1 MN/ar

“The calcuaton has shown that the cutoff wall characteriscs should be:
- cuolf wall compresive strength must be over 10 MN/m

- Youngs modulus of elasicity shall not exceed 400 MN/m*

- Darey impemeablity cocfficent shall not be above 10° misec.

It has also been determined that the cutoff wall thickuess shall be 10 m.

It was decided that the cutoff wall shall be constructed of plasic concrete with the above.

eharacteisis
i design documentation includes a comprehensive quality control program for the period

before and during the cutoff wall construction, and the esting program for the compleicd
cutolf wall,

PERUCA DAM REMEDIATION o



Additional longitudinal cut-off ws

forces [ KN/m' |
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Fig. 12 Cutoff wall caleulation results
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Fig. 13 Graphic presentation of the cut-off wall calculation results
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The dam body consiss of:

< day eore
© e el done s ke
upstream and downstrcam
i v 2 iy o .

Because of the downsiream widening. the dam axis is placed asymmetrically to the roacay

axis and actually respects the o nal dam,

Maximum dam width in the botom, in the deepest part of the left end, is approx. 125
m and in the right end approx. 9.0 m. In ts top section the dam s towards the top,
which is the result of the dam heigh

cutoff wall t s

', and need for adequate connection with the

Clay core is protected from the upsiream and downstream end by 20 m wide filer layers.
In the dam (0p section, in the low pressure zone, the upsiream filker is narrowed 10 15

The upstream and downstream shell are planned to be made of rock material. On the
upstream slope, the 15 m wide belt of larger size rock material is planncd, including the
fiprap.

The dam cres shall have a builtin claey rock layer, Fig. 14
Widening of the downstzcam shell 1o 6.0 m shall be achicved with rock materil and
lateral stepshaped cutting in into the exiting dam body.

Material Characteristics

“The design characteristics of the dam body material are s follows:

@ cny

“The core construction mateial i clay of intermediae to high plasticy, CLCH, taken fom

the spoil area on which it was disposed when arler excavated from core or brought in
from the deposi
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The clay characteristics shall be:

s ze composiion 356 < 0002 mm 75% < 006 mm
© loud limi % < W, < 6%
index of plasicty 0% < 1P < 3%
compacton, mlied Proctor  Wag = 1724 (%) 1, = 175155 (i)
compaction of buiin chy 1,0 = 095 v, po modied Proctor

) Filter Material

The fiter material s rock material of natwral origin, well graded gravel and s
boken sone of deguae naua orig, or batcd rock. Use o the exsing fher e

watcd calier from the dam body has been planncd, if possible; the material from
A depns e s e T b et

The material for the fiters had o be hard and sound broken stone with specifc gravity
of minimum 25 KN/

The selected filter material should meet the Sherard crierion - the diameter of 15% fier
grain DF 15 = 07-15 mm. The grainsize curves of the dam fiter layer materiol are

The unit weight of the builiin dam fiter layer material should be 07 of the muximum
unit weight obiained in a laboratory.

(©  Upstream and Downstream Shell and Upstream Slope Rip-Rap Material

The upstream and downstream shell and the upstream slope rip-rap material is rock of
adequate composition and quality, cither of natural origin or the limestone rock, or all
types of eruptive rock. It has been planned o use the rock from the quarry which had
been exploited during construction of the original dam.

The grainsize composition is specificd for o types of rock material, the material used
for the upstream and downstream shell designated with, “K”, and the onc for the
upstream slope rip-rap, “K, Fig. 16.

The largest fraction for the K, material is specified not 1o exceed 500 mm. The rock
material with more fine grains may be builtin into the shell inside, while the grain of d

< 2 mm shall not participate with more than 40%, and the grain of d < 0006 with not
more than 5%
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The unit weight of the builtin material for the upstream and downsiream shell must be
20 KN

It has been planncd to build 15 m thick and 27 m wide upstream slope rip-rap of the
material including the large rocks namely stone blocks and coarse gravel, Ky As a rule,
the largestgrain was ot to exceed 10

The grain-ize curves for the rock materials K, and K, are shown in Fig. 16

@ Dam Crest Clayey Gravel and Rock Material

I has been planned to build in the claey gravel and rock material in the very dam crest.
This was the solution used for the orginal dam, and sclected for protection of the clay
core against drying out.

The unit weight of the material should be min. 18 KN/

The grain-size curve is shown in Fig. 15

Placement of Material

Contrary 1o the rock material placement by hydromonitors into the original dam, the
reconstructed dam material was placed by rolling and compacting in layers. All other
materials have also been planned for building in by compacting in layers. The design

minimum thicknesses of the compacted layers are:
Mixed rock material 60 em, compacted
Filer 0 50 cm, compacted
Clay 25 em, compacted
Rip-rap. ©10m

It has also been planned to determine the optimum thicknesses by trial compacting

The design documentaton also includes a comprehensive material quality control program
applied prior 1o and after the material placcment. The sampling procedure is specified,
both the in-sits sampling and laboratory testng of sampls. It has also been specified that
the onsite soilmechanics lsboratory should be set up for testing of the material samples.
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Fig. 16 Grain-size curves for the shell rock material
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SPILLWAY STRUCTURE AND CHUTE,

General

“The original spillway, including the gate house, was heavily damaged and, afer o thorough
inspection, it was decided that it should be completely demolished and rebuil,

The new spillway was sized for the 427.93 misec discharge, which is the maximum
discharge of the tansformed 10,000:year flood wave at the maximum reservir level at EL
36220 m asl. The discharge requests 4 span of 10 x 7.2 m,

The spillway crest remained as in the original dam on EL 35500 m asl. Since the

s planned 10 be on the EL 36150 m asl. it was specified that
05 m above the operating level, on EL 3620 m asl.,
namely that the flap should close the area of 10 x 7

Hydromechanical Equipment

When the spilivay gate was selected, the intention was (© retain the same gate type,
namely 10 use the flap. In additon (o being the most suitable for this type of sructures

by s characterisics, the possible insalltion of another ype of gate would require larger
spilvay structure, which we wanted 10 avoid.

On the other hand, there are not many structures in the world with a 10 X 7 m flp.
The basic. problem with a flap of (his size i (0 ensure its siffness and reduce the
deformations at full 1oad 1o the acceptable minimum. The flap closing mode is crucial.

Theretore, three modes of flap closing have been analyzed, ie. by hydraulic cylinder
installed in one end of the fap, by two hydraulic cylinders insalled in both flap ends, and
one cylinder instaled below the fap.

It was decided that the best solution is the one with the cyl
below the flap, Figs. 17

inder placed in the shaft

“The flap ties on three bearings in the spilway crest conerete. Under the maximum loading,
when the flap is on its top level, the central and side bearings suffer the tensile force of
2080 KN, 1600 kN, respectvey.

These forces are taken over by 6 @ 70 mm anchors embedded in concrete under the
central bearing, and 6 @ S0 mm anchors under the side bearings. To prevent concentrated
loads within @ narrow concrete stip around the anchors and their transmitting 10 the.
éntire spilway strucure, the spillvay crest is ftted with the rinforced concrete beam £

in the lateral wals
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4030 kN force when the flap is opened at maximum loading.

To prevent freezing of the lateral rubber flap seal, the design anticipated heat tracing of
the lateral shields. Each shield has two.heat tracing systems. One system is for that part
of the shield included in the first siep of flap closing to EL 359.50 m asl. The other
system heats the rest of the shield and s actuated only when the flap is already lowered
0 the EL 35950 m asl. and its further opening is antcipated.

Flap Control

The fap control is generally automatic, but there is lso a possibility of manual control,
The flap opening modes and requirements are determined by the design documentation,
and they are based on the 10000-ear flood wave discharge over the spillvay. The flap
opening requirements are:

the reservoir level should be maintained at the EL 36150 m s

< would the level exceed the EL 36152 m asl, the flap opening starts

-~ the fap opening s carried out in specified steps

© the frst opening step is lowering of the top flap edge by 25 m, from the EL
36200 m asl o the EL 35950 m asl.

< in case the water level continues o increase above 36120 m asL, the flap should
be open in the below steps, Trable 4.

OVERTOPPING

OPENING, FLAP OPENING HEiGHT
STEPS

EXEEEEE

fap fully open 65

Table 4 Spillway flap opening steps
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Fig. 18 Spillway structure - longitudinal section
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“The flap opening calulation was done for the 10,000:car flood Where Q= SI9.60 s,
wave seteup time 4 hours, which results i an hourly discharge increase of 531 mYs, The
i i e ek sash e e & s 6 s,

L, and the allowable

Proided the reservoir level is maintained on the El. 361 a
increase s +2 cm, the below results have been obtained, s

Lot [rip opeing| OominE | Ovroming
(m asl) (cm) (m) ()

s | s | om 59 [
o | w 20 0 50
o | @ o i 70
o | w o1 756 [
s | w s ) o0
s |0 s o )
s | o oo w203 o
oo | ost w671

550

Table 5 Discharge of the 10000-year flood wave over the spillway

The fap s completely open 5 hours afier the flood wave inflow.
In case of the flap control system failue, the safety valve is actwated by  float in the
control shaft when the reservir level increases above 36200 m sl In that case the flap
is fully open.

Spillway Structure

The complete spilvay structure, including the cylinder shaft, is founded on 4 hard rock.

The spillvay structure foundation level i 34800 m asl, and the cylinder shaft is on EL
30285 m asl
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The concrete works on the spilay structure are divided into o stages because of the
hydromechanical cquipment mounting. During the first stage, the  reinforced concrete
Structure s built with the hydromechanical cquipment mounting holes. During this stage,
the anchor plates and anchors are embedded for fiing of the hydromechanical cquipment.
The sccond stage follows after the hydromechanical cquipment has been mounted. The
MB30 concrete and RA 4001500 reinforcement s used.

The specified allowances for the concrete works are = 10 cm and for the anchors and

anchor plates = mm.

The spilivay structure has side vent shafs for the spillvay jet venting. One of these shafis

s also used 1o access the hydraulic cylinder shaft.

“The joint between the spillvay structure and the clay core is usually the most sensitive
e a concrete dent for realization of this

joint in the right wall of the spilivay strcture.

Gate House

gate house is located by the Ieft wall of the spillway structure, in the lefi access
platform. The ground floor has two rooms. One room houses the flap control equipment
and electrical cabinet for power supply of the flap, headeace tunnel gate house, lighting
of the dam and access roads. The other room houses & central instrumentation and dam
monitoring cquipment control system, and five accelerographs for seismic measurements at
the dam. The upper floor are planned for accommodation of the gate house guard

Chute

As already said, the maximum discharge over the spillvay for the 10000-year flood is
42793 e, Since the exising chute was sized for the discharge of 34000 msec, which
was the discharge capacity of the original spillway, the analysis was made using the
discharge of 427.93 m¥cc. The analysis has shown that the determined water level in
Some chute sections exceeds the walls by max. 95 cm, so their heightcning was required
In order to get the overflowed water jump in the spillway basin, the lateral walls were
o be heightencd on the left and right side by 1 m and 25 m, respectively, and the
spillway sill by 15 m.
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MONITORING SYSTEM
A complex system of measuring instruments is set up for the Peruéa Dam monitoring.
The below types of monitoring are planned:

-~ visual observation
- geodetic survey of horizontal and vertical shift on the dam surfuce
< concrete wall tling and twisting messurements
-+ clay core pore water pressure gaging.
total clay core pressures gaging
-~ measuring shifts of horizontal points s the dam body
= measuring shifts of vertical points is the dam body, setlement
measuring piczometrc levels in the downstream dam toc
scepag

-~ dam crest expanding and shrinking measurement
- hydrometcorological measurements.

truments grid consists of permanently installed devices which
ntinuous measurements, and the measuring points and instruments for periodical

The measuring points and
po

“The measuring points in the dam body are grouped in 12 monitoring profiles characteisic
for various reasons, on which various measurements are performed. This facltates
determination of the causes and consequences on various dam-related events on the profle.

In additon to the profile, the measuring points are set in the retining wals in the dam
t0e, and around the botiom outlet gate house, dome by the spillway, and the reservoir

The permanently insalled instruments are connected with the Monitoring Center from

oring is controlled and the data collcted.

The Monitoring Center is placed in  separate room in @ gate house in the et dam end.
Mt 5 oo el i Seoion o e spssebed, wosks
available on the computer cnable sei
of necessary analyscs.

& up of measurement time intervals and running
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The Center also houses

five accelerographs which are interconnceted with the sensors
located in the galley, dam crest and downstream bedrock. The seismologieal measurcments
are independent from the system controlling other measurements.

“The measurements in other measuring points which arc ot interconnected with the centrsl
system ar

performed by the sunveying instrumentation and other portable equipment, and
present useful supplementary source of information and sccond check of the carlier

specified measurements.

‘The monioring system in the Peruca Dam is described in more detail in a special paper

CONCLUSION

‘The Peruca Dam remediation project has been successfully brought to an end, regardiess
of numerous dificulties it was faced with,

The engagement i o el for s paripants priarl b of he
A paramiybont applicd on the project, but also because of the circumstances
in which it was realized.

The Peruéa Dam remediation project also attracted attention of the internationsl
professional community, and our experts have received acknowledgements on many

Regardiess of the valuable professional expericnce and the acknowledgements awarded
5, we would like the Peruéa Dam case to be the first and the

Of this sort 50 o future projects similar to the Peruéa Da

be necessary.

st terrorist attack
tion Project would
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SITE ORGANIZATION AND
REMEDIATION WORKS

MLIO ZEC, B.Sc.
Construction Supervisor
Croatian National Electricity Lid,
SPLIT

ABSTRACT

The Peruéa Dam remediation is interesting from the civil engineeri 4, because
o the specifc technial and argancatinal s which . 1o be. soved. The specic
characteristics of this project are:

- strict remediation schedule imposed by the clectric power demands underlying the
everyday life, work and development,
itions for a logical development of the project stages, ie.

design

< construction,

© establishment of organizational grid for various ac
of a tight schedule and limited space,

< assurance of per with respect 1o progress of works, quantity of
builtin material and weather conditions,

-+ simultaneity of remediation works and reservoir explo

-~ permanent threat of war operations.

ies within the framework

A i requeed ol commbment 450 cgugment of Wl the paricipants on the
decis

daily basis, und
(wm Moo e i sy ot 1t 4R B o very
g00d, which lead 1o successful completion of project.

The sope of ks cared ot o the et s 00 s, b i ind 0
complsty of the piect, specitc s of ind
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INTRODUCTION

In order to give @ complete insight into the site organization during the Peruca Dam
remediation we shall ot focus only on the organization of individual activiies but also
on the topics which have been partcularly mportant and had  specific effect on the site
organizatio,

- chromology of evemss, from the explosive blasting o the completion of the
remediation works,

- site organization with respect 1o the viinity of the enemy arilry

- cxploitation of the reservoir during the remediation works

PERUCA DAM PROJECT FL
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CHRONOLOGY OF EVENTS

“The cxplosive, that the Serbian paramilitary forces and the former Yugosa Amy had sct
several month carlier in the Peruéa Dam inspection gallery, was blasted at 10:48:55 am,
on January 25, 1993. The intention was to destroy the dam, prevent s reconstruction and
cause the catastrophe downstream the dam. Since at the time of explosion the reservoir
level was on EL 35620 m as., which is about $ m below the level the enemy accounted
for when preparing the destruction plans, the catastrophe was avoided but the dam
suffered significant damage.

The dam was accessible at 800 am, on January 29, 1993, Than, the works started on
closing the crater in the right dam end, backflling the subsidence in the central part, and
closing the crater in the left dam end. The backfilling material was brought from a 25
K remote quarry, and some of the dam material was used.

The reservir level was 120 m above the spillvay crest over which the water was flowing
downstream, into the Cetina_riverbed.

Since the downstream edge of the erater in the left dam end was only 30-50 cm sbove
the reservoir level, the danger of water overtopping the crest and flowing down the
downstream dam slope was present. 1t would cause erosion and weathering of the major
part of the dam.

The blasting of the explosive damaged the grouting gallery and the clay core.
Consequently, the water burst into the gallery. The water was flowing from the galery
through the drain pipe placed under the dam body which leads 1o the Peruca HPP.
switchyard and ends there in the form of 4 vertial shaft, Fi. 1.

The water running through this pipe carred chunks of clay, rock and concrete to S0 cm
in diameter, Photo 1.

When the craer was closed at about 11:10 am, the water flow through the drsinage pipe
was stopped, only 10 restart from the access wnnel No. 2 in the right dam end.

“The next step was opening of the bottom outlet gate at 1615 pm, on January 29, 1993,
The reservoir cmptying started at discharge of approsimately 220 ms. The gate was fully
open, and the empiying lasted until March 12, 1993, when the reserv
EL 31480 m asl, which means that the reservoir was practically empry.

remediation works run simultancously

The monitoring of the dam behavior after the
explosion, ic.
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Photo 1. Janvary 29, 1993 - Switchyard drainage shaft

-~ scophysicel prospecting.
-~ water flow velocity measurements in the reservoir, on the upstream dam slope,
-~ measuring flow rate and twrbidity of water from the aceess tunel No. 2,

< dam seulement monitoring,

-+ cracks monitoring

< visual inspection.

After the emergency measures to save the dam were undertaken, and the downsiream
jes were oriented towards the soonest. possible
remediation of the dam since the Peruca reservoir significantly affects both the power

region was protected, all further act

gencration of the downstream Peruca, ale and Zakuae Hydroclectric Power Plants, and
Hrvatatko polie and Sinjsko pole fiekds flood control
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The Peruca Dam remediation did not pose a major problem, because there is a number
of experienced and qualfied Croatian comparies capable of contracting the hydroelectric
pover s sxd ot proes They e Elcktopikt Comlig Engacers L
the architectengincer of all the hydroclectrc power plants in Croatia; Konstruktor Building
Contractors Spli, the contractors on a number of n,ammmm o, i e
Peruéa Dam; and Geotehnika Zagreb, & company speciaized in foundations and gro
which t0ok part on @ number of projects both in Croatia and abroad. The Peruca Dam
temediation was contracted with the above companics.

The Owner, the Croaian National Eleciy, has 4 large exprience_on_ consirucion
Supervision of the hydroclectric power planis, 50 that the dam remedis
and supervision organization posed no. probl

management

The only real problem was. the i
lives of the people and machinery.

ity of the enemy, who permanently threatened the

In Aprl 1993, the Investigation Works Program was. prepared for determination of the
dam damage location and extent. The intention was 10 use investigation work resuls in
preparation of the technical solution for the dam remediation. Howeser, the permancnt
cnemy activty prevented completion of the investigation works but for the geodetic
sunveying of the dam setlement and displacement.

Based on the visible damage and acquired data on the dam behavior afer blasting, the
it s sl
b Jlability and

ns were analyzed and the most favorable selected on

asis of it rlil costefectiveness

The Board of Experts of the Civl and Hydraulic Engincering Department of the
Elektroprojekt Conslting Engincers Lid. accepied the dam remediation proposal consisting
the below activities on their meeting convened on June 14, 1993, Figs. 1 and 2

the. groui ry reconstrction, w
collctng of dota o he sy core saes

i includes the  investigation works for
the maximum load ares,

-~ construction of the impermeable plasic concrete cut-off wall in the central part,

- reconstruction of the left and right dam ends according to the original design
documentation which specified the clay core,

- reconstruct the dam body in the cental segment (0 the El. 35300 m asl, namely
35800 m asl, in oder o remove the dam material damaged in explosion and
create a sufficiently wide space for the plastic concret

(¢ cutoff wall construction,
= level. the upstream slope until the design slide slope atio s achieved,

PERUCA DAM REMEDIATION o
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Fig. 2. Final solution - typical cross section
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© reconsiruct the spillvay and the gate house.

Ihe present solution was accepted by the Croian National Electricity Evaluation
S i City of Spiit on June 25, 1993,

‘The preparatory works started for the grouting gallry remediation. The remediation started
o A 1 199, when e scssstannel No2 i staion 247525 vas enere By
1, 1994 the remediation of the gallry was completed unil the station 143347, including
the lowest central part of the gallery on the bottom clevation of 305.00 m as). The
remediation of the iy lomrds th et dum ez, o the saion 04508, wis x
(ed that the material displacements and siding should be
cpacid, which woud cadoge 1 s of b ckbum. 1t o b planned 0

right dam end remediation should be continued after the left dam end gallery remediation
is completed in the open trench.

ed since it was

‘The works on removal of the upper dam part material 1o the EL 35300 m asl. and
subsequent excavation in the left and right dam end should have sarted in February 1993,
but since the encmy attacks were permanent the works did not start before April 6, 1994,
“The works in the left end were completed on July 1, 1994 and in the right dam end on
Scptember 15,

When the left dam end excavation was completed, Photo 1, the grouting  gallery
reconstruction works started between the stations 0+34.55 and 049055,

The left dam end excavation enabled continuation of works on the grouting gallery
excavation and reconstruction between the stations 0+90.58 and 1+3000 which was
planned 10 be performed by the tunnel method,

The grouting gallery reconstruction had the  prioity. The backfilling of the left dam end
had 10 be sarted as soon as possile since the preparatory works for the cut-off wall
construction were scheduled for the beginning of September 1994

‘Therefore, the coordination and unobstructed progress of the works had to be ensured on
the grouting gallery in the open part of the left dam cnd, station 043455 (0 0+90.5,

n, station 0+90.58 0 143000, and building in of the material in
the left end, from the station 0+90.38 1o the spillvay, from the EL 32838 m asl. o
35300 m asl

In order 1o enable parallel work on reconsirction of the external and tnnel scction of

part of the extemal gallery berween the stations 048050 and 0+8550 was completed st

12 PERUCA DAM REMEDITION



Photo 2. July 2, 1994 - Left dam end - completed excavation

Photo 3. Scptember 15, 1994 - Right dam end - completed excavation

PERUCA DAM REMEDUTION m




Phato 4. Grouting gallery excavation between the stations 0+90.58
and 0+93.00 from July 12 to July 28, 1994,
through the unconcreted part of the gallery

Through this part the gallery excavation material was
0490.58 10 049300, where the tunnel method of reconstu

The works on this criical part of the gallery reconstruction were completed on July 21,
1994, and the buiding in of material in the left end started on July 25, 1994

Afier completion of excavation on the dam crest to the EL 353.00 m asl., the stage [
investigation works were conducted from May 12 to June 25, 1994,

Wi estgation works were completed, the core consoldation grouing
staricd along the cutoff wall route. The works staried on July 1, 1994 and were
completed on October 7, 1994. These works were performed according to the schedule and

the suage 1

d@id not obstruct other remediation works,

The imestgations and the core consolidation grouting along.the cut-off wall route were
conducted by Geotchnika Zagreb.

124 PERUCA DAM REMEDITION



The Croatian National Electricty contracted the impermeable.plastic concrete cut-off wall
construction with Geotehnika Zagreb and Baver Schrobenhausen on August §, 1994, The
contracted schedule of works was 6 months.

The preparatory works started on September 19, 1994, In the meantime, 1004 KW
substation, 630 KVA, was installed

The excavation works for the impermeable cutoff wall strted on October 13, 1994 from
the panel P, stations 3+0377 t0 3+10.77.

The cutoff wall construction stared from this panel because the building in of the
materal in the right end 10 the EL 35500 m L. and in the lef end 1o EL 35300 m
asl. was not completed, and the grouting gallery was not reconsiructed in the left €nd.

On October 17, 199, during excavaton of the panel P7 between the stations 2+4797 and

245497, burst into the gro

Although the consolidation grouting was completed along the cut-off wall route all the
cavities were not filled, so.the slurry was being lost and it started seeping into the gale

Photo 5. November 29, 1994 - Plastic concrete cut-off wall construction,
station 1455.00 and dam body construction in the left end;
EL 34700 m as..
PERUCA DAM REMEDIATION s



“The concrete placcment for the excavated panel was immediately started. The thick plastc
mentbentonite

concrete mix filled in all the caviies, and further scepage of the
suspension into the gallery was stopped.

To prevent further ingress of the slurry
performed of the joint between the gallery concrete lining and the cly core, between the

to the gallery, the contact grouting was

200 and

7700, The grouting profiles were set in 10 m interals, to be

subscquently increased (0 2 m interval.

These measures have been undertaken also because simultancous works were conducted

on reconstruction of the grouting gallery in the central dam section, from the station
143347 towards the left dam end, so any major ingress of shurry could have imperile

the lives of the workers who worked in the lowest part of the gallery

The additional measures of precaution were taken, 5o any excavation for the cut-off wall
had to be monitored by a Geotchnika-Bauer expert, in order to prevent bursting of the

stury o the gallery.

After the contact grouting had been completed, the bentonite slurry did ot ingress the

grouting gallery.

Photo 6. November 16, 1994 - Grouting gallery joined from the right
and left dam end in station 1+28.00

s PERUCA DAM REMEDITION



Since the progress of the cutoff wall consiruction was faster than planned, the discrepancy
between the works occurred,

-~ the dam was not compleied o the clevation from which the cutoff wall was o
be constructed, ic. 35300 m asl. in the left and 35800 m asl in the right end;

-~ the grouting gallery was not_reconsiructed between the stations 142200 and
143347

-~ excavation of the cut-off wall panel P16 between the stations 146427 and 147127
was simultancous with the gallery reconsirucion works between the stations 1+26.00
and 1+3247.

The distance between the cut-off wall and the gallery reconsiruction trenches was only 32
m, so the risk was ealstc of slurry seeping through the unflled dam core cracks into
the gallery.

The problem was that the drainage from the galley, station 144200, was not cleaned,
5o that the water and the slury had 1o be pumped through the gallery and the access
tunnel No. 2.

s

e n»'

Photo 7. Dam body construction works above the
EL 35300 and 35800 m as)
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Due 1o the good site organization and favorable weather conditons for placement of clay,
all the works related (o the undisturbed and timely completion of cutoff wall were
fnished, ic.

= building in of the right dam end material on the EL 358.00 m as., between the
stations 3+13.00 and 3+47.97, completed on October 27, 1994;
building in of the left dam end material on the EL. 3
December 19, 1994
the grouting gallery excavation from the left dam end in station 142800 on
November 16, 1994 enabled connecting with the reconstructed gallery secton; Photo
6 placement of the gallery lining concrete was finished on November 24, 1994

00 m asl, compieted on

On January 10, 1995 the cut-off wall constrution was finished, which could be taken as
completion of the Peruca Dam remediation to the EL S3500 m asl. in the left, namely
o the EL 35500 m asl. in the right dam cnd,

El

quality control of the plasic concrete during the cut-off wall construction was carri
out by the contractor, Geotehnika-Baver, and the Materials Department of the Civil
Engineering Faculty, University of Zagreb.

i,
i i,
pre 4

Photo 8. June 21, 1995 - Spillway activities
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The cutoff wall integrity test was conducted by the Intergeo-Interconsul from Salzburg.
April 22 and May 1, 1995,

Until completion of the cut-off wall the works on the spillvay strctures w

with difficultes because they hindered the works on the dam body and cutoff wall

fore, the works on removal of the parts of the

consiructon which had the priory. The
spllwey which was damaged in explosion started
was finshed. Placement of the concrete for the new
Early in May 1995, when the weather conditons were favorable for placement of clay, the

0 m asl, mamely 3800 m asl. o

spillway started on April 13,

works on the dam body started from the EL 35300
the crest on EL 36450 m asl The building in of material into the dam body was

completed in September 1995

ORGANIZATION OF WORKS WITH RESPECT TO THE VICINITY
OF THE ENEMY ARTILLERY

After the explosion on the Peruca Dam, the investigation works were required as the basis
of the remediation design. The investigations planned on the dam crest were not possible
because of the vicnity of the enemy ardllery. The mortar explosions were frequently heard
from Hrvace and Sin, so untl the beginning of August only the land sunvying and visual

inspections were carried out.

The caverns were notced, ie.

en the stations 145216 and 1+6221, on February 16, 1993

the stations 045200 and 0+59.00, on March 4, 1993, Photo 23
3

in station May 2, 1993, Photo
T i s 344300 0 Jone 3, 1595, Photo 24

bet

Photo 10, 7:10 am September 2, 1993 - Direct hit on the Peruéa HPP
power house by the enemy artillery
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The e

erns were funnel shaped, reaching in depth from the dam crest to the grouting
sallery. The assumption that they reached the gallery was confirmed during the gallery
reconstruction.

The construction site for the grouting gallery reconsiruction was organized on August 1,
1993, The organization was set so that the construction site exposu enemy was
from the enemy positions was very good

the minimum posible although the dam viiii

Photo 1. January 1994
- Workers® shelter

The mortars were launched on the wider Peruca arc and on October 2, 1993

mortar exploded in the vicinity of the bus transporting the Konstruktor

enjering workers
cngaged on the grouting gallery remediation, while the other hit the Peruca HPP power
ouse, Photo 10.

It was not possible to organize the work on the dam crest because of the possible enemy
actions. If there was a possibility of working on the left dam end excavation, it would

ensble determination of the condiion of the grouting gallery between the siations D+4500

and 143000, This would have accelerated the excavation works on the damaged dam
sections and shorten the total dam remediation schedule.

During October and November 1993, the UNPROFOR gave the guarantees that the works
from the dam crest could be started.

In January 1994, the sheliers for the workers were buill, Photo 11

PERUCA DAM REMEDITION 11



Photo 12, Places where the enemy mortars exploded

On February 15, 1994, the excavation from the dam crest staried, to be interrupted at
1130 am on February 19, 1994 when the enemy artilery hit the narrower Peruéa Dam
site with five mortars, Photo. 12. Fortunately, without no serious consequences. The
attacks followed on February 21, 1994 and March 10, 1994, The d
works were stopped because. the mortars exploded in the immediate vic
and the machinery,

1 body excavatio
the worke

Wi e s gt o Ut b e Cootn il oot
Serbs on Apri \ Serbs withdrew their artllery for 10, namely 20 km. On April 6,
199, the removal o the damaged dam pars saried and sinc then the works have been
performed without obstructions but with maximum precation

I should be noted that from January 25, 1993, when the explosive in the Peruéa Dam
was blasted, untl completion of the dam remediation works no worker from any company.
ngaged on the remediation refused 1o perform his duties, which helped successfol
completion of works.
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INVESTIGATIONS

In April 1993, the Stage 1 Investigation Works Program was prepared. It included the

geotechnical and geophyscal invest

sations of the Peruca Dam condition after the damage
it suffered by the explosion. The investgation works were 10 be the basis for the dam
remediation design documentation.

Since the investigations were prevented by the war operations, the Peruéa Dam
Remedistion Board of Esperts convened on December 7, 1993 decided that the

sations shall be conducted form the L. 35300 m asl. after the top dam section

has been removed.

The objectve of the investigation works was to determine the dam body, bedrock, grouting
extent and degre
which the dam remediation techrical solution was based.

gallery and grout curtain dama and to correct

e assumptions on

The works were performed by the Geotehnika Zagreb and MOHO.

greb companies from.
April 5, 1994, when the preparatory works started, namely May 12, 1994 when the drling

of the investgation borcholes started, (o June 25, 1994

Photo 13, Onset of the grouting gallery reconstruction works
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Photo 14,
July 2, 1994

Left dam end and
grouting gallery

Photo 15,
July 10, 1994
Grouting gallery after
n of excavation on
the station 3+42.00
ight dam end
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Photo 16 Grouting gallery reconstruction site facilities

Photo 17,

PERUCA DA REMEDIATION 15



GROUTING GALLERY RECONSTRUCTION

After the Peruta Dam remediation solution had been accepted, the preparations for the
grouting gallery reconstruction started. The. reconstructon was planned for several reasons
the main being, that the reconstruction works presented the investigation which would give
the insight into the clay core damage in the area of the highest hydrostatic pressure along
the dam length, including the sites in which the dam was mincd.

The oo galy sl onac gouing of e s conri cut-off wall and
bearing soil, and consolidtion grouting. During the structure exploitation, the gallery would
be used for emergency actions in case of the water seepage into the galery.

Since the damage in the inspection gallery and the reme e given in
deail in another paper, only a briel overview shall be given with respect to v acat
remediation activitic

The grouting galery reconstruction was started on August 1, 1993, when it was entered
through the access twanel No. 2. Although it was planned for the gallery 1o be completed
within 5 o 6 months, the damage was more extensive than expected. The expanded scope
of works and hindered entrance into the gallry through the sccess tunnel No. 3 in the.
left dam end prolonged completion of the works, and therefore the entire remediation
compltion, 016 months of work in three shifts

‘e reconsruction of the grouting gallery was the most difficull tnnel operation, and one.
of the most diffcul actvides during the dam remediation.

“The daily uncertainties all the partcipants in the grouting gallery.remediation were facing.

- presence on unexploded mines-explosies,
< presenc of cavems n the cly cor,

-+ posible seepage in the gallery

posble e of cxcvation mackiney,

-~ frequent gencral alets and mortar shellig.
-~ interrclaion between the various actvtics.

Site Organization
The site organization for the grouting gallery reconstruction was adapicd 1o the on-ite
conditions. Special attention had to be paid to minimization of traffic and movement of

people off the gallry, since they were well visble from the enemy posiions.

198 ~PERUCA OAM REMEDIATION



In front of the access wmnel No. 2, in the right end, 4 platform has been prepared for
the operating and working faciitis, cement mixing plant, jet_ concrete mixer, fan and

compressor sttions.

The site organization of the grouting gallery remediation i given in another paper.

The access tunnel No.

4 reconsiruction works 10 the joint with the galery presented
0 problem. The joint isclf posed certain problems because of the caving in.

From the joint, the reconsiruction went towards the deeper part of the gallry, . towards
the straight section on EL 305.00 m as..

Photo 15.
May 1, 1994, Station 1+58.00
Testing the presence of captured
water and material composition
in 1.0 m borehole

The optimistic attitude that the gallery can be remediated in 5 10 6 months was based

on a view from the joint in the direction of the galley secton in the right end, 15 shown

in Photo 1

The gallery remediation to station 240000 caused no major problems. Entrance o a

iy s n ot of the gallery made the work more difficul, so the work progress
s 40 cm per day.

The additional difficalty was posed by the inflowing water. The maximum inflow was 130
Umin, at the reservoir level of 33000 m as). The further progress was also slowed down

by the cavern in the gallery apex in station 1+90.35.

PERUCA DAM REMEDIATION 1



Photo 19, September 21, 1994 Gallery drainage pipe excavat
in station 144200

“The major gallery damage, including the gallery bottom, was encountered in its central
part, between the stations 1+5200 and

U iy 1, 199 e goting ey emstation v compitsd in e 0 scion
S1, 1o the station 143

left end 10 the station 049058 was stopped because of the rik of rockslides and material
displacement.
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Photo 20 October 19, 1994 Preparation of formwork for placement of
concrete between the stations 1+17.53 and 142278

In staion 144200, 4 20 x L0 m opening was left in concre
the drainage pipe goes to the Peruéa HPP switchyard,

in the point from which

The cntrance was completely caved in. Further reconstruction of the drainage outlet was
R o
Gal  reconstructon from the left end 1o the station 049058 started on

July 12, 1994, From the station 1+16.30 towards to the right damend the gallery was
completely caved in

Excavation and reconstruction (0 the sation 1+24.00 was completed on October 26, 1994
S0 the reconstruction from the station 143347 in the right dam end was started. The

work progressed on both sides o the station 142800, where the breakthrough was
achicved on November 6, 1994, Photo 6. Placement of concrete for this final section

between the stations 142600 and 143500 was finished on November 24, 1994, This

meant completion of the grouting galery reconsiruction.
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Photo 21, October 11, 1994 Access tunnel to the grouting gallery in the
left dam end

Photo 2. July 21, 1994 Grouting gallery works in the right dam end

o ~PERUCA DAM REMEDITION



Altogether, 46257 m of gallery was reconstructed, including:

(1) cniiely new concrete after excavation of the left and right dam ends 13060 m

(@) entiely new concrete by the tnnel trench . 47 m
() gallery arch seconstruction by the new concrete aftr the excavation

in the right dam end B 200 m
@ shoterete reconstruction 2050 m

ECONSTRUCTION OF THE DAM ENDS AND UPPER SECTION
Reconstruction Deseription

The et and right end, as well as the 5 - 10 m high upper part of the central dam
section were heavily damaged in explosion, so the  reconst

fon was. required. The
reconstruction consisted in removal and rebuilding in of material

Photo 23, Crater between the stations 0482.00 and 0+89.00

PERUCA DA REVEDIATION 11



Photo 24. A view from the right dam flank towards the craters in
station 3+62.00 formed on May 2, 1993
and 3+42.00 formed on June 3, 1993

The left dam end was reconstructed between the stations 0+25.00 and 0+9038. The
bottom clevation in station 0+90.58 upstream the gallery. was 32856 m asl, and
downstream 330.25 m a1, In this section the completcly destroyed gallery concrete was.
removed. The grouting gallery was rebuilt aftr

£ the excavation works were completed

The right dam end wis reconstructed between the stations 3+4200 and 4+5000; the
Towest excavation elevation on the station 3+42.00 was on 347.50 m a1 The grouting
gallery was also reconstructed in this scction, between the stations 3+42.00 and 3+87.0,
as well as the access to the gallery

“The upper part in the central dam section, between the stations 141300 and 145300 was.
femoved to the EL 35300 m asL, and between the stations 2+3800 and 3+6400 (0 the

EL 35800 m asl These two parts were connected by a transtional ramp.

e PERUCA OAM REMEDIATION.



On the stretch between the stations 1+13.00 and 1+8300, after the dam material was

removed, the platform was buil; also, between the siations 243800 and
342000, 2 38 m wide platform was built from which the cut-off wall was constructed
Between the sations 148300 and 243800, the platform s bullt of width varying berveen
2 and 38 m.

In parallel with removal of ends and the central dam section the parts of the spillvay
were removed, ic. bridge, right flank, a part of the right chute wall, damaged
hydromechanical cquipment, and the spillway gate. house.

The excavated material of the first 5 m of the dam body was built i into the operating.
pltform in the right end o the EL 35800 m asl. in which the cutoff wall construction
facites were placed. The material excavated between the EL 35500 m asl. and 353.00

sl is separated and removed 1o the spoil arcas. The location of the spoil areas,
including the site facilies is shown in Fig. 4.

Site Organization

Although removal of the central part and dam cnds was started on the February 15, 1994,
they were stopped because the enemy shelled the dam. The works were not continucd
il April 6, 1994, amely afier signing of the ceasefre agreement between the Croatian
authorites and the rebellious Serbs on April 5, 1994, The remedi

interrupted since.

on works were not

The site organization was conceived so that the complete aciviy was carried out both on
the dam and on the right reservoir flark. upstream the dam. The access roads used during.
the dam construction were reconstructed. Upstream the dam, the right reservoir flank
houses the quarry which was used in dam construction.

The excavated material was dumped in the quarry, on EL 343.00 m asl. The clay was
dumped in the right flank on EL 35300 m asl.

The excavation works on the lef and right end, and in the central dam section includec

(@ Excavation of the clayey rock and similar mixed material from the dam crest and
femoval 1o the permanent or provisional spoil arca
() Excavation of the core clay and removal (o the provisional spoil area for

() Excavation of the filler material and removal to the permanent spoil arca. The
highly mived materil prevented its selecting, 50 it was not wsed for rebuilding.
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(@ Excavation of the rock material from the upsiream and downstream shell, and
removal 1o the provisional spoil area fore rebuiding.

It should b noted that all the design assumptions on the damaged gallery part in the et
and right dom end have proven (0 be tve,

Removal of the dam ends and top section

The works on removal of the dam material can be presented in three stages:

Stage 1 - removal of material from the central dam section (o the EL 35800 m asl,
namely 35300 m asl.

The material excavated to these clevations was used for constructi

of the operating
platform used as an access to the central dam section for unhindered performance of
works on the left and right end, and in the central dam section.

This platform and the access road in the right dam end arc on the EL 35800 m asl.
Since early August, it was used for the cut-off wall construction.

The removal included:

© i o et s i ke e dumped dowmstream

e dam. . o Lo 180

S a0 B LLsmow

T rom the clay core, between the El. 36200 m asl. and 3800 m asl 3410 m’
© rock and fiter material from the dam body between the

EL 35800 m asl and 35300 m asl - 2a885 m

~ day coro materal between the EL 35800 m asland 35300 m asl . 4900 m’

Stage 10 - removal of material from the left dam end 1o the. terrain in station
039058 to EL 32856 m asl. upstream the grouting ity ey 2025 m

downstream the gallery.

The construction pit sccess from the plattorm on EL 35300 m asl. to the ultimate
oo s 32856 m sl upstream the galley, namely 33025 m a1 downstream

ry has been realized by the access ramps built on the upstream and downstream
i a2 i 26

The slide slope ratio towards the central dam section and the shell zones is 1:1, and the
trench widih in the bottom is about 14 m.
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‘The downstream slope, due 1o a somewhat steeper slope, has been protected with the net
0 avoid the material rockslide towards the grouting galcry.

Total quantites of material excavated and removed from this dam section, between the.

EI 35300 m asl. 6 m asl upstream the gallery, namely 33025 m a...
downstream the galley.

< rock and fller material . . . 602 w
< core oy 6526 m'

Stage I - removal of material from the right dam end from EL 35500 m asl. 1o the
natural ground level

Photo 27, July 2, 1994 Right dam end - damaged grouting gallery top
from the station 3+42.00

Since the dam is low in this part, and is maximum height is 155 m, the dam material
was excavated along the entire cross section.

The cxcavated material was removed over the ramp 1o the access road in the towards
dum,
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July 2, 1994 Left dam end excavation completed

Photo 28.
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Photo 29, July 2, 1994 Right dam end - removal of damaged
gallery sections

Total excavated and removed material between the EL 35800 m asl. and 347.50 m asl:

rock and filter material L 10577 m'
clay core material Lo saes
foundation ground excavation at the clay core and filler contact

h the natural ground 1272 w

After the left and right dam ends had been removed, all the assumpiions on the grouting
gallery damage to these stations were confirmed.

It is also clear that the cxcavation in these two cross-sections of the left and right dam
ends did not indicate that the dam body, which is not removed, had suffered considerable
damage.

The cross-sections do not show the dam body between the tations 1+52.00 and 146200
where the explosive was set and blasted in the grouting gallry.

The material excavated and removed from the dam body totals 124,672 m’ of clay, filer
and rock material, which s approsimatcly 145 of the total dam volume.

The excavation and removal works on the dam body o
35300

35500 m asl, namely
m asl, and the excavation and 1. 3

the 0
emoval in the left dam end to the EL 32856 m
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Photo 30. July 15, 1994 Right dam end - completely finished excavati

Photo 31, July 1, 1994 Left dam end - completely finished excava
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asl. were performed from July 6, 1993 10 July 1, 1994, while the excavation and removal
of material from the right dam end (© the EL 347.50 m L. was finished by July 15,
1994, Photos 30 and 31,

The works were conducted by the Konstruktor-Inenjering company from Splic

Building in of Material into the Dam Body

As alteady described, the Peruca Dam was. reconstructed i the major desteuction stes,

< left dam end, bewween the stations 0+25.00 and 049055, in full height
-~ right dam cnd, between the stations 344200 and 445000, in full height
-~ upper dam section, to the EL 353,00 m a1, between the stations 1+13.00 and
148300, namely 10 EL 35500 m as.. between the stations 243800 and 3+29.00
© between the sations 143800 and 2+38.00, the excavation as well as the material
ilding in into the dam body was stcp-shaped.

“The remaining part of the dam, in s central section, between the sttions 0+8732 and
3+47.97 was ot reconstructed; the plastc concrete cutoff wall was built insiead.

The dam body consists of:
-~ upstream and downstream filter layers

-~ upsiream and downstream rock shells

-~ dam crest of clayey rock material

The upstream and downstream dam slope was (o 15 m thick, namely 27 m wide in
horizontal line, built of large rock blocks, under the slide slope ratio 1:145. The slide
Slope. ratio of the downstream slope is 1:L5. The dam crest width on the El. 36450 m

asl s 80 m

The clay core is built asymmeically to the dam crest. The core bottom section houses
the reconstructed. grouting galery.

The upper clay core EL is 36300 m asl.

The clayey gravel was placed bewween the EL 36300 m asl and 36450 m asl, as
protection against the clay core drying out
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Photo 32,

Beginning of backfilling
downstream the grouting
gallery

Photo 33.
August 12, 1994

Beginning of the clay
backfiling in the right dam
end, EL 34750 m asl.
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Photo 34, September 7, 1994 Building in of the materi
end, El. 3385 1

Photo 35, August 12, 1994 Beginning of the material building
in into the right dam end
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In the decpest left end scction the clay core foundation is on the
the upstream, and 33025 m as.1. on the downstream grouting gallery
In this point the clay core is 125 m wide. The trench end, which is the staring point
of the building in o the dam body is in station 0+90.58, Photo 31.

32656 m asl on

In the decpest ight €nd section in station 3+4200 the clay core bottom is on the EL
and

the clay core s about 90 m wide, Photo 30,

Clay core is protected from the upsiream and downstream nd by 20 m wide filer layers.
In the dam crest, in the low hydrostatic pressures zone, the upstream filer is narrowed
© 15 m

The upstream and downsiream shells are made of rock material taken partly from the
dam hody and disposed during excavation, while the remaining material was brought in
from appro

tely 700 m distanced quarey (o the central dam section.

Widening of the downstream shell (0 S0 m was exccuted with rock material and lateral

step-shaped cutting in into the exising dam body.
Material Bu nto the Dam Body
The materials used in dam body construction:

< clay for the dam core
-~ rock material for fillers
-~ rock material for shells
-+ clayey material for dam crest

When the excavation of 5.0 10 10.0 m in the central dam section, left dam end 10 the
EL 32856 m asl, and right end (o the EL 34750 m asl. was compleed, the material
was sorted into scparate spoil areas and built in again.

“The technical monitoring instruments were installed into the dam body, which s described
in a special paper.

The dam downstream slope and crest contain benchmarks for monitoring of dam
deformatior

The qusly sssrans and quay cone program s dsalled i 3 secl paper,

Clay

“The core construction materia, the core being the impermesble part of the dam, is clay
of intermediate to.high plsticty CUCH, taken from the spail arca on which it was
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Photo 36.  August 19, 1994 Backi
EL 33410 m asl.

left dam end,

Photo 37. March 10, 1995 Building in of the material into the
downstream shell; dam widening for 5.0 m; El 34500 m asl.
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Photo 3. September 1, 1994 Clay building in into the right dam end; El.

isposed when excavated from the carlier excavated core (10,000 m), while the rest
(21277 m) was brought in from the Zorice deposit. It was compacted in 30 cm layers

using shep foot rolles, with permanent control of water content and compactness.

The built in quantities

between the EL 32850 m asl. and 35300 m asl 634 m

left dam en
vight dam end, between the EL 3750 m asl. and 35800 m asl . 4375 m'
cental dam section, from L 35700 m asl,

namely 35500 m asl. 1o EL 36300 m asl. 2055 m

Total buil in clay quantity

Filter material

Filler material is used to prevent the internal clay core erosion. The fiter materil wa
transported from the Srnjine quarry. The compacting was performed by a small vibratin

compactor.
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Photo 39, September 23, 1994 Building in the right dam end filter; EL
35320 m sl

The buit in quantitis are:

< left dam cnd, between the EL 32850 m asl and 35300 m asl .. 4820 m'
-~ right dam end, between the EL 39750 m asl and 35800 m sl . 2150 m'

9016

namely 35500 m asl. to EL 36300 m sl

Total buil in fiter material quantity

The upstream and downstream shells materijal

The rock materil of various granulometric composition was built into the shells and as
upstream slope protection.

The material was brought in from the spoil area for the material excavated frox
reconstructed dam body, and the rest was taken from the quarry on the right reservoir

ek ek e e T e s e bt b (ko i Aok

The quarry capacity met the construction requirements.
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Photo 40, February 27, 1995 Building in of rock mate
downstream shell; EI. 339.50 m .

The built in quanites are

left dam end, between the EL 33000 m asl and 35300 m asl. . 35420 m
widening of the downsiream shell in the left dam end from the

EL 35300 m asl, namely 35800 m sl in the right dam end 36775
left dam end, between the EL 34750 m asl. and 35800 m asl 7740 m'

central dam section, fr 1. namely 35800 m asl

EL3
to EL 36450, namely EL 36500 m a... 47898 m'

Total quantity of rock material built n into the reconstructed dam body

Clayey Rock Material

The clayey rock material is wsed for protection of the dam clay core top Section against
drying out. It i buill in into the dam body between the EL 36300 m a5k and 364.50m
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asl, mamely 36500 m asl On the upstream and downstream cnd this mat
protected with 7,500 m' of rip-rap.

Upstream Dam Slope

The 15 m thick s placed on the upstream dam slope, in the segment in which
the dam was reconstructed. It contains large rock blocks dumped usig the excavator. The
fock blocks were placed 50 45 o be stable under the wind-nduced waves,

‘The upstream shell in unreconstructed dam section should be monitored. The waves could
erode the finer rock matcrial with time, the blocks might move. Such points of damage
shall be subsequently remediated. The slide slope rato is 1:145.

Downstream Dam Slope

After the downstream shell had been well compacted, the subscquent forming of
slope in ratio 1:15 was performed in 2 rals

‘The slope was planicd with Spansh broom (Sportium Junceum) which was predominant
on the downstream slope beforc the dam blasting. These scedlings shal prevent rockslides
down the slope in the direction of the switchyard.

Total Quantities of Removed and Built in Material

Total quant

of material built in into the dam body is 175,091 '
Toal excavated and removed quantiy is 124,672 m’. Therefore, S0,419 m* more material
has been built in because of the downstrcam shell widening.

The works on the dam body staried on July 28, 1994, and shall be completed in
September 1995,

DAM BODY WIDENING ON THE DOWNSTREAM SIDE

Ret

g wall on Downstream dam toe

Based on the dam stability analyses under the seismic loads and evacuation of 10.000-year
floods over the spillvay, the conclusion was brought that the dam should be heightened
from EL 36300 m sl 1o the EL 36450 m asl. . The reasons and the methods of this
operation are covered in a special paper.

The cxplanation has also been given for dam heightening by backflling from the
downstream end,
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Photo 41 August 2, 1994 Downstream dam toe retaining
wall during construction

Photo 42. September 7, 1994 Constructed downstream dam toc
retaining wall
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Since the widening toe penetrates into the switchyard, the 3.5 m high retaining wall has
been buil, Photos 41 and 42. Ao, the bottom outlet auxilary gate house was protected,
and the access twancls Nos. 2 and 3 extended for 6.0 It along the
dam slope in the left and right dam end, along with the cable ducts leading to the
spilway structure and awxiiary gate.

the excavation and the et
disconnccted between §:00 am and 1900 pm, so the works progressed smoothly.

wall concreting uctivities the switchyard was
bl

The excavaton for the retaining wall on the downstream dam toe started on July 2, 1994,
The total of 1165 m of material was excavated, 775 m’ of concrete buil in, and about
46,178 kg of reinforcement bars (steel grade 400/500) buil in.

The wall was conereted in cight segments between July § and September 1, 1994

In order to enable building in of the material behind the retaining wall, the temporary
from the switchyard by September 7, 1994, and the rock material building
in o the top al secton, L. El. 31700 m asd. was fnshed by September 30, 199,

The material building in was continued according (o the frce capacites of the on-site
ion that the ion be finished to_the EL 35

namely 35800 m asl. uniil the planned deadiine for the beginning of construction from

these elevations along the e m widih, which was early May 195

The material from the quarry and the dam body material spoil area was used

The machinery included: - buldoer D6
< cxcavator for materil loading.
roller

S 4 ks

and on Apeil 15, 1995,

On Bbeuey 7, 1955 o mll eed s 1. 550 =
EL 35300, namely 35800 m
Protective wall around the Bottom outlet auxiliary gate house

“The bottom outlet ausiary gate house s located immediately by the dam toe, in the right

end. The house partly enters into the downstream support zone. The house encompasses
the auliary gate opening and closing mechanism.
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Since the dam s heightened o the final EL 36450 m asl, and because of the seutlement
on the EL 36500 m asl. the backiiling of the downstream shell cxpands 10 5.0 m, the
Slope of the new shell would cover the house roof. Therefore, 4 protective wall (maximum
length 280 m, maximum height 96 m, width in toe 465 m) was buit around the bottom
outlet auxilary gate house, Fig. 5; Photo 43.

“The protective wall is shaped so that on the upstream side it follows the round form of
and goes 1o the

the house, while on the downstream side it departs from the house wal
toc.

The maximum wall height is 9.6 m, and the minimum is LSS m in the toe. The wall
thickness, but in the segment which leans against the house, i 65 cm; the foundation toc
thickness is 10 m. The wall segment leaning against the auxiiary gate house is 10 m
thick. The 50 em thick drainage layer is placed behind the wall

The works were completed between November 14, 1994 and March 21, 1995

Total quantiy of work:
= cxcavation in the downsiream dam slope with removal to the

spoil area w5380
preparation, transportation and placement of M-30 concrete 17600

avati
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preparation, transportation and placement of M-20 base concrete  m’ 61,00

purchasing, bending and embedment of ribbed reinforcement 400500 ¢ 1050
-~ transportation and placement of filter material for wall drainage
behind the wall ' 7800

a5

AUXLARY GATE HOUSE
RETANNG WALL

+

TOE OAM

Fig. 5. Protective wall around the bottom outlet au

iy gate house

Performance of these works did not affect the schedule of other dam remediation works.

CLAY CORE CONSOLIDATION GROUTING ALONG THE
CUT-OFF WALL ROUTE
Construction of the impermeable plastic concrete cut-off wal was planned in the central

dam section, between the stations 048732 and 3+4400, It was intended 10 take over the
function that was played by the clay core before the dam damage.

It was presumed that the slurry losses could have been suffered during excavations for the
cutoff wall. The function of the slurry s to protect the trench walls, The sturry could be
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lost in case there are cavites in the clay core s consequence of the explosion. The slury
loss would cause caving in of the trench, and therefore partal trapping of the cxcavator,

During the grouting galery remediation activiies in station 149035 the cavern was
encountered in the gallery apex which lead (© a conclusion that there are additional cricks
and cavides in the clay core caused by the explosion

The stuny loss or rapping of the excavator would cause loss of a part of the cxcavation
machinery and huge expenses incurred by the release operation and works stoppage.

To reduce the slumry loss to minimum, on December 7, 1993 the Peruéa Dam
Remediation Board of Experts decided on consolidation grouting along the cut-off wall

‘The essental objecive of the consolidation groutng along the edge of the trench for the.
future cut-of wall was detection and fling of any possible cracks and caverns in the dam
core and filte layers partly penctrated into by the cut-off wall, in order 1o prevent an
abrupt. slurry loss during performance of works

‘The consolidation grouting was planned between the stations 045770 and 344400, from
the borcholes st in 1.4 m intervals, from the cut-of vall upstream and downstream end.

The consolidation grouting s covered by a special paper.

The consoldation grouting was conducted between he stations 1+14.60 and 3+19.00. The
grouting in the left end, between the stations 0+57.70 and 141460, and in the right end,
between the stations 3+19.00 and 344400 was not completed primarily duc t0 4 very
tight schedule, ic. the dam was brought (o the EL 35300 m asl in the left end and
35500 m asl in the right end immediately before the cut.off wall excavation works. The
consolidation grouting would cause delay in the cutoff wall construction

Another reason is that the excavation on the left and right flank slopes did not indicatc
major damage in the clay core and fiter layers.

“This assumption has been confirmed, because there was no slury loss during the cutoff
wall construction in-the points in which the consolidation grouting was not performed.

The consolidation grouting was performed by the Geotehnika, Zsgreb. It started on July
1, 1994, and was completed on October 7, 1994,
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Fig. 6 organization for the clay core consolidation grouting along

the cut-off wall route
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Site Organization

The site organization for the core consolidation grouting along the cutoff wall route was
Such as not to disturb other dam remediation works.

Since the excavation in the central dam section and its ends started early in July 1994
was. completed before the consolidation grouting began, the remaining works were:

- srouting gallery concrete placement between the stations 043445 and 04908

-~ excavation and grouting gallery reconstruction between the. stations 0+90.58 and
143000 from the left dam end

-~ placement of concrete for the access twnnel No. 3 in the left dam end

- backfilling the left dam end between the EL 32856 m asl. and 35300 m o

The above indicates that permanent communication had 10 be ensured i the lefc dam
end

The enire transportation was directed upstzeam the cutoff wall route, along the upstream
shell, B i o) 0 i i 2
access tunnel No. 3 was ensured over the downsiream shell

Arrangement of surucuures and operating areas for the consolidation grouting s given in
the arrangement draving, Fig. 6.

Quantity of Works

171 boreholes, total length 5788 m, were drlled on the grouting routc. Total slurry
consumption was 591,156 1, and the average consumption was 102,13 Um of borehole. Since
11 of slurry contains 035 ke of dry mater, total consumption of cement and hentonite
was 207 .

PLASTIC CONCRETE CUT-OFF WALL

The Peruca Dam remediation includes construction of & cut-off wall which shall ensure
the dam impermeability insiead of the damaged clay core. The Croatian National
Electriity contracted the plstic conerete cut-off wall construction with the. Geotehniks
Zagreb and Baser Schrobenhausen on August 8, 1994 The contracted cosiruction
schedule was 6 months.

The preparatory works staried on September 19, 1994,
The plastc concrete cut-off wall excavation works started on October 13, 1994
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All the cut-off wall construction activites were completed on January 10, 1995
The cutoff wall was consiructed between the stations 0+87.70 and 3+44.00, measured
along the dam axis. Between the stations 0+87.70 and 148287, the cutoff wall was
constructed from the EL 35340 m asl, and between the stations 243867 and 3+44.00
from the EL 35840 m asl

Between the sttions 145287 and 243867 the cu-of wall was consructed in four 10
m high steps. The cutf wall was cut in the joits with the left and right cads for min
30 = o he i o i, meed £m Qo ik Ao
Transverse 10 the dam axis, the c I axi is placed 40 m upstream the prouting
imum cutoff wal deptbs are SL50 m and 1290 m,

gallery axs. The maximum and mi
respectively.

The cutoff wall was cut into the bedrock, namely the concrete block in the central dam
section, for min 20 m.

The cutalt wll s 10 m thick, and it twial lngth s 26115 m,

The detaled description of the impermeable plastic concrete cutoff wall is given in a
special paper.

To provide for the contact between the cutoff wall and the bedrock, namely the concrete

block in the cenural dam section, the joints were grouted and connected with the exi
grout curtain. The grouting was performed from the reconstructed. grouting gallry.

Site Organization

The siurry mixing plant was located on the platform on the EL 35800 m asl. in the
Hight end, upstream the dam. e

slurry mixing plant
bentonite storage

< stury desanding plant with tanks for fresh, working and waste slurry

sty conveyance pump to the excavation sic

The concrete mixing plant with capacity of 60 m'h s placed upstream the dam.

The slurry mixing and desanding plants are connected (© the comveying pipelines leading
10 the excavation, namely cut-off wall concreting sitc.

The equipment at the excavation site consisted of the hydraulic trench cutter, grab and

The grab excavated materal s transported by the trucks 1o the provisional spoil area on
the_right rescrvoir bank.

~PERUCA DAN REMEDIATION 167



KeY

PuMP STATION
PROCESS WATER PRESSURE PIPELINE
TANK WITH PUP

GROUTNG STATION

WATER DISTRILTION PIPELINE |
WASTE WATER OITCH

o DESANOING SYSTEM
11, SLURRY DESANOING SYSTEM PIPELINE
12 PR P

13 SCO0 FL WXNG

L MOONG PLANT
14, PROGESS WATER PIPELNE

Site organization for the cut-off wall construction
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Photo 44, December 16, 1994 Completion of guide walls and panel

excavation by hydraulic trench cutter - left dam end

The cutoff wall construction went from the right to the left dam cnd. The water for
mixing the slurry and plasic concrete was pumped from the Cetina River downstream the
power house 1o the tanks, and from here to the mixing plants.

The power supply was provided from the 10104 kW BTS Substation, 630 KVA, and the
exising 400 KVA substation

The site organization is presented in Fig. 7
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Photo 45,

GROUTING WORKS

The accepted dam remediation concept

includes the grouting works.

below works were performed from the grouting gallery afier it had been
reconsiructed:

I Contact grouting, in the profles with fire namely six brrcholes in 2.0 m intervals,
on the dam section in which the plastic conerete cut-off wall was buill, namely
between the stations 0+57.70 and 3+
The grouting works were completed between October 21, 1994 and February 2,
1905

2. Consolidation grouting. with vertical borcholes along the entire gallery bottom, in
0 1ows, upstseam and downstream, with the borcholes in 40 m intervals in both
“The grouting works were compieted between November 14, 1994 and March 21,
1995,

3. Contact grouting of the joint with the plastic concrete cutoff wall in the profiles
with two_boreholes in 20 m intervls,
The grouting was completed between December 20, 199 and March 15, 1995,
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Photo 46, Contact. grouti

Photo 47, June 19, 1995 Left dam end grouting works
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Photo 45, Main grouting post

Photo 49, Grouting from the EL 35300 m as.
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After several months of monitoring in the galery, in the points in which weeping and
seepage was noticed, the additional contact and consolidation grouting.

In addition 10 the above grouting works, the grout curtain height

ning has been performed

@ 53 min the right dam end, 20 m and 30 m borehole intervl,
the works were completed from April 25, 1995 (o May 15, 1995

(4) 2670 m in the left dam end, 30 m borchole interva,
the works were completed from May 18, 1995 10 June 26, 1995

‘The consoidation grouting under the spllway structure has also been performed. Grouting
from the gallery, and in the right end, has been carred out from the main grouting post
wsed for the consolidation groutng of the clay core along the cutoff wall route, Photods.
The site organization for the grouting works was the same as for the consolidation
grouting. The grouting in the left end was performed from the auxlary grouting post set
in the left dam end.

OPERATION OF THE PERUCA RESERVOIR DURING THE PERUCA DAM
REMEDIATION

When the explosiv in the Peruéa Dam grouting gallery was blasied the reservoir level was
on EL 35620 m asl. A decision on complete reservoir evacuation was brought and
effected on March 12, 1993 when the reservoir level was on EL 31450 m sl

The reion of the upstream slope and the access tunnel entrance did not show any
damage or planted explosives, so the level 1o which the reservoir was (o be impounded
e ket 18 sl o e st o e 5t ity o

The reservoir utiizaton is important for several reasons:

<t prevent any threat to dam stabiliy,
< 10 use the swored water according 1o the plans,
-+ to prevent flooding of the Hrvatacko polic and Sinjsko poli.

During the reservor empying. 10 m deep and about 7 m wide crater was formed in the
left dam end, between the stations 0+8200 and 0+89.00, which incorporated a part of
the core. Since the grouting gallry bottom in this station is on EL 333,00 m asl. . the
safe clevation of 330.00 m asl. was determined to which the water can be stored.
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Both generating sets of the Peruéa HPP were not repired after flooding of the power
house, 50 the water had o be discharged through the bottom outlet only. One generating.
sct was back in operation in July 1993, and the other in November 1993, so the
additional water evacuation was possble.

Storage and discharge of the Peruéa reservoir water i govemed by the Code on the.
Peruca Operation Exploitation During the Peruca Dam Remediation prepared with the
rpose of maintaining the safety water level in the reservoir.

The above Code particularly specifcs

< e for the dam safery,

-~ providing for safe discharge of floods,

- avoiding imperilment of the flood control system in Sijsko polie,

- providing of maximum possible quantity of stored water for power generation in
the downstream hydroelctric power plants

I s important (o mention that the grouting gallery works were carried out on the EL
30500 m asl. . 2500 m below the reservoir level.

The water inflow into the grouting glley varied with the reservoir level, and its maximum
Value was 130 Umin; the water was evacuated through the grouting galery and access
wnnel No. 2 using the pumps.

It may be said that the solutions were found which cnabled maximum utilization of the
water inflow into the reservoir for power generation i the downstream hydroelectric power
plants, ic. Peruca HPP, Dale HPP and Zakuac HPP. The conuribution of the dispatchers
from Split Dispatching Center was cnormous

The fall of 1994 was exceptionally humid, with 45 flood water waves, which continued to
the spring of 1995. This confims that the precipitations are the highest in the period
when dams and hydroclectric power plants are buili

The Peruéa reservoir was impounded 10 the EL 35300 m asl. for dam investigations and
power generation purpose
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CONCLUSION.

L related activities since the dam was blasted on January 25, 1993 can be
divided into three stages:

-+ dam salage after explosion
-+ dam remediation
-~ dam mainienance and monitoring of behavior after remediation.

The first two stages were successfully completed, and the dam behavior monitoring
should be paid special attention in order (0 detect any deficiencies in due time and to
correct them before they threatened the dam safety.
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ABSTRACT
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MCS, respectively.

INTRODUCTION

The complex seismological and scismotectonic investigations were @ part of numerous
ivestigation works conducted with respeet {0 the Perua Dam remediaion. The objective
e the design seismic parameters. The analysis results,
4 data are presented in this paper.

of these investigations was (o def
description of applied methods, and

The investgations may be divided into three groups - scismologica, seismotectoric, and

engincering scismology.

he seismological imestigations dealt in detail with spatial, time and energy characteristics

of the seismic activity of the local and regional area neighboring (0 the investgatcd sitc.
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The microscismic and macroscismic data were used from the Andrifa Mohorovicié
Geopt Insttute files. Partcularly important were the results of instrumentation
monitoring of seismic actvty which has been systemaically conducted for the Croatian
National Electrcy.

The seismotectonic investgations primarily uscd the data on neotectonic and scismic
activity, while special accent was placed on the recent neotectonic activity. The
scismogenetic structures were separated, and the seismotectonic model defined for the
narrower regional area which affects the Peruca HPP site. The site location is set within
the scismotectonic. framework, and the characteristics of carthquake sources defined.

The engineering seismology  investgations included caleulation of maximum horizontal
acceleration and macroseismic. intensity. The caleulation was conducted applying two.
approaches: determinisic, where the scismotectonic investigation resuls were used s the
basis for determination of acceleration and macroscismic. intensiy valucs as the absolute.
maximums, and probabilsic, where the accelerations and intensitis were calulated as the
function of the rewun period and risk level The calculation after the probabilsic method
sed the MeGuire's method and theory of extremes, and the lteral anisotropic propagation
of seismic energy was also assumes

SEISMICITY CHARACTERISTICS

The Peruca Dam is located in the area of intensified scismic activiy. Several recently
active epicentral areas are in the immediate vicinity of the dam - Sinjsko and Livansko
polie, Knin surroundings, areas along the mountains Dinara, KameSnica and Swilja. The
highest scismic. activiy has becn recorded in the Sinjsko polfe, the area between Trl and
S, and e i the M. Dies s S 1165, the (1t rcos on ol et
s were recorded with epicentral intensity 1, > VII® MCS and magnitude M
45, which indicates intensive seismic actvy. This is confirmed by the cpicentral map, Fi.
3. The carthquake cpicenters are presented by circles with radii proportional (o
magnitudes.

Based on the specifc spatial, time and energy characterstics of the earthquakes, and the
results of neotectonic investigations, the four significant scismic sources were determined
in the analyzed regional ares, Fig. 1:
Sinjsko polic
. Svlaa

1
2

3 MU Mosor-Biokovo

4. MU Dinara-Southern Velebit
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Sinjsko Polje St

ic Source

The Sinsko pole sismic source has a comparatvely narrow area mportant for s scismic
activiy, in which the strongest earthquake i the arca occurred at S0 (GMT) on July
2, 1898, The epicenter was in the vicinity of Tril (136° N i 167" E), and is epicenral
ntensity IX" MSK. The magnitude is estimated 0 M
auibuted anather v carthquakes with magnitode M > 45,

6. The same epicenter is

On the other cdge of the Sinjsko poli, in an epicenter in the vicnity of the town of Sinj
(@379 N, 167 E) the carthquake next in macroseismic intensity occurred at 00° 59°
(GMT), with magritude M=52 and epicentral intensity L=VILVIII® MSK. Another three
carthquakes with magnitude M > 4.1 have been recorded in the same region.

Svilaja Seismic Source

The Mt Silaja seismic source has two epicentral areas, i, the one nearby Usdolje,
between the M. Promina and Mt. Kozjak, and another, more active, at the Mt Dinara,

happened at the depth of 8 km, at 04 37 (GMT) on November 27, 1990. The
was in the Mt. Dinara (4384° N, 1663° E), some 5 km far from the Peruéa
The earthquake cpicentral intensity was VILVII® MSK. During the same day, some 14
minutes later, another even suronger earthquake happened with magnitude M=55.

Mosor-Biokovo Seismic Source

There are several sites within this arca which suffered very strong carthquakes. The
strongest carthquake in 2 gion of Herzegovina, to
he west o Mosar (1325° N, 1730° E) at 05* 90 (hr o Mk 35, 1. 1 e
was 16 km, and epicentral intensity 1,=VI1

The strongest cantbquake in magnitude, M=6.1 which happencd in this source on the
teritory of Croata happened in the M. Bickovo (1338° N, 1702° E), at the depth of
10k, with epicenual inensy 1 MCS, at 05" 05° (GMT) on January 11, 1962
With respect to the observed epicentral inensi, the strongest carthquake was IX* MCS,
focal depth 7 km, which happened in Imotsko polie (8340° N, 17.20° ) ar 03 420
(GMT) on Decermber 29, 1942, The eantquake magnitude was M=6..

In additon 10 the above, the strong carthquakes, M > 50 ako happened in the vicinity
of Grude and Busko Blato, and in the Mt KameSnica.
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A. REGIONAL STRUGTURAL UNITS: 1. Adiaicum (); Dinarcum (1) B. MAIOR OVERTHAUST
STRUCTURAL UNITS: 2. Promina-Swiaia (1) Dinara-Kamednica (2): Sator Saratina (3):
okia (1 MosorBokom (3 Rl Kt ook ©; Covo ol B 7 . FAULTS: 3

Ao bt eonal sncal unt: Obrouso D0 faut (1 Sl a2 +
ot ctures: Mut faull @) Dinara Mt faul (¢); Kamednica
A Tl ek 6 Kotk 7 Moser Mt Bkovs M. i
Sota Bt faut

H

ina fault (10); 5- The. s of the Vitka:Sin faull
2one; 6 Reverse, thrust fauls; 7- Sections of the revorso fauts wih marked horizontal
displacements: s without suroly character; 9- reverse ns

vergence; 10- Assumed projocions of the same faults ' the

marked dopih; D. STAESS, STAUCTURAL DISPLACEMENTS: 11. Regional stress; 12-

Displacement of struciures close 10 the surace: 13- Zone of horizonal displacement of

Structural units n the area of S pole; 14- Seismolecionic profle; 15- Location of the Peruéa
Figure 1. Structural map
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Dinara-Southern Velebit Seismic Source

Three cpicentral areas may be singled out in this source, ic. near the town of Knin, on
a streteh from Mokro pole (o0 Razvode, and at the southern edge of the Mt. Veldbit. The
stongest carthquake from this source with magnitude M=53, epicentral intensity 1,=VIL
VII® MCS, focal depth 13 ki nearby Kain (407" N, 16.32° B), happened at 13 59°
(GMT) on November 25, 1986. A large mumber of aftershocks followed, two. with
magnitude M > 40. The strongest earthquake in the epicentral area Mokro polie-Razvode
happened in the vicinity of Razvode in 1972, and its magnitude was M=49. On the

Southern slopes of the Mt. Velcbil, the strongest. carthquake with magnitude M=43 was
recorded on February 22, 1976.

SEISMOTECTONIC RELATIONS

The Peruty Dam is locstcd on the marginal part of the regional structural unit of
Dinaricum, in the zone of a fault separating two main overthrusts and seismogenctic
structural units: Svilaja (1 in Fig. 1) and Dinara-KameSnica (2). Deep subduction of the
rock mass and overthrusting closer (0 the surface are imporant in the tectonic movements.
The recent activity of the regional stress causes marked tangential displacements in the
front part of the overthrust structures and diagonal displacements in space. This means
that Svilaja and Dinara-Kamenica are rotating and generally moving southward, so the
horizontal displacement present along the fault zonc is the most marked in the Sinjsko
polie. Also, the closing and narrowing of the Velka-Sinj zone and Sinjsko. polje is in

The faults from the Velika-Sinj (11) zone are found in the surface around the Perucs
Dam. The routes of the two main faults from the zone are found in the area to the west
of the dam (one route is partly covered with the Svilsja_ overthrust, Fig. 2). The major
accompanying fault is found in the arca immediately eastward from the dam. The minor
faulis noticed around the dam join with major dilocations in depths. The morphologically
marked stecp slope 10 the cast of the dam marks.the marginal Dinara-kameSnica faut (5).

“The spatisl concentrations of the earthquake foci may be related 1o the major faul zones,

singled out in Fig. 2. These are the scismotectonically active zones. Within the analyzed

area, the key zones are interelated with the fals Obrovac-Drmis-Klis (1), Spit-Ploce (2),

Mu¢ (3), Dinara-Kamesnica (5), Mosor-Biokovo (8) i Velika-Sinj (1). While determi

the expecd meimum et mpnde particularly seismotectonically active
it was posible additon (© the carthquake data, the data on the most

active fault section and horizontal displacement. The below was
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- Obrovac-Dmis-Klis fault zone (1): the most active scction length - 42 km;

Mo=57;
Mucki rasied fault zone (3): the most active section length 44 km M,
DinaraKamesnica fault zonc (3): the most active section length - 40 km;

Mo=5.6;

Figure 3. Epicentral and seismic sources map

- SplitPlote fault (2) and Mosor.
length 82 ki Mo,
VrlikaSinj fault zone (L1): the most active section length 40 ki M.,=S.6: the
Sinjsko. polje horizontal displacement - 15 kim; My, =6.

fokoo fault (8) zone: the most active sectior

66:
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The carthquake sources are associated with the seismotectonically active zoncs, Fig. 2.
Based on the profils, the spatal compliance of the widihs, lengths and  projections on the
surface was noticed in the analyzed fault zones of ObrovacDrnis-Klis (1) and Mucki fault
(3), and zones of Spli-Ploce (2) and Mosor-Biokowo (8). The zones of Mucki rasied fault
(3) and the Obrovac-Drmis-Klis (1) fault are prominent for their higher earthquake
magnitudes and cover in space the cffects related to the Velika-Sinj (11) and Dinara-
KameSnica (5) zones. Such relations resuled in singling out of three carthquake sources
in the nearest viciity of the Perucs

1. Sinjsko polic, seismotectonically active zonc related to the Vilika-Sinj fault with
possbility of including the strongest carthquake at Trilj in this zone:
- Ma=65;

2 Slaj, seismotectonically active zone relaed o the Obrovac-DeniS-Klis and Mué
- the Peruca Dam ste s within the earthquake source:

Y

3. MosorBiokovo seismotectonically active zones relted (o the Spl
Biokovo_faulis
- Mau=66,

Ploge and Mosor-

Since the caleulation of the seismic force parameters should respect even the most
distanced epicentral areas the forth source, Dinara-Southern Velebit was defined in addition
10 the above three, estimated 16 May=6.1.

SEISMIC FORCE PARAMETERS

‘The engincering Scismology investigations are used (o determine the input parameters for
the calculation of the seismic forces impact on the siructures located on the inestigated
site. These are usually the maximum probable horizontal accelerations of soil during the
canthquake and the highest probable. macroscismic intensity of the carthquake on the it
These two parameters have also been calculated for the Peruéa Dam remediation.

ATTENUATION FUNCTIONS SELECTION

The highest horizontal acceleration and possble macroscismic intensity an carthquake might
cause at the investigated site are much dependent on selection of the empiical function
describing their ascending with the distance from the carthquake source and depe
n the carthquake magnitude. Since there arc no sufficient acceler

Peruéa Dam site which would be used for derivation of the local attenuation relation, the
one which gives the best description of the available data has been selected. Based on the
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analysis carred out within the 25 eanthquake accelerograms, mainly for the region of the
Dinaric, it has been concluded that the below attenuation relation (Prelogovié et at, 1985)

108 8 (cmis ) = 2184 + 0375 M - 1468 log (R + 1804) )

gives a good description of the empirical data and is therefore applicd in caleulation of
the horizontal acceleration ., on the Peruéa Dam site, M is carthquake magnitude, R
focal distance. The macroscismic intensitis L, on the site are calculated from the below
relation (Sponheuer, 1961):

e = 1y - 3 log (R) - 3% 043429 W (R - b) @

Where I, - epicentral intensity, b - focal depth, and W - coefficient of absorption.

The intensit I, in the carthquake cpicenter, if it was not known from the macroscismic
data was caleulted from the relation derived for the arca of the Outer Dinarics (Herak,
1989):

363 (1 + M8 - (log b) / 172) @

CALCULATION BY METHOD

Based on the above results of the seismological and seismotectonic investigations, three
earthquakes: Pot, Pot; i Pot, were defined which might have the highest impact on the
Peruca Dam site. The characte

ies of these carthquakes are:

Poi;: b= 10 km
x =10 km
Poi;: b= 10 km

M - magnitude, D - epicentral distance, h - carthquske focal depth.

the relations (1), (2) and (3) for the subject three eanthquakes, the maximum values
have been obtained for horizontal acceleration ape | ISy Lo

for canthquake Pot; 8., = 0256 g 65 MCs

for canthquike Pot; 8, = 0197 g

8 Mcs

for canthquake Poty 8, = 0160 g 80° MCs
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The maximum salues obtained for the first of the three sbove carthquakes, namely for
the carthquake with magnitude 65 Richter scale, with the focal depth of 10 km, and
epicentral depth of 7 km from the investigated site. Since the dam is the suructure
founded on a hard rock, no amplification effect of the surface layers i expected, and the
dynamic amplification factor (DAF) equals unity, and there is no calculaied maximum
macroscismi from the small amplitudes of the
microscismi 1t
should be mentioned that, due to the war actvtis, the

been carried out on the dam site, but somewhat more castward. However,
out o the sies which, according (o the geological data,
on these data, the prior conclusion related to

ic intensity increment. This s clear
i not during the measurements carried out in October 1993
measurements could not have
the

measurements have been car
are fully equivalent o the dam site. Based
the microscismic noise level on the Peruéa Dam site has been brought.

Using the above relations and the results of the local seismological investigations, the
um values have.been determined 0r dp and Ly at the Peruéa Dam site for the
historical carthquakes. The obtaned values are:

2k, 1=8.12° MCS:

For carthquake of November 27, 1990, M=56, h=8 km, D=

4= 0158 L= 7867 MCS

5, h=10 km, D:

- For canthquake of July 2, 1898,

2077 Mes

dum 0168,

PROBABILISTIC APPROACH

The intensity of 867 MCS and acceleration of 029 ¢ defined in the previous section are
n the future which is considered

absolute. maximums, regardless of the time period
ses the

However, in addition o values defined in this way, the engincering practce also
values which are the functions of time period and probable exceedings of these values in
concordance with the seismic risk concept

The probabilistc scismic parameter determination for the Perua Dam was based on the
gencrally accepted methodology of determining the seismic hazard. Two methods have been
used, . Comnels (Comel, 1968), appling the McGuire’s algorithm (McGuire, 1976), and
the theory of extremes wsing the Jenkin's method (Kuk, 1982).

Maximum Acceleration Calculation by McGuire's Method

“The masimum acceleration were calculated by the MeGuire's method, using the EQRISK
‘computer program. The four above specified seismic sources were taken into considration,
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alor

e with 0
cach source

50 called background scismicity for the 100 km radius cirular arca. For
. the 4 and b cosfficients of the Gutenberf-Richter relation were calculated,
While the seismotectonicaly defined values were used for the upper limit magnitudes. The
carthquake focal depths for particular sources were taken a5 constant

The calculated values of the maximum horizontal accelerations 3, relaied 1o the

individual return periods T, are presented in the below table:

[ oo so] o0 200 o0 [ 50| wooo]
Do @l oan T 036 [ores [ o2 [“oss [ oss ]

Table 1 Maximum horizontal accelerations a,,, as a function
of return period T

The acceleration 0186 for the 1.000-year retwrn period is the ssymptotic value of the.
maximum acceleration obtained by the above procedure.

Maximum Acceleration Calculation Applying the Theory of Extremes

The calculation applying the theory of extremes has been conducted on the basis of the
earthquake data for the period 1895-1993, and in two ways - using the o called
equivalent focal distances, Case A and actual focal distances, Case B. The procedure
described in (Prelogovié, 1985) has been applied. The obtained values are presented in
Table 2 where s designates standard devition.

T e (@) 5 auts
A B A B A_B
50 0117 o108 0101 009 0135 0128
100 0141 013 0120 0109 0166 0.163
20 0161 0159 0137 0127 0196 0200
30 0176 017 0148 0115 0219 0216
s 0190 0192 0155 0147 0233 0251
1000 0207 0215 01660159 0259 0289
10000 0247 0274 0188 0188 0323 o0t

Table 2 Maximum horizontal acceleration ,., a5
function of return period T

If these values are compared with the ones from Table 1, it is noticed that the applied

theory of exremes gives much higher values than the McGuire's method, particularly

When the return periods are higher. Further, the comparison of the acccleration value of
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029 ¢ (defined on the basis of the seismotectonic data) with the acceleration value of
0274 g (which corresponds 1o the return period T = 10,000 yrs from the abose Table)
indicates good agreement although the completely different calculation methods were.

maximum accelerations, as the function of the period of exploitation and the risk
3. Only the values corresponding to the Case B, actual

level, are presented i Table
somewhat higher than the analog values in

focal distances are given, since they are
A

the G
E (n) ROt @ Bt
0213 0159 0286
0188 s 0245
02 0135 0219
0234 0169 0322
ant w158 0283
0196 0149 0257

mum acceleration 9, as fun
exploitation period E and risk R

um  canthquake intensites are caleulated by application of the theory of
extremes in o ways, A and B, same as in the maximum acceleration calculation. The

s sample has also been used for the period 1899-1993. The caleulated values
o iy 1 oot 1 he kil e periods T are given in Table

‘Comparison of the intensity value 8.6° MCS, determined on the basis of the seismotectonic
with values 85 namely 86° MCS, which according 1o the above table correspond
1 the 10.000:ear retwrn period, indicate good agreement of the resuls,
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TOn Lo (* MCS) [ Tt

A B A B A B

50 213 6% 68 670 79 729

100 746 236 217 102 24100
200 271 766 739 721 803 805
30 184 281 244 740 818 82
S0 298 298 761 152 834 sat
1000 513 817 273 266 853 800
10000 845 860 795 794 895 93

um  intensity L., as function of return period T

te 4

The maximum intensitis a5 the function of the period of exploitation and the risk level
are given in Table 5. Only the values for the case B are given, caleulation with actual
focal distances, since the ones for the greater return periods are somewhat higher from
the analog values for the Case A

E () R(%) L(MCS) Lt e
100 I 5 765 867
100 » 291 249 840
100 3 239 237 821
20 10 83 276 888
2m 2 814 761 865
m 3 s01 254 848

Table 5. Maximum intensities I, as function of
exploitation period E and risk R

DESIGN SEISMIC PARAMETERS
As already said, the deterministic method was used 10 define the values which are absolute

maximums and are not expected to be exceeded in any period of time. In this way, the
horizontal acceleration was obtained of

G = 029 g
for macroseismic intensity
L = 86° MCS.
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“The probabilstic approach has been used to caleulate the horizontal acceleration and
carthquake intensity as the function of the retwm  period, risk

exploiation. As the carthquakes of type §, i S, are defined by the 200- and 1000-
year retun periods, the below horizontal accelerations and intensit

s are obtained:

carthquake S,

270 MCs.
. = 017 g

carthquake S o = 82° MCS
G = 02 ¢

Since the structure s founded on 4 hard rock, the amplification cffect of the top layers
is not expected, the dynamic amplificaion factor (DEF) equals unity and the calculated
maximum intensity_has 1o increment. Therefore, the said parameters are also the final
design values of the horizontal accelerations and macroseismic.intensit

CONCLUSION

T B 0 e st S i e e iy
il earthquakes, the most important are those

T el pell, ke sveg exthpal: T 2 109, sl iy T
MCS, distance from the Perua site 23 km o

Svilaja, the most important earhquake: November 11, 1990, cpicentral intensity
VIL VIII* MSK, magnitude 5., distance from the Peruca site S km.

¢ e Trse s e sor 4 cxbounes ot e Scanal sclertins o 016
and 0.15 g, and intensities of 7.1 § 7.9°

‘The Perua Dam is located on the border of
Bl S e i et

e et st it o Dk,

causes pro

portant. Th

s ol i vt ot 0
Structures and diagonal in the ith marked horizontal component along the
‘Velika-Sinj zone faults are found on the surface around
In the encompassed area all the key cones are connected wi
faults: - Obrovac-Drnid-Kis,

e, Mué, Dinara-Kameinica, Mosor-Biokovo and
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The carthquake sources are associated with the seismotectonically active zomes by
singling out of four earthquake sources ko polje, Swilaja, Mosor-Biokovo and
bi thern Velebit

The engineering seismology investigations included calculation of maximum horizontal
ccelerations and caleul nducted in two ways:
detrnnic sppeosch o e bass of the sklsmtecione mestaion s, ad the
robability complying with the seismic risk concept.

mic_intensities. The

The values obtained by the deterministic method are the absolu
ot expected 1o be exceeded at any period of time. The horizontal acceleration obtained
in this way

te maximums which are

and macroseismic intensity

1000-year return periods, the below horizonial accelerations and macroseismic intensit
are obtained:

carthquake S, L =7TMCS g =007

earthquake 5

520 Mes

022y

Since the dam is founded on a hard rock, the amplification effect of the top layers
) equals unity, and the calculated
‘maximum intensity has no increment. Therefore, the sald parameers are also the final
design values of the horizontal accelerations and macroseismic intensities.
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THE PERUCA DAM FLOODS ANALYSIS

Dr.Se. Ranko Za
ENERGY INSTITUTE Lt
ZAGREB

ABSTRACT

r floods at the Peruéa Dam profile have been defined by maximum

imom di
lyzed for wet season, October - May and dry season, June - September during
ydrographs

various return periods could be devised in triangular shape.

INTRODUCTION

The Cetina river floods at the Peruéa Dam profile are determined because they are
fequired for sicing of the Peruéa Dam discharge structures and the Peruca reservoir
operation. Therefore, the maximum discharges should be specified and the  relevant
hydrographs prepared for flood waves of various retum periods.

The avilable hydrological data on floods obtained by direct monitoring were analyzed.
5

pecial atiention was paid 10 specific characteristics of the water runoff in karst regions,
the Cetina catchment. area being one of ther

MAIN HYDROLOGICAL CHARACTERIS

rcs

The Dinaric karst, which indudes the Cetina catchment, determines its essential
omophoial foms i ey o st The disance of the Cetina
o the i sk s il s
Smomnrc i whih ks cohions T contesaion ad oo of aund
rainfalls favorable
Karst i characteized by a sparse hydrographic network, s0 sbout two.thirds of ek
Cetina inflow is the resul of continual groundwater inflow, mainly from the SW Bosni
arst (1L

PERUCA DAM REMEDIATION 105



A0 BN TYSUBPIED I 0) WIS wUNE) AN,

7 amiy

~PERUCA DAM REMEDITION

106



“The daily water inflows into the Peruca reservoir during the period 19611986, obtained
from the Peruéa HPP services, were avilable for the runoff analyss. The characteristic
Cetina discharges at the Peruéa Dam profle are as follows:

 minimum measured dicharge: Qu = 4 mwh
< mean discharge Q. = 02mi
© masimum measured discharge: Qe = 298 mis

According o these data, the Cetina runoff at the Peruca Dam profilen; for the period
1961-1986 was:

Qo Qi Qm=1:10:70 [0}

Related 1o the water runoff variabilty in the Dinaric karst which is, according 10 (2,
orientationally:

Quo 1Oyt Qe = 11102 100 @

the maximum Cetina discharge compared o the mean and minimum discharge is below
the aserage orientational ratio from the (1) above.

The influcnce Cetina catchment arca to the Gardunska Miinica profil s shown in Fig.
L. The Cetina catchment area 1o the Perua Dam profile towards the water divide is
approximately A = 1,380 km? 121 The mean annual gross rinfall for the Cetina catchment
1o the Peruca dam is P = 1370 mm. The average annual effective raintal is P,

mm, so the average annual runoff coefficient is ¢ = 070, The variations of mean annual
discharge of the Cetina in the dam profile are gencrally within the range of values for
Karst, the coeffcient of variation is €, = 024 The distbution of the mean annual
i of the Ceina i he um profi show g negaive kv, he coeficient

i skewness s ¢, = 021

“The maximum recorded specific inflows from the Cetina catchment and ts main trbutaris,
respective of the catchment area, are shown in the Fig. 2. It also shows the characteisic
curves of the maximum recorded specific inflows with respect o the Croatian karst

Q=25 89AH )

and the average relation in which, due (o high dissipation A, and g the cocfficient of
correlation s very low, T = 068, 50 it should be used for orientation purposes:

Q=5 768 @
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Figure 2. Maximum recorded specific inflows from the Cetina catchment
Guus Felated 1o the catchment areas size. A, and the average curve and the
upper envelope for the Croatian karst

“The maimum recorded speéifc inflows from the Cetina catchment and
are swongly affected by the reducing effect of the karst underground, 5o they are below
the average curves for the Croatian karst [41 The only exception is the furthest analyzed
downstream profile Gardunska Miinica on the Cetina to which the water runoff from the
direct catchment i higher than in the upstream part of the Cetina catchment and its lefi-
bank tibutarics.

s main tibutaries

The mentioned characteristics, a comparatively fow ratio of minimum, mean and maximum
discharge, 1:10:70, high mean water runoff coefficient ¢ = 070, and below average
f the maximum recorded discharges s compared 1o the Croatian Karst catchments,
document the suong effect of the karst underground on the Cetina water regime.

MAXIMUM DISCHARGES

The Dinaric karst rivers are ypical for very pronounced dry and wet season du
year. The uninterrupted homogenous 26-year series of unrelated data for the wet period
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October-May and dry period June-November were available for calculation of maximum
discharges of various. retun periods. The maximum Cetina discharge seies for the wet and

dry season wi
noted that the maximum wet season discharges arc also the maximum annual discharges
for the period 1961-1986.

the period 1961-1986 are graphically presented in Fig. 3. It should be

The graphical presentation i Fig. 3 clearly shows without any special analysis that the
Series are homogenous.

o (i

. C:

Figure 3. The maximum Cef

a discharges at the Peruca dam profile; wet
and dry 986

sson in the period 1961

The amalysis of daily inflows into the Peruéa Reservoir has shown that there is no
maximum discharge which would be preceded by another maximum discharge in a serics

e, the st s e s shoud b oo Idepndent of
e oter §

T saiah pui of 36 g S o b o o o k. i 8
comparatively short period for satisical analyss. Thercfore, it was cxamined whether the.
amalyzed series are  sufficiently long. The Kn:ky Menkel equation was used for
determination of the coeffiient of variation error, o,:

where:
& - coefficent of variation for the analyzed discharge series
B - number of series members
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‘The critrion of D. Srebrenovic that the hydrological series is not sufficienty long for the
sttistical analysis if 0, = 0.10 (3] was accepted.

“The cocfficient of variation for the wet period maximum discharge sercs is .

23, for
e o oo s g s =04, The oo st of riion

rrors D035 for the wet season discharge scrics, and 0., = 0091 for the dry
i e . Tiche, b st st sufficienty long_ for
applcation of the mathematical statsics methos,

The various retum period maximum Cetina discharges at the Peruéa Dam profle for the
wet and dry season have been calculated from the data prescnted in Fig. 3, on the basis
f various distributions. The most suitable distribution for both scrics was the Gumbel
distrbution, columas 2 and &, Table 1. The relevant maimom Cetina discharge distribution
curves and the input data are graphically presented in Fig. 4

o

ERI

PROBABILITY  » ()

Figure 4. The various return period maximum Cetina discharges dus
wet and dry season at the Peruéa Dam profile

i the
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FLOOD WAVES
Isolated Flood Waves

The analysis of the recorded hydrographs of the Cetina flood waves has been carried out
on the basis of the daily inflows in the Peruéa resenir in the period 1961-1986 (7. With
respeet 1o long duration of flood wases and slow changes in inflow quanity, one day was

accepted as a realistic time increment.

For the wet period of year, October-May, the average (set-up) time Ty=8 days, and the
average flood wave duration, hydrograph basis T=24 days were determined. For the dry
season, June-November, the average (setup) time T,=5 days, and the average flood wave
duration T=15 days were determined.

The hydrograph shape for the Cetina isolated flood waves at the Peruéa Dam profle
during the wet and dry season can be approximated in a satisfactory manner by a triangle

/
/s
8

R
\‘2;\
100 I~ —
: : oo
} -2 }
P T e

for the wet period, October-May
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Based on the approximate triangular shape, the average time of (wave setup) and
dration, and maximum discharges of various return periods, the hydrographs were obiained
for isolated flood waves of various return period, for the wet season presented in Fig. 5

and for the dry season in Fig. 6.

[ Lo bool
+ ool
z
~ e
o
- N
S e
- o T 4 AYS)

Figure 6. The various return period isolated Cetina flood waves
for the dry \, June-November

‘The volumes of the isolated flood waves of various retm period are given in Tible 1
in column 3 for the wet season and in column 5 for the dry season.

Double flood waves

Due to large volume of its cavitis, the karst underground in the hinterland of the Perua
reservoir has a reducing cffect on the Cetina flood waves. This reflects in long wave (set-
up) and recession times. For that reason, the flood wave after the intensive rainfull
segularly lasts for more than 15 days.
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The intensive rainfalls are in the Cetina catchment are frequent during the wet scason,
when the hydrograph is in recession. In such case, the second flood wave comes
fmmetinely s th 3, 3 Uy ol be anad ogeter a5 » donle oo v
The have two maximum, peak discharges, usually within the interval of 15
030 dayx

the hydrographs of the mean daily Cetina discharges at the Peruca Dam profle
s e g 1561180 e o s o subsequent, namely double flood
waves was determined (5] Eighteen double flood waves were amalyzed for the given period
1961-1986. The fist and second flood wave were isolated along with their main clemens -
maximum and basic discharges, (set-up) times, hydrograph bases and volumes. The
hydrograph shape has been analyzed separately. Two characterstc hydrographs of the
double Cetina flood waves at the Peruca Dam profile are presenied in Figs. 7 and 5.

AL double flood waves which are anlyzed because of their size snd duration fall ino the
wet season, October-May.

Qe

ocr.

T (owrs)

Figure 7. The double Cetina flood wave at the Peruca Dam profile
Oct. 23, 1964 - Nov. 25, 1964
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Figure 5. The double Cetina flood wave at the Peruéa Dam profile
Nov. 30, 1976 - Jan. 2, 1977

The double Cetina flood waves at the Peruéa Dam profile for the period 1961-1986 arc
independent cvents, because they are scparated by suffciently long periods with low water
inlre: Taocs, s it o e e Aty a4t s
subsequent double flood wave inflows. This applies when the double waves are considered
as the isolued cenities, But each first flood wave within @ double wave has certain cffect
on the sccond wave which follows it immediately. This characteisic is not a problem,
because the first and the second flood wave within a double wave are analyzed separatly.

M’ i oo Ul Co teod S & 0 Pt D et
are analyzed, the basic and dirct inflows are frst separated for the first and 1

St i T it Y o o€t S S i I Chee$51 o, s o G
second flood wave O

The series of maximum, peak discharges of the fist and the sccond flood wave are
homogenous and suffiienty long for swtistical anlyses: n: 0.038 for the
frs, and 04 for the second flood wave. Based on these data, the
maximum discharges of various retum periods as per diferent distibutions were calculaed
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for both flood waves, within the double flood wave. As the most suitabl, the Gumbel and
o b P 3 Tl s sl . 0 o, i of 15 i 4k
the second flood wave, respectively. The maximum discharges of the various return periods
6, T 1 o e Tt flood e, a0 I he. colu 8, Table

are given in the col
1, for the second flood wave:

“The column 11, Table 1, shows different maximum discharges of various return periods
for the isolated flood waves of the wet period from the column 2, and for the first flood
wave, of the double wave, from the wet period from the column 6. The diffrences are
small and amount to 7.6 percent for a 10,000-vear return period. This is shown

wribution curve for the wet and dry season

4, which contains the maximum discharge
along with the maximum discharge disribution curve for the first flood wave of the double

The average setup time for cach wave is five days, and the average duration of cach
wave s 20 days, 5o that the average double flood wave duration totals 40 days

ofoco
1\ L1 000
: I |
1 |
. NN
N
N
/4 \\:\\

T (oars:

Figure 9. The various return period double Cetina flood waves
at the Peruéa Dam profile
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Based on the anaysis of the hydrographs for the recorded double Cetina flood waves at
the Peruéa Dam profl it has been concluded that their shape can well be approximatcd
by 4 triangle. Using the acceped triangular shape, and based on the average basic
discharges, the maximum discharges of various rew periods and the average times of
wave (setup) and duration, the hydrographs were defined for the double flood waves of
various eturn period for the Cetina at the Peruéa Dam profile, s presentcd in the Fig.
s

The olumes of the double flood waves of various retum period are given in Table 1, in
column 7 for the fist flood wave, in column 9 for the second flood wave, and in column
10 for the total double flood waves, s

1 of the first and the second wave volumes

The diference in volume of double and isolated flood wave s rather high and amounts
from 37 % at 10.000:ear return period waves, (0 485% for the 2yesr flood waves, column
12, Table 1. Thercfore, the double flood waves should be accounted for during. the wet
scason at the Peruca reservoir.

The Table 2. gives @ comparison of the volumes of the Cetina double waves of various.
feturn periods a the Perua Dam profle determincd from the wiangular hydrograph,
values V, +  in column 2, with the corresponding volumes of the double wates.
deterhined on the basis of the Pearson 3 distrbution which is best suited 1o the
calculation data, valte V' in column

Retwn period VitV v VvV
ms) (10’ (10'm) -
1 2 3 A
0 535 1 a1
1 P 736 05
1 = 595 a4
s s s 61
1 P I 1
Disribution Pearson 3
Average 306
03
< oss

Table 2 Comparison of the volumes of the various return period double
Cetina flood waves at the Peruca Dam profile; triangular shape
V4V, and as per the Pearson 3 distribution v’
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The difference between the volumes of the trangularly shaped double flood waves and the
volumes determincd as per the Pearson 3 disribution, column 4, table 2 for the flood
waves of the S0 and 10000-year return period are very small and do not exceed seven
percent. Therefore, the triangularly shaped hydrograph is acceptable for the various eturn
period double flond waves of the Cetina at the Peruéa Dam profile.

CONCLUSION

“The conduced analysis o he Ceina foods at the Peruéa Dam profie have shown tha
the maximum discharges can be considered for the wet season, October-May, e s
being the maximum annual discharges, and for the dry season, June-November. The
maximum inflows from the Cetina catchment are strongly affected w Ahz Karst
w 24, s Uik e 13 compe o the ahr Lt cochmn

om, P 2. Tha arieus tacm piiod masbirm Cote dlcharges of o Purae
profile during the wet season are considerably higher than corresponding discharges
during the dry season, Fig. 4.

The hydrographs of the isolated flood waves during the wet season are specially
abundant in water as compared to the isolated flood waves during the & i
volumes of the flood waves during the dry season are in avr

the volumes of the flood waves in the dry season.

In addition 10 the isolated floods waves the double Cetina flood waves often occur,
practically always during the wet season, which are much higher than the isolated flood
wares i The et scasn b 37 o 48 perent, couma 13 ok 1 T doable Crtnn
tood waves hydrographs were obtained by their analysis for the Peruéa Dam profe and
various return periods.

The above analyses lead 1o the following conclusions:

L The results of the maximum wet season discharge a which are also

s,
the maximum  annual  discharges, namely the maximum  10,000-year
discharge Quu = 510 m's, column 2, Table 1 should be used in sizing the
Peruéa Dam discharge structures.

2. The below should be used in the reservoir operation:

- during the wet season, October-May, the hydrographs of the double flood
waves of various return periods, Fig. 9,

during the dry season, JeneNermber, the bpdogaghs of the slid
flood waves of various return periods, Fi.
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GEOTECHNICAL INVESTIGATIONS AND
DESIGN PARAMETERS FOR STABILITY
ANALYSES OF THE PERUCA DAM

TOMISLAV wélc‘. e
Professor Dr.Sc.

MEHAO SASA I(OVA(':EVI M.

CIVIL ENGINEERING FACULTY, UNIVERSITY OF ZAGREB

WVITS-NOSSAN

ABSTRACT

The concept, the extent and the results of complex geotechnical feld and laboratory
investigations in clay dam core are presented. The investigations were carried out a year
after the damage.

The selection of design parameters included data collected during dam construction and
control investigations performed after twenty years of dam exploftation.

The comparison of recent measurements and (he selected range of parameters for clay
core is also presented. It is demonstrated that the design values are adequately
estimated.

INTRODUCTION

After the Peruca Dam explosion on January 29, 1993, and the provisional remediation of
the dum dumage and evacuation of water from the reservoi, the dam remediation design
works were_initated. Comprehensive geotechnical and geophysical investigation works were
planned in order to determine the condition of the clay core, gallery and the bedrock
T e G ot e ot T W oo et 0
cction. The data

investgation and. prospecting on the ends and i the centa N
i by 15 o K 1 Ml Gt Sty vanpiinimn

jam destructon confirmed the solution based on excavation and new construction of the
dam ends, so the inital investgations program was reduced (o the central dam section.

The immediate threat of war operations prevented performance of investigations on the.
m crest to be conducted in 1993, During that period, the gallery excavation and
remediation was. started, and the design documentation for the remediation of the entire
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dam completed. The design documentation lanset cxcmton e cmtrction o 2
ends, removal and reconstruction of the top 10 m of the central dam section, and
coiracion o i, Inpicmiable it SuB s th Ok 80 rgent e

When the ceaseire wes agreed on in Aprl 1994, the excavation of ends and the top dam
sections stared. The investigation works were conducted from the clevation 3530 m asl,
10 m below the earlier dam top, in May and June 1994

PURPOSE AND SCOPE OF THE GEOTECHNICAL INVESTIGATIONS

The purpose of the geotechnical investigations was:

@ To get the insight into the conditon of the core in the

in order o determine the possibie major damage which
wall construction;

and sounding sies,
i endanger he oot

() To obtain the core material tests resuls which would enable checking of the design
clay parameters from the dam statc and sefsmic stabilty analyses.

The investgations were conducted by a combination of the field methods, borehole with

driling, standard and satic peneteation test, SPT, borehole. impermeabilty. tests,
s amdmiptine aboratory tests included & widerange of clasification tests
and the tests for determination of the soil mechanical paramcters.

wout of investigation points in the proximity of the future cutoff wall, between the
stations 1435 and 1485, is such that a continvous testing along the core depth is
conducted in 5 m intervals. The sounding boreholes were arranged in alternaton with the
SPT, and the data along the core depth obtained. The boreholes are extended into the
fock underlying the dam, 50 the bedrock data exist for 10 m intervals.

The rough grid interconnecting within the core was realized by the scismic crosshole
method, also in 5 m intervals along the core depth. It has been cstimatcd that this

imesigaton "Brid" can record larger arcas of core damage or any major cacks or cavers

The conducted investigations layout s presented in Fig. 1.

DESCRIPTION OF THE PERFORMED INVESTIGATIONS

Investigation boreholes. The imestgation drillng and the tests on the boreholes were
conducted by the Grouting and Special Toppings Departmen, Geotehnika, Zagreb.
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The borcholes were drlled in May and June 1994, using the motor drill. The clay core
was.bored with single core drlling machine (146-101 mm), no driling m
“The drilling in the roek was carried out with the core drlling mac

1m steps.
s Tss, with driling

mud.

While the boreholes were drilled and the impermeabiliy tests conducted by the Legranc
method, the borcholes closed after a longer delay because of the clay swelling, so. this
method was not applied in permebilty tesing of the borcholes SP-6, SP-7 and SP-.

The boreholes designated SP were used for
plan, in 5 m interals along the clay core depth. The disturbed clay matcril samples were.
taken along with the ones obiained by core drlling. The basic physical and qualifcation
tests on those samples were conducted by the Laboratory of the Civil Engincering Institute
of Croatia Zagreb, Split Divsion.

indard penectration tests according (0 the

Static penetration test (SPT). The clay core investgation using the SPT was conducted
by Geotchnika Zagreb, The Gouda equipment of the Duich manufacturer N.V. Goudsche
Machincfabrick was used, with the maximum allowable penctration force of 200 KN and
drawing force of 260 KN. The equipment is of electric type, sized according 1o the
stndard, capable of continuous cone resistance and local sleeve friction measurements. The
measurements were recorded using the analog electric recorder. The frition reducer set
was gencrally used at a specified distance from the probe. The SPT cquipment was not
placed continuously; the penctrations were set on a 10 m section along the depth, with
preliminary driing, with the exception of the surface vicinity where the section was cven
20 m lone

Geophysical prospecting. The geophysical prospectng was carried out by the MOHO Lid.

in 6 borcholes. The cross-hole scismic wave was induced by & hammer after the standard
penctration test, in 5 m intervals along the borcholes SP6, SP-7, and SP5. The
monitoring was conducted from the previously drlled and cised borcholes SP-5, FP-3 and

5:5. The thrce-component. geophones were used for the cross-hole test, and the additional

Ecophones were used 1o complete the cross-hole method with the seismic polar method
applicd on the longiudinal clay core profilc.

For this case, the most important are the results of the shear waves “v," propagation
velociy through the core, as shown in Fig. 2. In the majority of the measuring points in
the upper part of the profile the deviation from the predominant rend and expected
quanitative results for the clay materials is noticed (higher v, speeds at the 5 m depth
and, according 1o the borehole SP-§ even 1o 20 m depth). Having in mind that at the
depih of 10-15 m from the top. the core is stll comparatively narrow, and that the
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boreholes are shifted from the core center towards the upstream shell, it might have
happened that the scismic waves have found a shorter priileged pussage through more
stiff it layers and the rockfll, therefore the average velociies v, are somewhat higher
than expected on low depths. The deviations at the borchole SP-8 are not coered by such
a possble explanation.

‘Trial grouting of clay core. Within a framework of the geotechnical invstigatons, the clay
core trial grouting was carried out by gravity grouting, borcholes B3 and B4 and the
downward grouting procedure along with the driling, borcholes BI and B2 The trial
grouting was carred out by Geotehnika Zagreb, The grouting was carried out on the di.

m boreholes, and during the grouting mix setlement the clay was swellng, which
caused closing of the borcholes. The borehole B-2 suffered the grouting mis loss at
pressure 15 bar at the station 10-15 m, and at pressure 30 bar at the sation 15:20 m.

boratory testing of the clay core samples. The lsboratory testng was carried out at the
Geotechnical Department. Iaboratory of the Civil enginecring Insttute of Croatia Zagrch,
Split Division. The disturbed samples were subject 10 a large number of classification and
index tests, granulometry, it density, Attenberg. limit, water content, swelling test, while
the undisturbed samples were used (o determine the clay strength, UU and CIU wiaxial
tests and deformation characteristics under static (oedometer) and cyelic loading (cyclc
wiaxial test at the laboratory of the Civil Engineering Faculty, university of Zagreb).

The swelling (swallowing) tests were conducted on the ocdometer on an saturated sample
with no vertial load, and the obtained swelling values ranged between 051 and 209%.

DAM CORE PROFILE DESCRIPTION

Generally, it has been noticed for the investigated part of the core that the clay materils
had a comparatively high homogeneiy, as confirmed by the descripton of the clay samples
taken during driling and reasonably matching resuls of the field, SPT, CPT, cross-hole
and laboratory tests.

The heterogeneity caused by the damage was expected in the loose material zone with
increased water content and low penctration resistance, or even caverns (holes) through
which the driling cquipment would sink by s own weight. Such zones were not f

in the investigated grid, which leads to a conclusion that possible core damage, it there.

iy, would primarly be local in character and smaller in scae.
The fact that, soon after explosion and reservoir empiying, the dam core sustained the
pressure head approximately equal (o the one of the half reservoir level with no major
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sccpage (the level during the gallery reconstruction when o accidents happened) indicates
that there were no privilged passages established through the possible local damages which
Would cause subsequent unfavorable effect of the water. In the highest dam section the
gallery height is about 4% of the core height, and its volume is under 1% of the clay
core body volume (per metre of the dam height). It seams that the plastic core material
filled in all the holes caused by mining of the gallery arch and adapted to the new
conditions with no excessve fissures. The swelling (swallowing) characteristic of clay noticed
during the investigation drilling and confirmed in the lsboratory probably caused closing.
the sites of the lower local pressures.

of the fine fisures

Since the
results reflect the new core stat

s e ompeed s 8 e nd 4l e G Ssig he

The Fig, 3 shows the summary review of data on granulometric content, SPT blow count,
Atenberg limit and water content for all the borcholes.

The granulometric review indicates that, generally, the material has over of 60-80% of sl
and clayey parices, with the exception of the borchole FP-3 where a lens of the gravelly
material was detected on the depth of 15 m, along with the gravel traces in the top
borchle section.

The SPT blow count for the st 30 cm of penctration (not in accordance with the
standard) gives & qualitative indication of uniformity along the core length snd @ mild
trend of increase with the depth. The resuts which are signifcantly above the average a
ocal, and probubly the consequence of the encounter with the limestone cobble and gravel
particles which are often reported in the dilling logs. The individual small values of @
blow count o the top of the borchole and in depth, P8, may designate the locsl
softening of the material caused by the drillng

The oy v coment song the bl dept has b ivcgtcd i et st the
borehole FP-3. The common presentation shows that the results of other borcholes arc
B i G S0k it Gl e s 5 e S St
and 30% and correspond e o g dri e comincion
(Nnmc\\lcr, 1983). Considerably lower results at the depth of 25 m are probably the
consequence of the dried sample or, possibly, drained s e i
depth in the borehole FP-3. The considerable increase in water content, over 40%, was
noticed on only two samples from the borchole FP-3, at the core-gallery contact. Since
imed cxplosion sitc is in the vicinity of this borehole, the increased water content
could indicate local loosening of the clay core. The comparison with the Attenberg limit
shows that, as a e, the water content is on the verge of plasticity or somewhat lower
along the entire borchole lengeh
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The gravclly clay was noticed in the borchole TP-3 below the depth of 20 m; in places,
the lens was even 60 m thick (under the limestone). It scems that this lens layer aio
reaches the S m distnced CPT-9 where  considerable increase in the cone resistance was.
noticed at this depth. When the CPT measuring apparatus leaves the measuring range it
s probably the consequence of the encounter of the. probe with the limestone cobbles or
frr g g Sch g o hrd s can el e CPT soad fem e
Soc e ity S ! . st M e Ao e
nmmh\y been corrected by this procedure

The lens of the cohesionless permeable material was probably filed with water and its
penetration during drilling and sounding establshed the relaion and nitated scepage into
the borchole FP3. The very lens is located in the middle of the dam height,
probably does not present a direct consequence of the blasting. The explosion in the
gallry would erupt the fragmens of the grey concrete arch which had not been noticed,
and the crest and shell zone setlement happened in the upper several meters of the dam
in the dircction of the reservoir rather that towards the core. It is simiar with the
fimestone. cobbles (white in color) which have been found in different depths and
borcholes ouside the assumed explosion site. The photographs of the cxcavation in ends
also show occasionsl cobbles in core.

The shells were built by unloading of the rocks in thicker layers without compacting
throughout the scason, while the clay core construction was  interrupted during the
i ol ey periods. For that reason, the constructed core level was below the
elevation of the neighboring shells, and the individul stoncs could have rolled 1o the core
as remain there. Therefore, it is not unrealitic (o assume that the nonlay core
have been present there since the inital dam consiructor

The il grouting has also indicated increased consumption of the material in individual
jon works has o shown

stations, and the consolidation grouting within_ the remediat
increased consumption of materil in the central core section. This prosedure has generally
decreased the core permeability and filled any possible cracks and lens, regardless of theic
causes. Consequently, it may be concluded that the carred out remediation measures, along,
With the construction of the cutoff wall in the central section, present a satsfactory and
safe solution
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CLAY CORE PARAMETERS

trength parameters. The materia strength parameters are essential for the dam stabilty
analysis by the method of limit states with the assumed failure mechanism (diding surfoce)
“The laboratory researches. included @ number of triaxial tests, UU and CIU, while the
undrained strength can be indircetly evaluated using the of the SPT.

th parameters in total stresses (undrained strength) have becn determined by the
unconsolidated undrained, UU tests, and the summary presentation of the measurement

s is given in Fig. 4. A considerably large range of results has been noticed as well
as formation of groups with the undrained cohesion of about S0 kPa, 150 kPa and 300
I T gl o)t M s+ b v i cmiem, 150K,
and higher compaction, dry density 3 U, as compared to the other samples,
Ye15L6 W>25%. Some of the mmples with low parameter values have been
i s Rty W o st

The undrained strength determined from the CPT cone resistance by corelation is about
150250 KPa, which is approximately matches the range of the mean results from the Fig.

However, according to the literature this correlation s not fully adequate for these
cumpanmcly saturated and comparatively overconsolidated materials.

With respect (o the heterogeneity of the clay core compactness and humidity, it is only.
relisic to expect the wide range of the sirength results. The selected design
also given in Fig. 4, are suficiently conservative and encompass the most
unfavorable cases of the measurement results. The steength parameters in effectve stresses
are determined by the consolidated undrained tests with the pore pressure measurement,
CIU tests and a summary s ghen in Fig. 5. A somewhat smller range of resuts s

ied. The measured cobesion ranges from 842 kPa, and the m 152
i me e ] it o o i s g o
1016 are 100 low for this type of material

For analyses in effective suesses the parameters ¢ = 5 kPa i ¢ = 20° have been
sclected. The Fig. 5 shows that they are giving somewhat lower strengths than the ones
measured in the area of the lower vertical stresses, whie the calculated strengths i the
region of higher stresses are within the average measurements. Since the safety factrs are
comparatively high for the decper surfaces in the conducted analyses, such selection of
parameters is considered satisactory.

maic p dam seismic stability analyses using the sliding block method
include.the stability calculations for the siopes and the dynamic response analysis. The
previously specified parameters of undrained strength are used in the slope. stability
calculation by the boundary conditions method. The dynamic response analysis requests
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disribution of the iniial shear moduli Gy=p v2,
and damping on the shear cycli deformation,

and nonlinear dependence of the moduli

Based on the measured shear wave propagation velociy v, and average density p=20 U,

the shear modulus G, has been determined and presented in Fig. 6.

The calculated values of G, have been determined using the correlation G, =
The calculations include two modulus profles along the depth - in the firs, G, is
constant, MPa, ¥, = 263 mis and in the second, G, increases with the depth,
G, 138230 MPa, v, = 263339 ms. The Fig. 6 shows that the design and measured range
of modulus are gencrally in good agreement but for the local deviation on the top of the
borehole, 35 sid carlicr

The nonlincar relations of modulus and damping with the shear strain have been tested
on three samples using the cycic triasal test. Sample fests with measurement of strsins
ety on te sample (Hal saso) show e mode sfucion i complns wih the
applied relations from the lterature, and the value of the measured maximum modulus
i within the range of the geopll ical measurements, The measured damping is somewhat
Btk x5 i Wt . lbcduinn St G St It et

conservative. The Fig. 7 shows analyzed results of a cyclc triaial test

It can be concluded from the above that the dynamic calclation parameters for the clay
been selected realistcally or conservatively, so it is considered that the
conducted calculations meet the design requirements.

ROCKFILL PARAMETERS
The remediation works did not include testng of the rockfill materal,

re acconding (0 the results collected during the inital dam construction
(ometer, wsx. and the new information from the referenced literature.

50 its parameters

Construction of the rock shells for the Peruéa dam respected the than world practce in
construction of rockiils (a- relatively uniform granulation curve with some chippings,
igh layers, water saturation). Such a practice (dumped rockfil) was motably
changed in the late fifties and early sivies (Nomveller, 1983, Cooke, 1984), and. the
g and dumping changed (o the procedure of the

procedure of the stone  unloadi

compacted rockiil

‘The lower section of the Peruéa Dam rockfil was placed in 12 m thick layers, and the.
top section in 6 m thick layers. According (o the descriptions, the  downstream siope
contained the finer grain stone, and the upstream slope the coarser grain stone.
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The compacting of the rockfll was performed with the strong water jets (3 m® of water
on 1 m’ cmbankmen).

The average granulomet
shows that the maximum grain exceeds 500 mm, and that the fraction of the grain below
2 mm s less than %. The wial embankments had shown that the construction procedure
might result in dry densites of 175 U’ to LSS v’

e composition of the stone from the quarry (Nonveiller, 1958)

“The cohesionless materials of larger grain sizes are characteristi for grain crushing, and
the resul ¢ in the mechanical behavior. The attempts (o quantty and corrlae
3 vhenminon vih otkr s parameters are generally empirical in nature (e,
Marsal 1973, Hardin, 1985). According to Hardin (985, the P Dum rock il
has the breakage potental B = 295. The relatve for the vertical streses.
ranging from 200 to 1000 kPa and the horizontal stresses ranging from the isotropic
consolidation to the passive pressure, ranged within the extremes from 1 1o 15%. It has.
been cstimated that the forecasted changes in the granulometric composition of the rockfill
are modest in scope.

The strength of the cohesionless material depends on several factors, and the more
important for the same mineral composition are compactness, granulometric composition
and the value of the normal streses

The tests for the Peruéa carried out on the pilot granite (Nomveile, 1958) conducted with
varisble maximum grain indicate increase in the friction angle with the increase in the
maximum grain diameter, which indicated that the friction angle of 45" is realisic or even
conservative. option.

“The detailed information on the Peruéa Dam rock material strength can be obtained by
the empirical approach of Barton and Kjaemsly (1981) which includes the impact of the
basic material strength, size of an average grain in the rockfll, grain shape, material
‘compactness and normal stresses. The effecive friction angle (&) is determined from the.
relation

@ = Rlog (S0,) + 0,

where:
- cquivalent grain roughness dependant on the grain shape and origin, and
material compactness, porosity, after building in
S - cquivalent grain strength dependant on uniaxial compression of an intact
rock, average grain diameter, Dy, and investigation type, triaisl compression

0 - i tion nge, sl Wi the ange of 2535°
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The diameter of the average

rua materisl grain was Dg=150 mm. Assuming the
uniaal limestone strength 0,=100 MPa and average base angle ® , =30°, the efects of
the compactness and normal stresses for triaxsl compression, TC, and plane strsin S. The
characterstic results for porosity n = 37%, density 175 ', are shown in Fig. § for
linear and log stress scale.

Crushing of grain under higher stresses decreases the aerage grain diameter, and
subsequent setlement of the rockfill and filing of pores increases compactness of the T
material. With respect 10 the conducted analyes these efects should increase the muteril

rength, but according to the evaluations this contribution should ot be considerable.
e wen s ‘compacting process” is neither controlled nor uniform, 5o it
should ot be taken into the account in conservative design. Therefore, the angle of 45°
is selected for calculations for the range of normal stresses of 0 - 200 KPa, and the
fricton angle of 41° for higher normal strsses

Maximum shear modulus, G, modulus at low strains has been determined from the

al terms of Sced and ldriss for cohesionless materials (1970):

20 Ko 0% (P2)

Ko dimensionless parameter dependant on the soil type and compactness
0 - mean effective pressurc

According 10 the literature, the parameter Ky, used for gravel and stone materal is ovcr
100, and for modem compacted rockfils it ranges between 150 and 2 0 G, 152
Eg. for scismic analyses of the Orroville high dam Ky sed, where. the
compacted rockfll had significantly smaller fractons than the g
Peruéa rockfll compactness is probably poorer, the estimated parameter Ko is within the
range Ko, = 100 - 150,

The curves recommended in lierature (Seed cd al, 1955) were used for nonlincar relations
of the shear modulus and damping with cyclic shear strain amplitude.

CONCLUSION

Tkt iy ol I il chy s e o U e

riaken in order determine the posible damage of the core which could
fomg n...,mu.d ‘construction of the cut-off wall and in order to check the calculated soi
parameters.
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Within the investigated grid § x 5 m no major areas of loose materis
and_ cavi deecte. Te avctutons Indcand porsbe o dameps . e
mmdite iy of he explosion i, and th local ens of e permenble. coheent
material in the central core section,

r large eracks

The core preparation by the consolidation grouting has probably filled the minor
Jechlalie o i g e et & s SO o8 e ik
Should provide the dam with the final safety

‘The design calculation parameters for the clay core are selected realistically or on the
safe side with. respect 1o the invest ults. The Fockfil parameters are estimated
on.the basis of the data collected during the dam construction and relevant literature.
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SEISMIC STABILITY OF THE PERUCA DAM

Professor Dr.Sc. ANTUN SZAVITS-NOSSAN
MEHAO SASA KOVACEV!(, M.Se.

TOMISLAV IVSIC, M.
CIVIL ENGINEERING YACULTY UNIVERSITY OF ZAGREB

ABSTRACT

“The seismic stabilty was analyzed by the so-called "sliding block method” which includes
the dam dynamic rsponse analyis, determination of yieding aceleations of potctial
g ol 304 e of permancnt dam displacement after the d
earthquab

ble-siffness-shear-beam model including the

‘The dynamic respanse was studied by vari
parametric analyses over the wide range of dynamic stiffacss properties of earth
s 1 appvpinie ook s e ek T ot i

parameters
il s et s moton o cnrin (e wie e of e The
D o st tou i’ it ik
of permanent displacements included the ger of appropriate diagrams

ime-histories as inresponse analysis.

wing the same acecleration

The same method was applied in analysis of scismic behavior of the dam during the
Strongest historical carthquake of 1990, using the original acceleration records from the

stations close to the Peruéa Dam site.

INTRODUCTION

The Peruéa Dam is a rockfill dam with almost vertical, comparatvely narrow clay core

protected with mult-ayer filers on both sides. The core material is higheplasicity clay
River canyon. In layout, it is slightly concavely cunved

The dam is located in the Ce
i the upstream dircction. Until its intentional damage by the cnemy carly in 1993, the
dam had a thinty odd years history of perfect operation. It might be interesting to mention
that no dam of this type has suffered any considerable damage during Stronger
canthquakes.

Generally, the dam body must not collapse during the maximum probable carthquake
because of the material liquefaction in it body or foundation, duc to sliding along @
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sliding surface, because of the loss of heightening above. the reservoir level, or because
of the uncontoled secpage heough the cracks. The isue of liguefaction is not present
in the case of the Peru because the dam does not contain liquefaction susceptible
s, The g shong i sl fiting vt i Yok o B0 ightening
above the water level shall be checked by the seismic analyss. The uncontrolled e
mmugh 0 ks I 1o ottt s sk Sl b Fenind b7 e
upstream and downstream filers. The upstream ended to 1 amy pmML, i
The it v o 16 domesed st s el oo o by

construction of the impermeable cut-off wall which is not subject o the progressive crosion
in case of possible seepage through the cracks.

Today, the seismic analysis of the rockfil dams can make use of 4 number of procedures,
from the very simplified 10 the very complex ones (ICOLD. 1986, Gazetas, Dakoulas 1992).
The currently predominant opinion is that the snalyses based on the Newmark sliding
block method (Seed 1979, Marcuson, Hadala, Frarklin 1980) are sufficent and satisfactory
for the dams which had not been buil of the material which suffer considerable loss in
strength under the seismic loads, o founded on such matrials. Since neither the original
nor the reconstructed Peruéa Dam contains materials susceptble to liuefaction, the seismic
analyses have becn conducted by the Newmark siding block method applicd in the below
steps:

I Comparative dam scismic response analysis by the Ambraseys and Sarma p
(1967, and appin.the SRAKE program (Schaubel, Lysmer, Sced 197, T the
firs_procedure, the triangular dam crosssection is presented

consideration of nonhomogencous and nonlincar d

I Calculation of yielding horizontal accelrations causing the wnit safety fuctors on the
potcnial sliding surfaces in the dam body, applying the modified SSTABI program.

I Caleulation of permanent siding body displacements applying the Newmark siding
block method (Newmark 1965, Seed 1979), based on the resuls of the steps 1 and
as the supporting data for evaluation of the permanent dam deformations.

It s planned that the reconstructed dam sections shall be buil of material of equal or
characteristics compared (0  the original dam material, and modelling of their
arrangement in the dam crossscction has respected the final dam design.

‘The above analysis steps, together with adequate parametric analysis, have been followed
in more detail in the central dam crosssection reconsiruction, maximum height h=60 m.
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Fig. 1. The record of strong ground motion in Dinara mountain
(Geophysical Department, Zagreb)
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Fig 2. Reponse spectra of recorded Dinara carthquakes
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The s bs sk b prkmed on e st of s g sog e
dam, as well as the amalysis of the dam heightening effect on it seismic response
dam scismic sabilty prior 1o the damage has also been cvaluated.

In addition 1o the scismic analyss, the technical requirements for building in of the
material o the reconstructed dam sections specify the measures which comply with the
State-ofthe-art practice in dam design in the seismic areas.

SEISMIC LOAD

scismic load on the Perua site was determined by the Andrifa Mohorowtic
Gmphyuml Department of the Natwral Science Fakulty of the University of Zagreb, 1

The maximum expected bedrock aceelerations were obtained by the deterministic prosedure
for the three types of carthquake:

Y cbuake on he dam sk, mgetud Mo, mimum aclraion w0160
g maximum intensity =80 MCS

B e anbquie, spennl dianee - 7 ko, mugiade M=630, muinen
acceleration & maximum intensity L.

9 rmote bk, el daacs - 21k, magritde M=, musimen
1

ceraton e.0197 5 maimum mersiy Loos0°

The maximum seismic scceleration 3,,=022 g for the return period T=1,000 years was.
obtained by the probabilstc method. These values correspond with the em)\quikc 52

vl i macnan scieaion fo the 50 aled opring basis carthquake S1 is
7 s

Many regulations request that the scismic stabi

f an object be inspected for the.
operating basis carthquake. I is ot clear which boundary critria for the operating basis
carthquake should be met by the rockfil dam with the satsfactory level of stabiliy for
the muximum probable carthquake. Therefore, it is not common (o conduct. special
operating basis carthquake analyses for the rockfl dam body, and the maximum value
802029 g shall be used for further analyses.

Since, in addition 1o the maximum acceleration, the seismic response of the dam is
considerably afecied by a wide range of frequencies, several acceleration time-histories

4 for the analyses. The first group of accelerograms consists of the synthetic
accelerogram compatile with the design specirum RG 160 for the nuclcar power plants
(NEPIIS), and the records on the histrical Montenegro earthquakes of 1974 (IZIIS, 1974).
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© ULCINI Apil 15 or 16, 1979, W-E component, 1,
carthquake on the site.

369 e’ The record of

AR, My 24 199, NS conponct, o985, The recond of ks
on the central distance from the

= VELIKI STON, April 15, 1979, N-§ component, 5, =2641 e/’ The record of
canthquakes with epicentral distance over 100 k.

The sccond group of accelerograms includes the carthquake records for the Peruéa Dam
site vicinity tsken during 1990 on the Ricica Dam. The longitudinal components of the
below carthquakes have been selected, Geophysical Department archives:
© Imoiki-Grude earthquake, April 3, 1990, M=5.0, 5,,=0.13 g

© Imotski-Grude earthquake, August 27, 1990, M:

o g
Mt Dinara carthquake, November 27, 1990, 437 hours, M=5.6, 8,,=0.120 g

Mt Dinara carthquake, November 11, 1990, 551 hours, M=55, ..

069 g
the reors o b mefm o renote ke, For e s all the
cambabes e sl to i, scerion o s

The Fip 4 resens o e rcod of one of th Dk e, and e T 2
shows their response spectra, also djsted 10 =10 .

respomse spectra for all used accelerograms reflest wide range of frequencies of
historical earthquakes, while the synthetic accelerogram NEPHS covers conservatvely the
whole range of relevant periods.

INSTALLED MATERIAL PROPERTIES

The design parameters of the dam material have been determined on the basis of the
imvestgations conducted for the orginal design and evaluations from the  referenced
literature. With respect to possible variations, the sensitivit of resuls has been analyzcd
for  wider ange of posibl paramte. T beow valus have been seleid for the
characterstic dam sect

Clay core:

density: 2 um®
- [nndumm) 5,24060 kPa or
nth kpa o tho St 1 e depth of 24 m, 1o increase linearly below that
depth (0 5,150 kPa on the depth of 60 m (dam foundation)
-~ maximum shear modulus:
300
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Rockfill:

o demsity 21 U’

o swengh @) 5*for depth 10 20 m on the submerged upstream shell,
namely for the depth 10 10 m on the dry downsiream shell;
b 1 for greater depths;

-+ maximum shear modulus:
220 Ky p [ kPa |

where p - mean effecive stress, and Ky =100-150

The Fig. 3 shows the range of maximum  design

shear moduli, separately for the
submerged, upstream and unsubmerged, downstrcam dam shell and the clay core. The
analysis used the weighted average moduli.

shear modulus and relative 10 the strain amplitude the curves of
Vaceie and Doty (1991) were sclced for the sy core (it ndx of plaicty L
40) and recommended rockfil curves (Seed ed a, 1955).

The said modulussrsin curves are given in Fig. 4, along with the “merage material” curve
recommended by Makdisi and Seed (1979). The figure also shows the average curves for
the ten_ horizontal layers weighed according 1o the participation of the rockfill and clay
in the horizontal layer.

Other materials: Because of the low impact in the dam crossscction, the filiers are
included in the rockfil zone. The same relates o the cutoff wal wich has not becn
modelled separately. The bedrock on which the dam s founded has the assumed shear
1000 mis and density of 24 Us

wave velocity

DAM SEISMIC RESPONSE ANALYSIS

SHAKE Program. The SHAKE Program (Schnabel, Lysmer, Seed 1972) enables
calculation of the "Shear beam" response on the ssmic input cither in its base, beds
or the bedrock outcrops, The “shear beam’ can be randomly layered. The sei
is given in the form of an accelerogram within the time domain. The calculation is

frequency domain in the complex area, which cnables seting of the
frequently independent damping. Nonlincar behavior of the material, presented a5 the
dependence of the shear modulus and damping on the average shear strin amplitude, is
taken into the account by the applicable iterative procedure. In caleulation, the scismic
input s set on the bedrock outcrop. Such approsch, in addition to being more realistic
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than the approach in which the seismic input s set in the dam foundation, also avoids
the dublous resonant cffects referenced (o in the ltrature (Gazetas, Dakoulas 1992).

Al analyses were based on the assumpiion that the reservoi s full

“The analysis of the model sensitiviy to variable siffness was carried out for the average
sifness K, double stifness 2K and half stiffness K2, The average siffness K is defined
as the mean value of the maximum shear modulus G for the estimated range of
parameters, Fig. 3. The values 2K and K12 encompasses wider range of stffnesses thin
the shown ones.

The SHAKE Program analyses were conducted for all § accclerograms and the specifid
dam siffnesses.

The average acceleration on the dam crest s
(@) for siffness K2 2,,=078% g

) for siffness K =102
(©  for siffness 2K

0 '
00
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s |
<
Nos [ |
o8 I e uLCI 5
I, —— RECOMMENOED RANGES
o R0 Sees 1o79)
1.0 A
00 02 0+ s o5 o

Amox(Z/H) / Omax CRESTS

Fig. 7. The distribution of acceleration in dam body normalized with crest
acceleration - stiffess K
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The rato of the average maximum acceleration of the dam crest and the bedrock ranges
between 270 and 403, The calculited curves are quandtatively and qualicatively. in
conformance with the expected behavior of this type of dams (Gazetas and Dakoulas,

“The Fig. 5 shows disribution of maximem acceleratons vs. normalized dam height (depth)
for the stifiness K and the other group of eanthquakes; the Fig. 6 presents the impact
of the design stffoess range for accelerogram NEPHA. The normalized, relative depth is
the ratio of the dam depth 2 measured from the crest, and maximum dam height H.

The Fig. 7 shows the acceleration distibution per the dam height normalized with

crest acceleration for the average siffness K. For comparison, the recommended
design range is delineated (Seed, 1979). The resuls of this calculation give a somewhat
more favorsble distrbution of the normalized accelerations for the upper dam section. It
has comsequenty been appraised that the average curve of the recommended range s
suffciently conservative for the permanent displacements analyss,

Along with the detiled calculations conducted for the top. dam crosssection, the scismic
response was checked for the cross-sections of diferent heights along the dam, The highest

tion in most cases gives the highest acceleration in the crest. The exceptions are.
the crosssections 3040 m high with approximately % larger crest acceleration than the
highest cross-section, which is stll within the limits of the total average results.

Ambraseys and Sarma Procedure. The Ambraseys and Sarma (1967) disgrams are often
used for the dam seismic response analyis when the more complex caleulaion by
numerical methods are not appled. Here, this procedure is used only for comparion with
the SHAKE progras

The base period T, of the dam modelled a5 4 homogenous triangular shear beam is
T, = 261 Hy,

where:
Hodam height
v average shear wave propagation elocity
“The cquivalent velocity v, for nonhomogencous cross-section shall be taken at the 173 of
the dam height. The range of cquivalent maximum shear moduli for this et s 2070
MPa. In additon (0 the initial reduction of the modulus 1o 40-50% o ial value,
the values within the range of v, = 235 - 304 mis are obtained, which gives the basic
dam periods for the height of H=60 m within the range of T, = 031 - 067 scconds.
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Correction for the thid size has been evaluated according (© the Gazetas and Dakoulas
(1992). The ratio of the 3D and plane stran period for the trapezoidal canyon and the
ratio of the crest length and height 5.6
Tog, = 042055,

082, 50 the corrected periods make.

According 1o the resuls of the prior  anal

i, it may be csimated that the average
dhping e o i b 10 4t 159 s S ek fumcle e the S
value of ampliicaion in the dam crest k(y) = 255,

“This value is approximately comparable with the average amplification factor obtained by
the SHAKE program which ranges between 268403, In this way, the Ambraseys and
Sarma procedure would give 4 somewhat less consenvative aceelerations in the dam crest
than the SHAKE program.

VIELDING ACCELERATIONS

According o the Newmark “diding block' method (Newmark, 1965) the yielding
acecleration of the sliding mass is the scismic acceleration of the base, namely adequite
inertal force, which brings the total sliding body mass into.the status of the boundary
i, 1 1 60 i ey T 0 i Tho . i i i
detcrmination of the Sliding mass acceleration on different heights along the dam cross-
section since the seismic accelerations of the dam underlayer amplify along the cross-
section height,

The yielding accelerations for the Peruéa Dam analysis have been determined by the
compucr progan SSTAD] (Wrigh, 1970, s th corsponding orconl s v
entered by n of the coordinate system. The safety factors have been caleulated for
el ol fores s, 13 ot . scation (e i o 1
Siding surface which gives the safety factor equal (o unty

The design profile of the reconstructed dam and selected cirular sliding surfaces on the
upstream and downstream slope are shown in Figs. §

The case with full reservoir has been analyzed since it is the most eritical for the scismic
oading.

The calculations were conducted with the strength parameters for clay ¢,=40 kPa and for
the 1ockfil $=45" 10 the stress of 200 KPa, namely $=41° for higher streses. The
selected angle of fiction for fiters $=40".

The caleulaton results are given in Table 1.
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UPSTREAM DOWNSTREAM
Siding [ safety focor | yilding | siding | safety factor | yiclding,
surace acccleration | _surface acceleration

' 2308 0228 ' 1794 033

2 1708 02 2 184 039

3 L8 0193 s 1989 0498

4 1972 0210 4 1767 038

s 23 0280 s 199 0

B 1697 0160 o 2051 0639

7 201 020 7 1551 025

5 2534 0250 5 1662 0281

9 L7 0100 9 1740 0327

1 1753 o131 0 2019 0455

i 2147 0197 i 1562 0403

2 21 020 2 1550 oans

5 1788 0n

1 2057 020

Table 1 Safety factors and yi

g accelerations for sliding surfaces

The statc safety factors are more than 1.5, but for the shallow sliding surface on the top.
of the dam which has the safety factor 147, which corresponds to the safety factor of the
surface parallel with the slope in the incoherent material. This sliding surface has also
given the lowest yielding acceleration,

As expeeted, the yielding accelerations are lower on the downstream side since scismic
force affects the total mass (soil and water), and the surength is dependent on
effectve stresses which are lower than in the saturated downstream slope.

POTENTIAL PERMANENT DISPLACEMENTS

According to the Newmark's concep, sliding of a block down the slope starts at the
moment when the base acceleration exceeds the block yielding acceleration, and ends when
the velocity changes the sign. Siding of the block back up the slope is not taken into
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Fig. 5. Sliding surfaces on upstream dam side - the model for
analyses of reconstructed dam

Fig. 9. Sliding surfaces on downstream dam side - the model for analyses of
reconstructed dam
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fon, thercfore such block displacement is also its permanent displacement. The
next surpassing of the  yielding acceleraion’ shall cause a new downward block
displacement, and the final permanent block displacement down the slope after an
carthquake in the sum of all individual displacemens.

I this concept is applied, the accelerograms of individual carthquakes can be analyzed and
the i pensoet digaoment lad with g @t o of yeldog
acceleration K . ¢ and maximum earthquake scceleration 3., The Ciil ! Ensncrns e
of the University of Zagreb deseloped 4 computer program ACCE for this purpose, and
i 0 e 1
the maximum acceleration an, = 029 g, 50 the obtained results can be directly applied
in these analyss.

The resuls of the described double-inegation time-selated acceleration according (o the
siding block method are shown in Fi

0. 1t is clear that the accelerograms which were
giving extreme results in the seismic response analysis have poorer cumulative effec.

The Fig. 10 shows the expected displacement range for the carthquake of magnitude
M=65 according (0 Seed (1979). The synthetc record NEPHI follows relatively well the
upper limit of the expected range, while the records of the historical carthquakes show
high dispersion.

The further analses should take into sccount that these permanent displacements present
ownslope.displacement of the block, so determination of eg. permanent
setlement should make account of the vertical displacement compoent only.

Evaluation of the permanent dam displacements. Determination of the permanent dam
diplacemens after the wsumcd canibquke encompases the_resuls of all the.prior
analyses. The seismic respor
sate

an the values of maximum accelerations, the limit
dysis method gives the yielding accclerations of the oI s, and the analyss
(integration) of accelerograms gives a final permanent displacement dependant on the
acceleration rato,

Two cases have been analyzed by this procedure

(@) maximum histoical earthquake at the dam site prior to damage,
() maximum expected carthquake for the reconstructed dam,

(@) According t0 the Geophysical Department data, the strongest carthquake on the
Peruca Dam site was in 1990, and the estimated maximum acceleration on the
bedrock Was 4,,=0.16 g According (0 the reports, the reservoir water become.
turbid, but there is no evidence that the dam suffered any damage.
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Cymo

NORMALIZET EIGH

“The analysis of the dam behavior during this event encompassed s follows: it can
be concluded from the seismic response analyss that the ratio of the crest and
bedrock acceleration s about 40 for the higher imestigaed stiffnes. Since the
lose sk o 1 sccompeiol sk o o Gl (e e

modulus reduction and damping are smallr. Ther

and adjusted 1o the maximum acceleration of 0.16

The extreme downslope displacement of the siding surface on the 1op of the dam
0

e,
b i displacement bas o st comcuenees o0 e da by, 2
been proven in reality.

SEIZMIC  ANALYSIS
UPSTREAM AND DOWNSTREAM END

o |*
N © oy
Duw
E

PERMANENT DISPLACEMENT  (cn )

g, 11, The extreme down slope permanct displacemens of
Sliding bodies for reconstructed dam
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“This also leads (0 the conclusion that the entire "liding block” procedure, sppled
with reasonable conservatism, does not give exaggerated o unrealisti resuls,

(b)  Evaluation of the permanent displacemens for the reconstructed dam includes the
elow elemens:

The masimum dam crest acecleration of 3,

e epome sl s orpuads v b rls fr a0 sege dm
maerial s, The value of the recommended design range
Seet (19 ra commreny bon. skt o e srlcton o
per the dam height;

103 g is taken over from the

UPSTREAM DOWNSTREAM
siding | relatve | permancnt | stiding | relatve | permanent
surface depth | dispiacement | _surface depth_| isplacement
' 016 s | 029 u
2 031 o 2 051 s
0is 35 5 08 o
4 on 16 4 044 2
s 095 2 5 0rs o
3 057 3 . 0 o
7 0 15 7 0 %
5 089 3 s 00 2
9 0 108 5 060 7
1 oa e 0 o2 o
u on 1 u on 04
2 093 2 2 0% 0
1 061 0
14 o 12

Table 2 Estimated permanent sliding mass displacements (cm)

the yielding accelrations of individual slding surfaces have been taken over
from the Table 1;
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-~ the permanent displacements have been read for the upper limit of the
magnitude M=6.5 carthquake range,

“The final permanent diplacements calculated in this way are gien in Table 2, and
Fig. 1
The maximum estimated downslope permancnt displacement on the dam crest is 108 cm,

the corresponding permanent scttlement is 59

The displacements on the upstream end are in average 2 times larger than on the
downstream end where the exreme displacement is 46 cm.

The above resuls 10 not lead 1o the conclusion on the catastrophic consequences for the
dam, but the local deformations are possile along with the displacemens of individual
Sliding masses which may cause cracks in the dam body.

CONCLUSION

The seismic stabilty analysis of the reconstructed Peruéa Dam has given the below

-+ in case of (he maximum probable carthquake on the site, with maximum
acceleration of pu, the dam body might sufler damage due to the permanent
stding masses;

displacemens of the pot

estimated that the global dam stability shall not be impaired due to the

dam overtopping, because the maximum expected permanent dam crest settlement

is about 60 cm and there is an ample frecboard between the maximum operating

Jerel o the resel s0d he cre any posble dam crt cumage i ok
tabi

considered significant for the global st
= the potential displacements of the sliding masses in the upper half of the dam

estimated (hat the planned construction of filters on the both core flanks, and
[ in 0 ion, shall suffciently prevent any

o
possible outbursts and scepage through the core.
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ABSTRACT

Construction of an impervious cut-ofT wall the core of the damaged Peruéa
was one of the dam remediation measures. The cut-off wall has been planned for cutin
in into the dam foundation. Since during its explojtation the dam shall be exposed o
strains, the interaction of the dam body and the cut-off wall is expecied.

dam stress,
subsequent nbnualng ool t0p dam part, and reservoir impoundment afier the dam
remediati

Final Element Analysis Method (FEM) method was appl 5, and the
material elasticiplastic behs ear stress-stiffaess relations, namely strength-

efective stress reations In dam earth maters

were respected.

INTRODUCTION

o 4 i S 0 e el D e

planned a5 one of the dam remediation measures. The cutoff wall was conceived o be
o the dam foundation. Since during the “,,m.mm the dam shall be exposed t©
stains, the interacton of dam and cutoff wall i 10 be expected. A comprehensive analyss

U the sujos traction s bee petorme i+ sy, a1 s e,
bricted in the present paper.

The cutoff wall i a SUf structure within the dam body, resiained in the bottom section,
in the point where it enters the dam conerete foundation or the hard bedrock. The cutof
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wall material, the plastic concrete, was to be designed 5o as to ensure impermesbilty
under all design condit dam might be subject 10 during the futre exploitation. In
addiion 10 the technological quality requirements, the cut-off wall must remain functional
regardiess of any possble dam strains

As required for the mechanical ineraction analyss of the restrsined cut-off wall bottom
and dam body, a comprchensive calulations program was run encompasing the inital dam
stress, removal of the (0p ten meters of the dam, cut-off wall construction, et

ebuilding of the top dam part, and reservoir impoundment after the dam reme
T s ot i St s e proposed dam remediation dengn
solution, and al the possible variatons of the dam body material stiffness and streng
were taken into consideration as the set cut-of wall material stifncss and strength ran
“The Final Element Analysis Method (FEM) method was applicd in calculations, and the
material clastiilastc behavior, nonlinear steess-siffness relations, namely strength-effectve
stress relations in dam carth material were respected. The FLAC [1] computer program
which cnables solution of such complex srain problems in geotechnics was applicd.

DISCRETIZATION BY FEM METHOD

Discretization by the FEM method was conducted on the centra, the highest, dam cross
section (60 m). A relatively dense final elements grid was used totalling 2000 clements for
the eniire dam profile.

In order to simulae the inital dam stresses, the dam construction in six 10 m high layers
was simulated. Subsequently, removal of the top layer within the reconstruction works was
simulated. The final simulation encompassed new construction of the top layer, addiional
heightening of the original dam by additional backiling of the downstream slope, and the
reservoir water level increase 0 the {op elevation, assuming the cutoff wall construction
has already been completed.

All the analyses used effective streses, incuding the effect of hydrostatic pressures in the
dam_ upstream i s v ow through the dam core with the exception of the

impervious cut-off wall segment

MATERIAL MECHANICAL PARAMETERS
The mechanical parameters of the material have been taken over from the corresponding.

sections on Peruca Dam stressstrain and seismic analyss, and from the Duncan ed al
(1980) Report (2, The Report was used for the siffness parameters evaluation for the
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nonlinear relation of the shell (rockfil) and core (clay) for which no data are availsble
from the investigation works
The carth material friction angle was caleulated from

; ; s
i )

where p s mean effecive stress in the dam body prior (o introduction of the new

loading increment.

The Young's modulus of clasticity is expressed by

E-Kp,

where p, is the atmospheric pressure.

The cvaluated valucs of particular parameters are given in Table 1.

Shells Core

0 () 30 20
o (MNm) ) 0005
RO 6 o

S (M) 100 B
20 50

0s 01

030 04

207 197

Soil parameters

¥R gt of the oncar s o

o cohes

Kono - Youn moduus puameters Wi respect 10 the mean
effective stress

v - Poisson's coefici

saturated material kauy

“The basic cutoff wall parameters - Young's modulus, compressive strength after 28 days,
and cutoff wall bending strength, excluding the zone with tensile strescs, are given in
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Table 2. The later value is caleulated under the assumption that the full compressive
suength of concrete is acthvated i the cutoff wal crossseetion, and that the crosssection
cannot take over the tensile stresses (the concrete has no tensile strength). The cross-
o belogdengh i ok e condmion it ol i o
effect. 1o consists of the cutoff wall dead load yield decreased by the scepage water
naptcy trongh the. das and b b o e G s g by the upper
reconstructed layer loading and unloading caused by the upstream dam shell saturation,

Cutoff wall bending strength (MNavt
in_crosssection

Table 2 Cuteoff wall parameters

e sbove assumed dam material parameters the horizontal shifts were calculated
for the original non-reconstructed dam crest caused by the reservoir impoundment from
the bottom 1o the maximum level. The obtained crest horizontal shift was about 6 cm.

red cres shifts caused by abrupt reservoir impoundment were 1 (0 4 cm, and
the horizontal shifs during the 20 add years of dum operation would be 20 cm. The dam
mat finess

parameters were varied in the parameter numerical analyses. Variation
of parameter K 10 a half or double value from Table 1 resulied in the original dam crest
Shift of 145 and 06 em. These calculations enabled the analyis of the effect of cstimated
soil parameters on the dam strains.

s, the pasnte anpes cwompased the e of posic vt wal s
@ um\ld:nhly ‘more stff and 4 considerably more soft cutoff wall than the one in Table

The intermal cutoff wall forces were simulated for the caleu
dam body lfetime stages:

purposes for the below

+ 6 backilling stages during the dam construction in 10 m high layers: removal of
the top layer (dam reconsiruction);

© cutoff wall construction, backfling the last layer and heighiening of the dam crest
by additonal filling of the downstream slope, and hydrosatic loading of the

er;

+ seismic loading, specified as the equivalent static force of 15% of the total weight.
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Hig. 1. Final clements grid for various construction stages
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Fig. 2 Final stage - efective Syy vertical stresses | KN’ |

Fig. 3. Final stage - effective Sxx horizontal stresses [ kN/m? |
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FLAC (Vorsan 3.22)

nal longitudinal cut-off wall forces [ kN/m" |

Fig. 10. Final stage - Addi

NUMERICAL ANALYSES RESULTS
“The charactersc resuts were presented in graphical form only for the material parameters
from the Tables 1

for various construction stages.

The Fig. 1 shows the final clen
The Figs. 210 show the final stage results - reservoir impoundment for the designed
reconstructed dam (with the cutoff wall and the new crest with the dam heightening).

“The Figs. 2:6 show diagrams of the intervals of vertcal Sy, horizontal Swx and effective
shear Sxy streses, pore presures in (KN/) and safety factors.

age strength and the average
ith

The safety factors are speified as the ratio of the av
stress for cach grid clement, thus they are ot directly comparable
rium relting to the entire sliding body.

mobilized shear
the safety factors from the boundary limit cqui

“The Figs. 7-10 show the horizontal (x) and vertical () cutoff wall shifs in (m), bending
moment in (KNmim') diagrams and the additional longitudinal (axial) forces in (KN/m')
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PARAMETER ANALYSES RESULTS AND CONCLUSIONS

The basic parameter analysis conclusions, 21

ogether, may be rounded off as follows:

-~ Regardiess of possible dam and cut-off wall material stiffacss, the dam body
safety factors are satisfactory, and its global stability shall not be imperilled
throughout its 1

For all alternatives of the dam material stiffness and the cul-off wall material
Stiffness and strengd c hinge occurs in the cutoff wall bottom section,
- s bendn srogh sl e g sl b
i caue the plaic Mg ccurence b the i vl pot
uniaion ol 1 a1 o N wall bending moments
ot the cromccion. bndeg et ogaclens o the ssomaed
Stiffaess and strength parameters.

the cutoll

The transverse crack in the cutoff wall hinge was caused by the lack of the cut
off wall material tensile strength, and it goes for 80 cm from the upstream to
the downstream cut-off wall edge. In the most extreme case, the crack opening
s less than § mm.

The parameter analyses indicate (hat any cutoff wall material softening, and

all mat it is recommended (o design the cut-oll wall
material o that its Young's modulus docs not exceed 400 MN/m, and
compressive strength after 28 days is not less than 1 M/,

REFERENCES
0] - 1993), FLAC, Users Manual, ltasca Comsuliing Group, Inc. Minneapolis
Minnesota,

21 Duncan, LM, Byme., Wong, KS. Mabry, P.(1950), Strength, StressStrain And
Bulk Modulus Parameters For Finite Element Analyses Of Stresses And Movements
In Soil Masses, Report No. UCBIGT/S0-01, College of Engineering, University of
Calfornia, Berkeley, Califomia, p. 70
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ABSTRACT

The it part ) of Wi paper lchdes an omrer o he baies cted o
imetiptons ramey fiading of matcrial uiabe o Whe Py Do The

partiutn
bility i the dam vicinity, the
information on the found material and comparison of ils Pphysicalimechani
characteristics with the design requirements.

The second part (B) of the paper presents statistical analyses of the results obtained
by permanent and contral tesing of the clay material, and numerical analysis of Fesults
obtained by building in of the rock material and their comparison with the design
requirements.

(A) MATERIAL DEPOSIT INVESTIGATIONS
INTRODUCTION

An st s e 1o he Pra Dam pofic s why he decsion wis b
to use such a narrow clay core. The preliminary investigations for determination of the
reservoir and dam location revealed that the quantity of qualvw clay material for

uffcient. Therefore, the core tself offers

construction of the impermeable clay core is i

the answer.
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The same sitation was faced during the dam remediation. The Peruéa Dam Remediation
Final - Design specificd that all excavated quality material from the upper dam section
and the left and right flanks shall be carcfully sorted and'deposited on suitable spoil arcas
i the dam vcinity, and their physicalimechanical propertis preserved o the maximum
possible degree. In that way all the quality and usable m:

reconsirucion.

al was available for dam

“The above phiosophy was confirmed as correc, because 23,000 m of the upsiream riprap
and material used for the upstream and downsiream shells was saved. And, what is th
mst imporan, ¢ inludd 10000 m? of chy. The fie maters was ot seved bcass
in was degraded and mixed with the material from the shells and clay from the core.

e physicalimechanical characteristics of the excavated materil had gencrally becn known,
but the additional laboratory tests were conducted in order to determine the required
qualty and characterstics  of particular types of material, and set the constructon criera

The material excavated from the exiting dam body and dumped in the immediate dam
used to sart the dam remediation works. In this way, the time was bought
ing the rest of required material, partiularly cly.

MATERIAL DESIGN CHARACTERISTICS AND REQUIREMENTS FOR
PLACEMENT INTO THE DAM BODY

‘The matcrial backfilled, namely b

into the dam body includes:

+ oy e oo soipeni il f sdcqute i, conprsily
1 very low permeability in compressed state;
-~ Filler material - incoherent rock I of adequate grainsize
vas g, sd s grave,or cbsined by buied ock crvein:
- Coarse grain rock material - material for shells of adequate grsinsize composition,
obiained by blasting and subsequent sorting:
Rod - large rock blocks for protection of the upsiream slope obtained by

blastng:

- Clayey rock material - rock materil mixed with binding clay of natural origin and
obiained by mixing of clay with the crushed stone of adequate grainsize
composiion.

The said materil was expected to meet the general requirements, i, no traces of organic
material and salts soluble in water, while the specifc requirements were those related to
physical and mechanical characteristics and methods, namely standards of testing, which
shall be discussed below.
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Clay Core Material

The clay of imermediste to high plastity (CUCH) was used for the clay core
construction. Tts characterisics were expected (o meet the following crterix

grain-size composition 3% < 0002 mm 7% < 006 mm
< liguid limit 5% < W, < 0%

index of plasicty 2% < 1 < 389
© compaction, modified Proctor  Wae = 1724 (%) v, = 155175 (kN/m)
-+ builiin clay compaction Yera = 095 1, modificd Procior

© building in of organic clays and silis (OL, OI, OH and M), organic waste, humus,
roots and similar was not permitted, along with the matrials of high compressibilly
and the one which would change their physicalimechanical characteristics with time,

Clay Core Protection Filter Material

In additon to the above, the fier materil used for the clay core was o meet the below
srain-size. composition:

GRAIN DIAMETER %

2
[
2
06
02
<006 o

The material was also expected (o meet the Sherard requi

ment that for a 15% grain
DF,=07-L5 mm, . that the unit weight of the builtin material s 0.7% of maximum
unit weight obtained in boratory.

Shells Rock Material

The material used for the upstream and downsiream shells was blasied and treated rock
with specific density of 2500 ke/m® and the below grain-size composition
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GRAIN DIAMETER %
(om)
0 95100
& 5570
s 235
2 1025
006 05

Additonally, the attention was paid that the maximum fraction diameter does not exceed
00 mm, and the unit weight of the builtin material is not less than 200 KN,

Upstream Slope Rip-Rap

The material used for the upstream slope rip-rap s hard, high density, durable and
mechanically resistant rock of minimum specific density of 2500 kg/m’. Such & material
had to contain large rock fractions and stone blocks not exceeding about 10 m in
diameter, while the grainsize composition was expected (o be:

BLOCK DIAMETER %
(mm)

1000 70100

oo 5070

2 540

o 1020

20 010

Dam Crest Clayey Gravel

The material planned for construction of the dam crest was 1o meet, along with the
above, the following grain-size compositon requiremen:

GRAIN DIAMETER %
(mm)
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006 2

0002 10
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The compacted material unit weight was expected to meet the criterion of 180 KN/,

Testing Standards

Since there are no_ adequate applicable Crostin. regulations and sandards, wse of all
al standards such as DIN, BS, ASTM, and JUS was alowed, as well as use of
the Act on Taking-over the Standardization Act.

.=gum.m which are in compliance wi

INVESTIGATIONS AND TESTING
Clay Core Material

The clay material quanity saved after removal of the dam ends and upper section made
only one third of the total material quantity required for new the dam core construction.
Therefore, about 20000 m’ of clay of equal or similar characteristcs was stll needed.

Finding of addiional quantity of clay posed a large problem because of is limited quanity

e deposit distance from the sit, deposit operation costeffectiveness, access
roads and_ transportation had also 1o be born in mind, and the specified design
Physical/mechanical characteristics met.

In addition to the above facts, the situation in which the entire Peruca and Satré area

was a front line additionally slowed down invesigation works. The risk of left or
mlcmmmlly pimed s s . Pty iy s s s A o 3 20
Peruca-Pr n the way 1o the Peruée Dam, where the artilery was situated

ng o vt ke Toormbrt o fmid oo ettt S i
out with permission and assistance of the Croatian Army. Before approaching any sit, the
inspection and cleaning of the area was requested from the engincer corps, after which

permission was granted for access 1o that site. Although no planted mincs were found,
these precautions had 10 be undertaken for the sake of safety of the investigation team.

Deposit Site Selection

Based on the above criteia, the Satré deposit was selected as a potential site within @
wider ncighborhood, Fig. 1. s air distance from the Peruca Dam is approximtely 30 k.
The visual inspection of the area resuted in selection of three sites (Vardica Kuce, hamet
of Proliéi and vilage Lijii) which, according to geological indices, had the  highest
potential quantity of materil. The remaining area was assessed as unsuitable because it

s arsble land near the family houses.
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According 10 the Clay Deposit Investigations Program which specifies the in situ and
laboratory test, the field investgations were initated.

The ficld investigatons in the above sites stared late in Aprl 1994, and they included
ing of cleven investgation borcholes. The investigation resuls were positive. only for
b Vardi Kut sie whre th cly wis of adequte chracterion aad In subsaia
. although the inercalations included excessve organic and silty material. The
hot sufficient for the

quanit
quantity of about 8,000 m’ of clay was confirmed, which was st
dam core complction.

The results for the other two sites were negative, and the quantities were both insuffcent

s moved towards the farmland off the
Satric area. Visual inspection was conducted of the complete Satri¢ ares, hamlets of
Peruca and Prolic, Hivace, cven a part of the Sinjsko pole. Based on visual prospecting
and with support of the local community, another eight potential sites were determined.

Further i 64 s e el - it s crid ot ih ki, by g
prospecing . . ths ey the cepos n the Higoi hamit the s ara
Govmseam e Prua, and rols s we: st prospeed nd et Toe
Hrgovi site had very small mmnmy of high-plasticiy clay (approx. 500 m), while the clay
on other sites, Peruéa and Prolci, was scm.,u, of intermediate and high plasticity, but
the presence of silty material wil igh quanity of organic mater made. them
nonconforming 1o the set criteia.

In the meantime, while the prospecting of the said sites was under way, unespected
yments for

a Al se
checked. slong with the S ol by. River. re
Ghuained, When we almost gve up, the local populon fmormed s about he Zorca
sie approximately 10 km far from the Peruéa Dam, in the dircction of the town of Sin

s roer s i 8 Ml slope sbov the e of Zorka. Th depost ol b the
il ol
Although in a low spirit, we started with visual prospecting, and than with excavation of
prospecting pis

The in situ and laboratory tests were contralled by 4 soil mechanes supervisor, on the
basis of the collected data.
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Figure 1. Broader investigated area with prospected sites
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In Situ Investigations

The i situ investigations were conducted lae in November, an they included excavation
of the prospecting pits 1o the depth of 350 m. Alogether 7 pis were cxcavated and
marked S1-1 10 SI-7. The pit size was approx. 250 x 120 x 350 m, with the exce
of the pit $16 which was excavated 1o the depth of 060 m. The field AC classification
of material run concurrently with excavations, and the sketches were prepared of the pit
shape and depth and of any changes in material layering. The arangement of the pits is
given in Fig. 2

Soil Composition and Characteristics

Based on the resuls of the conducted in situ AC clasification and the laboratory tests
it was determined that the humus layer in all the investgated sites of the Zorica deposit
was. underlaid with high-plastciy clay (CH), but for the SI6 pit site where the tufa was
encountered altcady on the depth of 0.50 m. The prospected clay was of different colors,
from lght yellow, clay brown and gray, to black. The classfication of excavated material
confirmed that, in almost all site, the clay had sight interalations of gray silt where the
clay broke into. lumps. The il intercalations were 12 mm thick, irregula, and did not
affect characteristics of the complete clay mass.

Afier Iaboratory confirmation of the soil composition and characteristcs, slghtly over
20000 ' of clay was d 4. The exploittion of the available quantity had o be
very careful 5o that the clay shortage would not be suffered. This almost happened when
the clayey gravel, fine uniform silt and even coal were encountered in onc. part of the
deposit. The problem was soon solved by slight widening of the deposit

Laboratory Tests

From all the prospecting pits, but for SJ6, the material samples were taken in quanti
sufficient for laboratory tests. Large samples of disturbed material were taken fro
pits SH1, 12, 13, 14, SI5 (o samples) and 17, They were tested for mechay
and physical characterisiis of soil according (o applicable regulations, and the below tests
were performed:
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- moiswre content Wo (%)

-~ Aerberg limit of plasicity Wa, W Wi, 1y (%)
- gmainsize composion
speciic density o ()
relative porosity and modulus
of compressiilty (ocdometer) e M, (MPy)
- impermeab K (i)
< il shear test © (Pa) i g ()
~ optimum compaction per standard Proctor Wy, (50) i ¥, (KN/)
)

-+ orgnic matier
- crosivity - Pin Hole test acc. (o Journal of Geotechnical Engineering Division

Firs, the laboratory tests were conducted for physical eharacteistics of soil lars, such
as the moisture content, specific density, grainsize composiion, Atterberg limit of plastcity,
and organic matter percentage, along with the meshanical characterstics according 1o
standard and modified Proctor test.

For all ather tests the material was prepared so that fts moisture content wis optimum
according 10 the modified Proctor tests.

o different layers, according o their physical appearance, were detected in prospecting
Pit 14, 50 the samples were prepared for testing by mixing of these two materials in

ratio approsimately equal o the natwral relationship.

Swelling of all tasted materials ranging between 6 and 16% was recorded during the
iaxial shear test, oedometer and erosiiy tests.

When the samples for the triaxial shear test were taken, it was noticed that the bond
between the layers is comparativly poor. The samples were § cm high, and layers 3 em
ik Ths v s il U comcqens of pepraion o sls s 1o
the modified Proctor test, since the optimum moisture content is comparatively low related
to comparatively high energy input. This is only a remark on ts possible cffect on the

laboratory results.

The samples tested on the oedometer have first been completely saturated with vater, and
the tests were conducted after the swelling process had been completed.

The erosiity tests (pin-hole) were also conducted on samples prepared according 10 the
moified Proctor tests. No mumerial data were absined sice the swolle mteril o
the water passage hole within a very sho f time. Ths, the additional
onstandard tests were conducted. When the first test was completed, namely when cach
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sample was completely saturated (12 tests were conducted), a standard hole was again
made in the sample and the pinhole test repeated, under the maximum water column
pressure

Such tests have shown that the water flow through the ssmples was.
was clear, no trbidity was detected, namely no signs of crosion.

rable, the water

After the tests had been completed, the samples were checked in detail and no defect was
detccted

Zorica Deposit Exploitation

Since the deposit i located on a hill sope, the only way of its exploitaion was the so

called frontl excavation. The clay was taken from the deposit front side vsing the
excavator, and directly loaded into the truck. The material was transported (0 the
consiuction site, and sometimes 10 the spoil area. The favorable fact for this method of

of the clay at the deposit was somewhat hi
optimum. The moisure was mainly lost during transportation and buikling i, s0. no major
problems arose during construction works. When the moisture content was (00 high, the
clay was dried out at the constructon site or spoil area. The clay transportation intervals
depended on weather condi

The Photo 1. illustrates clay excavation at the Zorica deposit

Comparison of Clay Design Characteristics and Laboratory Test Results for the
Zorica Deposit

The laboratory clay test results obtained for the Zorica deposit before the deposi
cxiaion s hve cen compue wilh e dsign reinoments. The comprion of
the Zorica deposit samples test resuls has shown that the clay characteritics fully
complied with the design riteia, and were even better regarding the plasticty, as shown
in the plasticty and grain-size diagrams, Fig 3 and 4

The enclosed diagrams are cither individual or summary presentation of the laboratory
tests conducted in order to get the Zorica deposit exploitation approval. The presenicd
laboratory resuls were taken for the basic requirement o be met during bullding in of
the clay.
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Figure 3. Zorica deposit clay plastici

diagram
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Clay Core Filter Material

Aoy S et v 4 o o el
full quantiy of approx.

Since the broader Peruéa Dam area did not dispose of adequate natural rock material of
natural origin, but in the than occupied zone from which the material had been used
during the dam construction, the activity has been iniiated to find the material in the
exising quarries in the Split-Peruéa direction. All the quarres in the area were checked,
because the filter materil was (0 meet the design physicalimechanical characteistcs and
the grainsize composition requirements, and the manufacturer was expected to guarantee
production of required quantites. The Srinjine and Dugobabe quarries were singled out
as the ones meeting the requirements. They are owned by the same company, therefore
the supply was guaranteed.

Wkl il i 1 i o 8 il
yses fucted which con "

analyses the manufacturer's certificates a

guarantees,

as shown in the enclosed grainsize curves.

~PERUCA DAM REMEDITION n



Proctor compaction test

150 1! = |
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Figure 5. Modified Proctor compaction test diagram
AVERAGE
PT | s sz ss s sis su7 | MODIFEED
PROCTOR
Wo | 1776 | tes7 [ vass [ 1570 | 2140 | 1ees 1797
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and maximum compaction tests were carried out in the field laboratory in

unit weight of the filer material of 0.7 of the maximum unit weight
compaction obtsincd in Iaboratory. The laboratory results were: maximum compiction 2416
KN, and minimum unit weight 1883 KNfm *for the mter

moisture content 451% and
211%. Thercfore, any compaction between these values meets the design requircmens.
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Figure 6. Diagrams of oedometer compressil
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Upstream and Downstream Shell and Upstream Slope Rip-Rap Rock Material

When the dam upper section and ends were excavated, all the rock material was dumped
at the old quany some 300 m upstream the dam. The excavated material was disposed
by dumping down the quarry slope, which caused its segregation. From this segregated
mateial, larger blocks were sorted out for the upstream slope rip-rap, while the finer and
cleaner fractions were taken for construction of the dam shells. Some of this quality rock
material was also buil in o the dam, but its quantity was not sufficient for the dam
completion, partiularly because of the planned dam heightening. The other necessry
quantity was obtained by blasting in the exitng quarry.

The quarry arca contains the Upper Cretaceous limestone, poorly to medium fractured,
generally of vertical directon, and the fractures filed with red clay. The front view of the
quarry shows that the top zone of some 15 m is more fractured and weathercd, while the
lower zone of some 20 m contans & thick layered compact limestone. For that rcason the
quarry was used in two stations, for the upstream and downstream shell,

The exploitation design was prepared for the quary reopening. It specified optimum
cxplosive consumption with respect (o the required grain-sice.

All the rock material required for the Peruéa Dam was taken from the same quarry. The
rock from that quany was suiable for remediation because of its known
Physicalimechanical characteristics checked and confirmed during the Peruca Dam lfetime.
Therefore, no special testing of the physicalmechanical charactrisics of this material was.
required for remediation.

Figure 7. Design limits and the i
Dugobabe quarries filter material grain-size composition
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Figure 8. Shell design limits and

tial grain-size control

Photo 2. Quarry explaitation

PERUCA DAM AEMEDITION ar



The Photo 2 shows the quarry explotation methad, the weathered and compact zones, and
the grainsize curve, Fig. 8, of the prior inital grain-size analysis confiming the
esign.

exploitation and explosive consumption optimization des

(B) MATERIAL BUILDING IN CONTROL
INTRODUCTION

The Perua Dem Remediation Final Design and the Material Ouality Control and
Assurance Program specified quality control during the material placement by permanent
and control tests.

‘The permanent tests, which were in the Contractor's scope of works, were conducted after
the material placement in a particlar dam clement on a daiy basis; the control tests

on a random basis as checks of permanent tests, and they were conducted
by the Owner's Supervision Team.

TESTING PROGRAM
For all the in situ and laboratory tests specified by the design documentation the type,
testing standards and test sample quantity were stpulated. Thercfore, all tess were sorted
out according (o the type of material, sampling quantity, type of test and applicable

standards

The permanct and control tests. included the below clssiication and mechanical tests:

Permanent tests

Clay core
< unit weight 1o 25w
moisture content T 25w

- standard Proctor test 1 pe000 m*

-~ grainsize composiion 1 pel 500 m*

< Auerberg limit 1 pe/ 500 m*

< speeiic grav 1 pel3000 m'

- organic maer 1 pel1000 m*

om PERUCA DAN REMEDIATION



Filter material

srain-size composition 1 pe/ 300 m*

< unit weight ¢
Shells

srain-size composition 1 pe/10000 m*

unit eight 1 pel 5000

Control tests

Clay core
unit weight 1

-~ moisure content 1
- sandard Procior test 1
- ginsize composition 1
Auerberg limit 1

o spesific gravity 1
- omganic matier 1
rbonates 1
i

1

-~ compression and impermeability
o il suain test

per3000 m'

Filter material
- e

< unit weigh

wsize composition 1 pel 500w
ight 1 pe 250

- grainsize compositon 1 pero0o0 '
< it weight 1 pertson m*

CLAY BUILD]

IN CONTROL
Introduction

Two sorts of clay were used for the dam clay core, the so called "old" and "new” clay.
Because of the carier described problems with the required quantites of clay, the
imperative request during excavation of the dam upper scction and ends was 0 save as
i iy i s o, ore 3 il T e v e .t S
vicinity of the dam (old" clay). The "new" clay is the clay from the Zorica deposi
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Photo 3.

Photo 4. Clay core compacting
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Since all the relevant material characteristics were laboratory tested, the clay placement
staried in July 1994, The "old clay from the spoil arca on the site was used first,
Photo 3.

‘The dlay placement lasted unil October 21, 1994 when the left flrk reached the clevation
of 34550

In onder o give a final defiiton of the clay placement crieria,  wial field was prepared
according 10 the instructions of the soil mechanics supervisors. The trial feld was placed
a

(braony ol et G 300 th da v biied which lad 1 th condiion
that the best resuls are achicved with 3035 cm thick loose layer, with $ runs in the
same track, and vibrating acton. The compacing speed was limited to § k.

The majority of laboratory tests were carried out on the site in field laboratoris set near
the dam, and equipped for the dam material placement monitoring,

The results of the permancnt and control tests indicated that the old" clay i of
intermediate to high plasticity (CUCH), reddish brown, and the other characterisics were
within the below limits:

- m.rc density 26272 (ki)
- a i 4577 - 5433 (%)
T it of plsiy 2540 - 2958 (%)
: of plasicity 899 - 2475 (%)
< carbonte 298 - 850 (%)

For illustration of the achieved quality of works, and later amalysis and presentation of the
resuls, an example of statisical analysis of the moisture content and unit weight test for
the “old" clay built i nto the lef dam end between September 15 and 30, 1994 is

given.
“The numerical analysis of results of 167 samples shows mean optimum moisture content
determined in laboratory of W, =2320(%) while the average ac}
coment was W = ZL075%), whit ghes the ilfircace of Y%, o the d
resuls is evaluated as low. The graphical prescntation in Fig. 9 shows that in 95% cases
the moisture.content of clay bult in during that period was between -4 and +4(%) of
the mean optimum moisture content determined in a laboratory.

The same smple was wed for anslyis of the rsuts obtsincd for dry unit weghts, The
mumerical amalyis indicucs hat the average insita iy it weight was v
(kNI which, comparcd with the optimum 1. = 1638 (N) gives the

pERUCA DAM REMEDITION o1



Figure 9. Statistical analysis of moisture content control and permanent
test results during placement of the "old" clay late in September 1994
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Figure 10, Statistical analysis of unit weight control and permanent test
results during placement of the "old" clay late in September 1994
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Proctor compaction test

Cossauni]
i

Dry unit weight
(raiy/m3)
[

| v

oo £ 2

o 20
Molsture content ()

Figure 11, Referenced modified Proctor test for a set of "old" clay data

difference of 006 (KNim). Thercfore, the dispersion of results around the mean is
cvaluated as very low. The graphical presentation in Fig. 10 shows that in 97% cases the.
compaction of the clay builtin during that period was over 95% of the modificd Proctor
test value (design building-in criterion). The Fig. 11 shows a diagram of the referenced
modified Proctor test for this group of resulis, Based on the above said, it may be
concluded that the clay. placement during this period was of high quality and in
complance with the design requirements.

Since November 22, 1994 the exploitation of the “new” clay from the Zorica deposit and
its subsequent builling in sarted. The building in lasted until December 16, 1994, when
the poor weather conditions stopped the works. The works continuation was planned for
March 1995, but the unfavorable weather conditions and the situation at the deposit
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delayed the works until May, when the work started 10 devclop more seriously and was
occasionally interrupied by intensive.rain

The permanent and control tests for the "new” clay were conducted under the same
conditons as for the “old" clay, only the moisture content checks were more frequent with
respect 1o the sitation at the deposit the addiional prospecting pits were dug. and the
samples were taken for full material identfication analyss

It was determined by permanent and control laboratory fests that the “new” clay was
mainly of high plasticity (CH) with some minor parts of the deposit where the clay of
intermediate plasticty (IC) was predominant. The clay from this deposit varies in color,
from light yellow, clay brown and gray, to black. Other characterstcs were within the

below limits:
< spesific density = 26270 (kym)
< liquid limit W, = 3997 - 70 ()
< limit of plasticity Wy = 1850 - 3090 (%)

I, = 1926 - 240 (%)
CacO, = 108 - 666 (%)
- organic mater 000042 (%)

For illustation of the achieved quality of works, and later analyss and presentation of the
results, an example of stafsical analyis of the moisture content and unit weight test for
the "new” clay built in into the left and right dam fank during May 1995 is given.

The sumeial sy of e of 148 s s optimum moisture content
ined in = 1894(%), while the average achicved in-situ m
1

of the mean optimum moistrue content determined in a laboratory.

The same sample was used for analysis of the resuls obtained for dry unit weights. The
numerical analysis indicates that the average in-siu dry unit weight was v (=17.56
(KNi) which, compared with the opiimum Y. = 1781 (KN/m), gives the difference
of 025 (KNMm). The dispersion of results s evaluated as very low. The graphical
presentation in Fig. 13 shows that in 92% cases the compaction of the clay built in during
that period was over 95% of the modified Proctor test value (design buildingin riteron)
The Fig. 14 shows a diagram of the referenced modified Proctor test for this group of
resuls. Based on the sbove said, it may be concluded that the clay placement during this

period was of high quality and in compliance with the design requiremens.

~PERUCA DAM REMEDIATION .



Figure 12, Statistical analysi

of moisture content control and_ permanent
test results during placement of the "new” clay in May 1995

PERUCA DAV REVEDIATION



o

A ==
Figure 13, Statistical analysis of unit weight control and permanent fest

results during placement of the new’ clay in May 1995
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Proctor compaction test

—

Dry unit weight
(rawym3)

Wor= 16,66 %)

o 0
Moisturs content (%)

Figure 14, Referenced modified Proctor test for a set of “new” clay dat

clay shall be tested after the constru
of monitoring instrumentaton.

The mechanical charactristics of the bui
been completed, during drillng for install

ROCK MATERIAL BUILDING IN CONTROL
Clay Core Filter

Grain-Size Composition

e with the standard

The fiter material grainsize composition was determined in compl
UBLOIS, and was used for classfcation, identification and determination of physical and
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mechanical characteristics of the crushed rock materal for construction of fiter zones. The
grainsize analyses were conducted using the dry sieving method on standard soil mechanics
sicves with the minimum mesh opening of 0.10 mm.

During the remediation works, until the moment. this paper is being prepared, over sixty
ests e been conducted. The grain-size amali of the samples has shown tha the
subject. crushed material from the Dugobabe and Srinjine quarries mects the design
seahtic, D ommenkth o, et ool i, ot
minor deviations from the specified requirements in some batches delivered to the omsite
spoil area. The fite grainsize composition had

by the process engincer, on the site, and the delivered material was corrected with finer
srainvsize crushed material miving with already laid fiter matcrial,

T e gl g kit 0 s Sommein Ml i
Aoy o . Thr & it dion s o gt i, TS
srainsize curve has also been given for all sievings, Fig. 15, that the average

for the filter 1 it e el i s i

sain-size an
the fiter layers.

7
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Figure 15, Filter material grain.
- design and
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Photo 5. Backfilling downstream filter trench

Unit Weight

in approximately 50

Depending on the technical conditons, the fller material was plac
cm thick layers, sprinkled during the dry period, and compacted s vibeatory roller
(Biell, Ghibli CI00). Where the fiter trench was masrower the large roller could ot be
used, 50 the small vibratory rollr (Dinpack, CG 11) or the vibratory compactor (Wacker,
DS 72 ¥) wete used instead. The number of runs depended on a type of uscd
compacting machinery. The analysis of samples taken from the trial section lead 10 the
conclusion that the design compaction of the fiter material is achieve
the treated surfaces wsing the compaction roller, five runs using the small vibratory roller,
cets the

and four runs when the large vibratory rollr is used. The said numbe
requirement for compaction of 70% of maximum ompacion il duing the
1883 (KN), Wom

preliminary testing of fiter material, max 7,=24.16 (KN, mi
3.0
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The unit weight tests were carried out according 1o the standard UBLOI2, and the test
resuls were used for the fler zone layers compaction contrl,

The unit weight was tested in wet and dry state. So far, over two hundred and seventy
fests were conducied.

The average wet unit weights were:

Left end. upstream: ,=22.45 (KN, mi
Left end, downstseam: v,=22.69 (N,

9.58 (KNm), max. v,
054 (KNm), max. v,

2391 (KN/m')
2384 (kN/m')

X

Right end, upstrca:
Right end, downstzeam:
Ny

33 (KN, min, y,= 2021 (RN, ma. ¥,~2380 (kN/m)
2090 (KN, min. y.= 1697 (N, max v 52246

The average dry unit weights were:

13 (RN/m), max. y,=2334 (KN/m')

Lt end, upstream: <2186 (kN/n), min. ¥,
2. 1983 (N, max. 7,=23.89. (N/m')

Left end, downstream: 05 (kN/m), min.

ight cnd, upsieam:  1,=21.76 (KN, najm. 1991 (kN/m), najv. 23.93 JkNjm')
Right cnd, downstream: ,=20.37 (N/m’), majm. 1647 (kN/m'), najv. 21.88 (kKNm')

Moisture Content

The sample moisture content at the spoil arca and insitu was determined according to
the standard UBLOI2. The sample moisture content s evaluated in order to obtain the
data required for optimum sprinkling and quality compacting of the fiter material. To that
end, the. builtin layer was additionaly sprinkled when the moisture content was not
satisfatory (optimum).

For the insitu filer samples the below meisture content averages were obisined:

Left end, upstream:  Wo=274(%), min W,
Left end, downstream:  Wq=286(%), min Wo

16(%), max. W
42(6), max. Wos

19(%)
499(%)

Right end, upstream:
Right end, downsream:

S1(%), max. W
61(%), max. W
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Shell

The rock materal was placed in maximum 10 m thick layers. The layers are rolled with
vibratory rollers (Bac, ORI CIOD The sl of the it weigh s u e
tial scction leads 10 the conclusion that the  requested compaction is achieved with
kim0 N o o laer.

Grain-size Composition

“The fiter material grain-size composition was determ

d in compliance with the standard
UBLOIS, and was used for clasificaion, identification and determination of physical and
mechanical characteritics of the rock material for construction of upstrea
downstream shells. The grain-size analyses were conducted using the vernier calipers for
large diameter grains, and sieving for the grain size 40.0 cm and below.

Eighteen grain-size analyses were completed by the mid-July 1995. The rock material
samples for the grain-size analyses were taken from the pits for measurement of the dam
body shell unit mass.

N —T

) = ——
\ B = |
X o — |

e R =

Figure 16, Shells material grain-size composition limits diagram - design
and as-built status

The enclosed grain-size diagram in Fig. 16 shows that the grainsize curves for the tested
samples correspond 10 # cerain degree within the design limits. The analysis results lead
1o the conclusion that the deviations could have been caused by unintentionaly unfavorable
sampling. However, the soil mechanical and hydraulic characteristis of the newly build
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I sections are such that the function of the upstream and downstream shell constructed
prgtee (tested) rock material shall not be imperilled,
Unit Weight

The unit weight tests were carried out according 1o the standard UBLOI2, and the test
resuls were used for the upstream and downsiream shell layers compaction control

The unit weight tests were conducted in wet and dry statc. During the remediation works
on damaged sections and construction of the new parts of the shells fifty-wo tests have

been conducted.

The obtained wet unit weights were:

Left end, upstream: T
Left end, downstream

2249 (kN min. 1,=21.09 (KN/m), max. v,=24.03 (Nm')
113 (KN, max ,=24.17 (Nm')

Right end, upstrean:
Right end, downstream:

1961 (RNm), mas. 122393 (Nim)
094 (N/m), max. y #2392 (WN/m)

Downsiream shell widening:
41 (RN, min. v,

2

19.26 (KN/m), max. 1,=24.23 (Nm)
The obtained dry unit weights were:

Left end, upstream:
Left end, downstream

034 (), me
=2047 (KNfm), maxy;=2298 (KNfm)

Fi=2170 (N, min
Fi=2153 (N, min

 end, upstream:  ,=21.32 (N/m), min. 3,=19.63 (V). maxy=2393 (Nfm)
Right end, downstream: F=2123 (KN/m), min. 7,=20.08 (N/m), maxy,=22.78 (N/m’)

Dowastream shell widening:
Fm2158 (N, min. ¥,

64 (N, maxy,=23.53 (kKNm')

The obtained data indicate the shell ayers compacting was of good qualty.

Moisture Content

Bearing in mind the design requirements, the layers were always sprinkled with 100 1 of
water per cubic. meter of bui

in materil. The cxceptions were the periods of extreme.
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rainfall, when additional sprinkling was not necessary, and the dry summer periods when
the required quanties of water were not casy to provide

‘The on-site sample moisture content was determined according (o the siandard UBLOI2.
“The sample. moisture content i determined for evaluation of rockfil water saturation and
quality compacting of the rock. matera

The below on-site moisture contents were obiained for the soil samples:

Left end, upstream:
Left end, downsiream:

133(%), min Wo=268(%),

W
Wo=d05(5%), min Wo=325(%), max. W,

Right end, upstrcam: W,

20(%), min Wo=261(%), max. Wo=5.24(%)
Right end, downstream:  Wom4.55(%), min Wo=3.76(%), mix. Wo=6.14(5)

Downsiream shell widening:  Wo=4.00(%), min Wo=277(5%), max. Wom6.83(%)

CONCLUSION

The statistical analysis of 167 samples of clay bui
samples of clay b
requirements hae been met.

during September 1994, and 145
in May 1995 leads to the conclusion that the design

The flter material palcement control conducted on 270 samples has shown that the
filer layers palcement has also met the design requiremens.

The shell material was controlled on 52 e The rouls e shown that o
sample had the unit weight below the design 20 kN
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DAM CORE GROUTING

Dr.Se. JOSIP RUPCIC

Chief Design Engineer

ELEKTROPROJEKT Consulting Engincers Ltd.
ZAGREB

ABSTRACT

The primary objective of the core g
generated in core by the explosion in the dam,
caving in of the cutoff wall trench sides.

g was filing in the cracks and cavities
in order to prevent slurry losses and

grouting was performed using the cement-bentonite slurry with the rheological
24 rouing presuce st 30 a8 fo coable consldton f the

onfiemed the assumption that the major damage was caused
. They also revealed that the damage was highly dispersed,
unrelated, and of local character, both lengthwise and heightwise the dam. This confirms

¥t ot rconseuced

since the cutoff wall was constructed

The core grouting completely fulfiled its fung
Without any problems with stability of the sides during the trench excavation.

The core was consolidated by grouting, and together with the cut-off wall is shall be
both impermeable and static dam clement_ transmitting the loads (o the downsiream
shell

GROUTING PURPOSE

The accepted solution of the cutoff wall constructon in the damaged clay core provides
for impermeability of a 26115 m long central dam section, namely of about 60% of s
ngth. The cutoff wall varies in depth between 129 and SLS m, it is 1 m thick

and s suface area is £505
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Since the stabiity of the wrench sides is sccured with slurry, there was a real risk of
loosing the slurry thraugh the explosion-induced cracks in the clay core and cavingin of
the trench. Therefore, it was decided to fill the cracks in the dam section in which the
cutoff wall was (0 be constructed with the cement-bentonite slurry, and thus consolidate
the subject clay core scgment, lower the slury loss risks, increase the shear resisance and
consequently improve the cut-off wall consruction safety.

The plan was 1o perform the clay core grouting on about 204 m lang sretch, namely on
dbout 75% of the cu-off wall length, Figs. 1 and 2. The grouting was not planncd in the
left and right cnd, on 27 and 30 m length, respectivly, because the dam remediation in
these segments was planned 1o include excavation and backfilling, so on the half of the
Surface the cutoff wall was 10 be integrated o the newly consiructed dam core

Further, the analysis of the dam seulement. monitoring indicated that the dam entered the
stage of secondary consolidation. The setlement in the left cutoff wall end during the
previous three months of monitoring had totalled 2 to 3 mm, namely oy oot 1068
Giof the dam height, while no setlement was recorded i the right dam end during that

Photo 1. Clay core at the decpest excavated part of the left dam end
with destroyed gallery
20 PERUCA DAM AEMEDIATION



period. With respect t0 these data, it could have been concluded that there were no major
fore no cxtensive slurry losses should have been
d the cut-off wall consruction should have been carried out under normal

After excavation works for the dam reconstruction have been completed in its left and
right ends, the above sssumption was confirmed since the external visible core surfaces
were compact and o cracks were noticed which would cause slurry loss, Photo 1.

GROUT SLURRY CHARACTERISTICS AND GROUTING PRESSURE

A stable grout siurry has the characteristes of the Bingham fluid. With it the grouting
extent docs not depend only on the crack width and grouting pressure, but also on the
iniial tangential resistance of slurry, "y, which has to be suppressed if fluid s to start
flowing. The slurry flow depends on its dynamic cocfficient of viscosity, "'

srouting was aimed at core consaldation, the sheological charactristics of the
slurry should have been such that the growting cxtends to the majoriy of core at the
pressure which approximatcly corresponds with the cffcctive vertical streses i the dam
core. This grouting pressure has been sclected because of the fear that higher pressurc

nce of disintegrated clay core achieved afer blasting of explosive,
Additionally, higher grouting pressure could cause leakage of slurry through larger core
cracks o the fillr layers and dam rockfll shell This would have caused diffculiies in
defining the completion of the grouting process against the common critera of the slurry
consumption at  specified pressure during a given period of fime.

“The planned grout sturry consisted of 80% cement and 20% bentonite, diuted with water
at the mix ratio (dry matierwater, by weight) of 125 1o 12.

The Portland cement characteristcs

density b = 312 kgl
Blaine value 3508 cany
st s 140 min
scting, e 20 min
compressive umnsxh after 28 days 448 MPa

The bentonite characteristis:

densiy

liquid limit
plstic v 85 ¥
index of plasicity 1, = an285
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Photo 2.

Clay core grouting

The laboratory tests of rheological and physicalimechanical characterisics of the shury at

the mix ratio (dry matierwater) of

mix ratio
(dry matterwater)

Marsh viscosiy [ s ]

Fannel dynami

scasity
Initil tangential resistance

Gel surength [ Pa ]

Decantation volume

o 4mm
10 mm

0 mpas )
wipes)
after 5 sec
afer 10 min
ater S min
afer 240 min

5 and 12, have given the below resuls

125 2
@ -
7% 166
s 180
165 520
85 2s
125 300
0 0
0 o



Density o [ kgiam | 1235 1286

Setting, start hours | 18 18
Setting, end  hours | 30 7
Compressive strength after 28 days [ Mpa | 09 157

It was planned to perform grouting in $ m high borchole sections, the deepest section
being on the depth of 45 10 50 m. At unit weight of core material betveen 16 and 17
KN, the effective vertical stress at this depth is approximately 800 KN/h . Maimum
grout slurry extent radivs is caleulated from the Wittke cquation

max A= 2o, g
%
where

mxROm)- maxinum sy event radius
alm < ek width
wlPal - iniial tangential strss of stumy
P (P2l - maximum grouting pressure
Himl - borchole radus

Photo 3. Clay core grouting

PERUCA DA REVEDATION 01



The. maximum grout slury cxtent radivs is 485 m and 4851 m for the crack widths a
=110 mand a = 1+ 10" m, respecively, when the mix rato is 125, %0 = 165
Pa, grouing pressure P, = 800 kP, and borchole diameter 60 mm. When the sirry of
the ighet densiy with the o of 12 s used, the it angentia strss is 7,
57 Fa and the prssre and boreole dametcr arc he s, th masion goting
extent radius for the crack widths a = 1+ 10% m and a = 1 10° m s 143 and 1406,
fespectively. Since the clay core width in the lowest dam segment is about 23 m, the
Obtained resuls are considered sarfactoy,

For the t0p grouting sections, at the depth of 1 10 5
is approsimatly 100 KN/, AU this presure, the maximum grout slury cxtent radius for
mi ratio 125 is 061 m for the crack width @ = 1+ 10°, and 611 m for the crack
Widlh a = 110" These reuts hav a0 been comsidered scseptble, although the core
widh at this levation s about 8 m. However, the cutoff wall s i set 4 m upstzeam
the dam axs, therefore the grout slumy extent at the assumed pressure is sufficient,

D, the assumed groutng pressure

“The obtained reslts have proven that the rheological and physicalimechanical charactristis
of the grout slurry of the foreseen composition and the mix ratio. (dry matter : water),
at the grouting pressure ranging beoween 100 - 500 KN/, are satisactory. Based on these
i the g borchols rangmen was s, with L4 borhoe s n
the which corresponds with the grout slurry extent radius for
the mix ratio 122 and the crack width 1 - 10° m for the highest dam setion on the
foundation plane.

@ - onoun v

Rie - caoutie DaHSION RA0LS

Figure 3. Grouting boreholes arrangement
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GROUTING CRITERIA

I was planned 10 perform the grouting in 5 m high scctions in upwards direction. Wi
the range of pressures for the highest and the decpest borchole scctions of 100 KN/’ and
800 KN/, respectvely, the grouting pressures have been determined for the interim
sections reltive {0 the cffective vertical stress in the core, cuve 2, Fig. 2, and 1o the
pressure of the grout sty with mix rato of 125 and densty of 1235 kg/dm’, curve 1
Fig. 2. This has been achieved 50 that the grout slurry pressure was increased using.the
srouting pump, ic. (0 the borchole depth of 15 m for 50 KN/, to the depth of 30 m
for 100 KN/, 10 the depth of 45 m for 150 KN/, and 1o the depth of S0 m for 200
K, curve 3, Fig. 4

The grouting completion criteria were defined so that cach section was 10 be grouted
under the specified pressure until the geout slurry consumption fell to 0 1 in 20 min,
i e g ogs e Do i
consumption of maximum 20 1 in 20 min. In case the gro

completed 3 the commpon of < 20| in 20 min, (e ot of e wos ssion
should have been conducted at the pressure used for the precedi r sectior

in sddion 1o the prmary. the scondy hchols wer pamcd. Du 10 ek o
experience with this type of works, the critera for the secondary borcholes were not

Sl

Kev

ol
Figure 4. Grouting pressure v.s. depth of grout hole
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GROUTING RESULTS ANALYSIS

Along the 204 m long grouting route 147 primary boreholes 4927 m long. and 24

condary borcholes $61 m long, namely totally 171 boreholes 5788 m long were made,
“The total consumption of the grout slurry was 591,156 L and the average consumption was
102,13 Um of borchole, Since 1 1 of slurry contains 0.35 kg of dry matter, about 207 t
of cement and bentonite was used for grouting.

Based on the average consumption of the grout slurry in the borcholes, Vi Slim of
borcholeC, Fig. 5, the grouted area may be divided into the highest central and the
remaining part of the dam.

Although the average grout slurry consumption per 1 m of the borehole varied in about
50/m long central dam section between Vy = 1348 1 and V, = 53445 I, the prevalent
consumption was excecding 100 1 per meter of borchole as recorded on about 70% of all
boreholes. The slumy consumption varition coefficient as per individual sectons, "c,’, was
for these boreholes about L0, which indicates comparatively uniform consumption of lurry
in borehole sections. This is evident from the review of the grout slurry consumption s
per the dam sections, Fi. 6.

For the borehole with consumption V, = 53445 Um, the consumption as per section
varies between 75 Um at the depth of 1 t0 5 m, and 1291 Um at the depth of 30 to
35 m, with the cocffcient of variation &, = 0.7. Such consumption is the consequence
of large dam core damages, a5 confirmed by the measurement of setlements afier the
explosion which in this scction were about 155 m, namely 27%ef the dam height

For the borchole with the lowest average consumpton of V, = 13,8 Uim, the consumption
per scetions varies from 6 Um at the depth of 5 to 10 m, 1o 30 Um at the depth of 40
to 45 m, while the cocfficient of variation for this borchole is only &, = 0.53. The
measured settlements in this part were about 0.40 m or 7%ef the dam height

The average consumption in the remaining grouted part of the dam core is considerably
lower, and the transiton is discontinuous. The average grout slurry consumption exceeds.
100 Um o 12% of borcholes only. The maximum consumption is V, = 37024 I per
meter of borehole and the coeffiient of variation is &, = 224. However, the average

borehole is the result of an exceptionally large consumption of the.
grout slurry in the borehole section from 5 to 10 m, ie. 2329 Um, this being the
maximum_consumption on 4 single section along the entire grouting routc. Since. the
consumption at the remaining six sections of this borchole ranges between 12 and 35 U,
these data cxplsin the coefficient of variation €, = 224.

04 ~PERUCA DAM REMEDIATION
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Such an analyss is fully applicable to any other borchole within the cntire grouted dam
scction in which high average consumption of the grout slurry and high coefficients of
variation have been recorded. They are the result of extremely high consumption of the
rout slurry in only one or o grouting scctions on 2 borehole, while the consumption

in other borchole sections is considerably lower,

The conclusions based on this analy

are confirmed by the data on the grout slurry
consumption in particular borehole sections, Fig. 6

The minimum average grout slurry consumption was also recorded at this part of the
grouting route, Le. V, = 1133 1 per meter of borchole, with the coefficient of variation
= LI7. The values of the average consumption as per individual borchole scction range
between 4 and 63 Um, but eight out of ten sections have the consumption below the
average.

‘The grouting results lead s 1o the conclusion that the dam core in this part suffered
considerably lower damage than the central section. Although the scctions with
comparatively high grout slurry consumption were recorded, they are not intercomnected
as was the case in the central dam section. The setement data also confirm more
moderate damage compared (0 the central section. The setlements ranged from 0.03 m
or 150 the dam height in the flanks, 0 0.53 m or 9%ef the dam height in the joint
with the central secton.

“The resuls of the analyis of average grout slrry consumption 25 per the sectons on the
same grouting depths, Vo SUmC, Fig. 5 indicate comparatiely small changes in

consumpion reative 1o the section depth for the scctions from 1 10 30 m of depth, ic.
V. < 50 Um for the upper section, and Vs 80 Um for the section from 25 to 30 m
However, the coefficient of variation of the average consumption varies from ¢ = 158
10 Ga = 344, This is the consequence of the extremely high consumption of the grout
sy i particularsectons, while. the consumption in other sectons at the same grouting
height is considerably smaler, Fig. 6

it

With increase in depth, the average consumption per grouting section increases and varies
between 155 and 175 Um for the depths of 30 10 45 m. The average consumption for the
decpest scction of 45 10 50 m s V; = 415.04 Um.

The coeffcients of variation decrease with the increase in the depth. For the grouting
086, This s the consequence of more
uniform average consumption of the grout slury i individual boreholes.

section at the depth of 45 10 50 m it is
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Figare 6. Injecting sections comsuptions



et

Figure 7. Classified mean volume of injected grout

Albough it is diffcut to make general conclusions based on the average values, the
increas th ot sy with e grouing et accompanied
o the s i oefcent o vraion, shows ht the. dam cly core darage s
with the depth the maximum being in the lowest central dam section vy
been expected, since the largest quantity of explosive was probably blasted in this grouting
gallery dam section.
The dispersion and the dam core damage level are well illustrated by the grout slurry
consumption 15 per scctions which have been classfied according o the average
consumption, Fig. 6, as well as by the share of particular classes within the total borehole
length, curve 1, Fig 7, and the total grout slurry consumption, curve 2, Fig. 7.
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Photo 4. Gallery reconstruction with steel arches, shotcree

and grouting - detail
The diagram in Fig. 7 leads to 2 conclusion that the average consumpion at 81% of the
bor

tota borehole length was less than 100 Uim, namely 35 ke/m of dry matter, with the share
in the total quantity of consumed grout sluny of 22%.

The serge commpion of Um, namely 35-175 ke/m of dry matter is recorded
o 155 of - v bl m,,m on which 38% of the total grout slurry was

On the remaining 4% of the borehole lengih, e consumption exceeding 500
Vi o 17 gl of dy maer, owr 4% of the gmul Sy was s

CORE GROUTING SUCCESS WITH RESPECT TO THE CUT-OFF WAI
CONSTRUCTION

No problems related to the abrupt slury loss arose during the cut-off wall construction,
only its secpage was somewhat more intensive in the gallery, in the sections marked in

e below.

Fig. 8
“This should be attributed o d

PERUCA DAM REMEDATION 00



BiszsRzas

Coolied oy uy aBedsos Kungs o) Jo suos g amdly

NOLLO3S AETYO 3031n0KD.
‘ONLNOKD ONY 3UIHOLOHS SIHOUY T3S AB NOULDNHISNODIM AKITVO
‘ONIN 31340N0D BN 48 NOLOMHISNOO3 AUITIVD

SINGG F0VaT3S AMHS

TV 440105

=

ERPEY

PERUCA DAM REMEDITON



I the sbjct setos, the gl oo ided sppening o e ol ke
concrete liing with steel arches, placement of  layer of shoterete with double stcel mesh
einforcement, and grouting with the cement-benonite suspension behind the concrete lning

for filling in of cracks and cavties and realization of the impervious joint berween the
lining and core clay, namely bedrock.

The cutoff wall consruction setvites related o the gallery. reconsiruction did not include.
grouting behind the gallery lining, so the cracks and cavtis in the old concrete lining
were only party filled in from inside the gallery, applying the layer of the shoterete.

Since the slurry loss was recorded during the trench excavation in the bedrock for the cul-
off wall it was asumed, based on the analysis of the gallery reconsiruction works
completed 5o far, that the loss was caused by the dynamic load of the hydraulic trench
cutter on the  bedrock and parly reconsiructed galery concrete lining. The hydravlic
trench cutter damaged the bedrock, the base joint of the bedrock and clay core, while the
cracks in the gallery concrete lining reopened after being party closed with the shotcrete.

The byl presve o the sy o he ctfl wal tech s iy High 1o
e e sy sspogs o e il rough e comat st the bedrock
and ay core, the gallery co o e R, iy iy s s
B vt ek o ke 1 13 gy St Wty . 5.

In compliance with the above assumption, grouting was started behind the gallery concrete
lining in order 1o completly il in the cracks and cavies and realize the impermeable
joint along the entire outside perimeter with the clay core and bedrock.

Kev

GROUTING GALLERY.
SLURRY.

1
2
3

s

LAY CoRE
EXSTING CONCRETE
EDROCK.

Figure 9. Slurry seepage in the partially reconstructed gallery
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The excavation for the cutoff wall trench followed the gallery lining grouting with no
probiems related 1o the slury loss. This confirmed the assumptions about the reasons for
the slunry penetration into the gallry

No caving in of the trench sides was notied during performance of works, therefore.
can be concluded that the dam core grouting in the cutoff wall construction site
completely fulfiled its function both regarding slurry loss prevention and improvement of
the trench stabiliy.

CONCLUSIONS

The grouting results confirmed the assumption drawn from the settlement monitoring
that the major dam core damage was caused

s top central section.

However, the data on the grout slurry consumption indicate highly dispersed, unrelated
and local character of damage both lengthwisc and heightwise the dam.
ly relates (0 the right part of the gronted

recorded
adjacent boreholes, but also in the sections of the same borchole ..,.....m.m.y
below o above the scction of high consumptior

“This fact confiems that the selected design solution, with the plastic concrete cut-off wall
asa ipecmeable element for the dam section which is parlly or completely not
it vas oot

S S S o e e e e i et
10 the slurry losses and practically mo difficulies with trench stabilty, th

completely fulfiled its purpose. The grouting ad comoliated he cor which
ogthr with the ol wal, sl be » relsle Impermesble and st dam chemens
transmitting the load to the downstream shell.
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PLASTIC CONCRETE CUT-OFF WALL
CONSTRUCTION

DALIBOR BOJANIC,
Supervisor
CROATIAN NATIONAL ELECTRICITY Lul.
SPLIT

ZVONIMIR SEPAC, B.Sc.C.
Construction Manager
GEOTEHNIKA Lud.
ZAGREB

ABSTRACT

“The plasic concrete cutoff vall was comsrucied within the Peruca Dam clay core It
is 26115 m long, between 129 and SLS m deep, and {otal surface area is 8505

The disgn mochanel charstcis of the peslc comne ar: sy compresive
strength > 1 MN/, Young's modulus of elasticity < 400 MN/m', Darey's coeffcient of
Hlirain < 10° me. These characirsics were met by the plasc concree of he below
composion per 1wt 112 kg of cement, 356 ke of bentnie, 108 kg of roch Nour,
ke s ek e e ST Y o

The cut-off wall trench was excavated with grab and hydraulic trench cutter, and the
concrete was placed by underwater concreting using the contractor procedure.

The cutoff wall was constructed in four months.

INTRODUCTION

The Peruéa Dam remediation project included construction of & plastic concrete cut-off
wall within the central dam section. The cutoff wall was intended 1o take over the
function of an impermezble dam clement instead of the damaged clay core. The cutoff
en the stations 0+57.70 and 3+44.00, along the dam axs
The joint. between the  recons
secton which includes the cutoff wall as an impermesble clement is designed so that the
Cutoff wall is min. 2 m long siructure incorporated in the clay core of the reconstructed

wall was_constructed e

ucted dam sections in the left and right end and the

PERUCA DAY REMEDIATION s



s o=

ReconsTUOTE
g

RECONSTRUGTED FLaNK

To'EL a0 7,
e w

Figure 1. Dam layout with cut-off wall
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Since it is designed 5o that this joint is in the slope with ratio L1, the said cr
eltes 10 the lowest reconstructed sections.

Vertical (0 the dam axis, the cutoff wall is placed 40 m downstream the grouting gallery
axis, The cutoff wall is 10 m wide.

Masimum design cutoff wall depth is S0.4 m, and minimum 12.90 m. According 10 the
design, the cutoff wall was (o be minimum 2 m cut into the bedrock, namely the
concrete slab in the central dam section, Fig. 3

Based on the calculations for the cutoff wall behavior under various loadings the below
mechanical characterstics of the cutoff wall materil were specified by the design

compressive strength > 1 MN/m’
-~ Youngs modulus of clasticity < 400 MN/m’
- impermeability costficient < 10° mis.

In the dam section where 10 m high part was to be removed, the cutoff wall was
constructed from the operating platform on EL 353.40, and where 5 m high part was o
be removed the works were carried out from the plaorm on EL 35840, In the
tansitional ramp, between the clevations 35340 m as. and 35840 m asl, the cutoff
I s steprlike, and the steps are 1 m high, Figs. 1 and 2.

The operating platform conssts of a 40 em of compacted rock material, The clay core
is protected with geotextle and thus separated from the gravel laye

The reinforced concrete guide walls, used as the guides for the excavation equipment, are
25 om wide and 125 m high. The guide walls shall remain permancnty built in the dam
body, Fig. 4.

The cutoff wall trench is mainly excavated in the damaged dam clay core. The excavation
in some segments in the top several meters encompassed the upstream filer layer. To
prevent the shury losses through the core cracks during excavation, the. consolidation
performed along the cutoff wall trench route prior to excavation works.

In order to provide for the contact between the cutoff wall and the bedrock, to and
achieve the best impermeabily, the cutoff wal joint with the bedrock and the gallery
concrete was 1o be grouted and a bond realized with the exising grout curtin. The
grouting works had been planned to be carried out from the reconsiructed inspectic
gllery.
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Figure 3. Typical dam cross-section with cut-off wall
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Figure 4. Cut-off wall top section with guide walls - detai
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The quality control included the following activiies:

~ the preliminary testing of the slurry and il component materils: cement, bentonite,
water, sand, gravel, the slurry itslf, green and hardened plastic conerete and
concrete for guide walls;

oo g snd corek e plimbien coml, sggp: moes
content, material dosing in a concrete mixing plant, plastic concrete T-, 28- and %-
tay compressive. strengih, tests of consistency, impermeabiliy, cros
wall concrete; samples are taken for a particular quantity of by
material;

< completed cutoff wall testing, in two stages:

first stages the cutoff wall integrity is tested: geomety, homogeneity of placed
e, qualty of s betwen ndivil lments 1 mechania charcrsi
of placed matcis, ic. compressive sirength and impermeability; the borcholes arc
driled n the cutoff wall body and testing samples taken;

Second stage:  the cutoff wall impermeability i tested while the dam is under
full hydrosatic pressure; the permanent impermeability monitoring system is used.

The Topermsble CuLoft Wal design was preared by Bietropriekt Conuling
Engincers Zagreh,

PRELIMINARY TESTS AND FINAL SELECTION OF THE CUT-OFF WALL
RIAL

“The cutoff wall design speciied that the Contractor shall detsil the selected construction
procedure i the Construction Design, The selection was to be made between & two-stage
or single-stage procedure, and the cutof wall materal composition was 1o be determined
Pplastic concrete for the twostage procedure and sellhardening _cement bentonite
suspension for the single-phase.procedre.
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The Geotehnika-Baver Lid. joint venture was appointed as Contractor. The company was
established solely for the Peruca Dam Remediation Project by Geotchnika Zagreb and
Baer Spezialifbau, Schrobenhausen, Germany.

The Contractor selected the two-stage procedure, excavation followed by plastc concrete
placement. The procedure was expected (© render the design mechanical characteristics of
the cutoff wall material.

The drawback of the single-
hardening slurry that can hardly maintain the required viscosity during the cxcavation,
which could last up 10 3 days, and stll meet the design qualty requirements. after
hardening.

hase procedure s that it requests trench with the sclf-

All preiminary lsboratory qualiy control of the component material and determination of
optimum plastc concrete mix were conducted by Geoespert-IGM  Zagreh, with expert

of the following component materials was carred out: cement PC 30z 45 S, produced by
Dalmacijacement, crushed ageregate and rock flour from the Srinjine quarry, Bentoplast
bentonite produced by INA-Petrokemija Kutina, and the Cetina river water samplcs

I were suitable for the plastic concrete mixing.

Al tested component. mater

The sy i prpscd of 1115 xapendd bt axd i the i o (et
water) of

ic concrete testing results
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The preliminary testing of plastic concrete resulied in the optimum ratio of individual
components. The tests were carred out on mixes of differently dosed concrete, bentonite
and sgeregate. Seven different mises were subject {0 testing of fresh mass consistence, 7-
and 25-day compressive strength, density, modulus of elasticity, and erosiviy, Fig. 5.

Based on the tests on green and hardened fl, the following mix ratio for 1 m' of plastic
concrete was sclected (mix ratio No. 2 from the Table):

ent 112 ke
bentonite 356 ke
fock flour 102 ke
sggregate 04 rom 1527 ke
water w71
water-cement atio A ncian
grecn mass consistence (dump tes) - L | L5260 em
When the mix s prepared in situ the component dosing should be modified according to

the material characterisics and weather conditions,

SITE ORGANIZATION

‘The majorit of the slurry and plastic concrete mixing faciles is placed on the operating
platform on EL 3550, upstream the dam axis, in the right flank. Here, the slurry mixing
plant was set, with the bentonite storage, slurry desanding plant with tanks for_fresh,
trench and waste slurry, and the slurry pump which conveys the slurry (0 the excavation
The slurry mising plant was alo used for mixing of plasic concrete bentonite suspension
which was conveyed 1o the agitator, and further o the concrete mixing plant. The cut-off
wall plastic concrete was prepared in Konstrukior Split 60 m'h mixing plant

The slurry miing and desanding planis were connected with the slury piping set along
the dam 10 the excavation and cutoff wall concreting sites. As the work progressed, the
piping was extended.

“The hydraulic trench cutter, grab and crawler crane worked in the cut-off wal trenching
Ste. The materal excavated by grab was removed by trucks 1o the spoil area in the right
fank, same as the solid material from the slurry desanding plant.

The water necessary for slurry and concrete mixing was pumped from the Cetina,
downstream the power house, into the tank, and furthered o the mixing plant.

The power supply was from the m

onsite transformer, Fig. 6.
The cuteoff wall construction works were conducted from the right 1o the left dam end.
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CUT-OFF WALL TRENCH EXCAVATION
Excavation Machinery

The excavation was. performed by two. types of machinery: kelly-bar grab and hydraulic
trench cutter.

The kelly-bar grab KRC2 on a crawler C:50 was used only for preliminary cutoff wall
trenching 10 the depth of 34 m, rarcly to 10 m, in order to form the space for the
slurry circulaion during the hydraulic trench cuter excavation and. achieve the depth
necded for submerging of the cutter centifugal pump used for removal of the excavated
material. The grab was not used for decper excavation because it does not allow
maintenance and control the trench plumbness on greater depths.

Therefore, the majority of excavation works was performed using the BC 30 hydraul
trench cutter on & HS 870 crawler cranc, with a HDS 80 winch system suspending cables
and hoses, manufactured by Bauer, Photo 1. The basic elements of this system are the
craler crane and the trench cutter (excavator)

The cravler crane is specially designed 1o support the cuter. 1t is driven by a 430 KW,
hydraulic Diesel motor. The crane is aligned 5o s to move in paralll with the cut-off
wall tench, Fig. 7.

The cutter has & hewy steel frame, 154 m high, 28 m long and 24 m wide, two
hydraulic. motors driving two cutting wheels, and centrifugal pump with the excavated
material removal hoses. The trench cutter weight is about 32 tons

The hydraulc motors rotatc the cutter wheels in opposie directions. The wheels fragment
and loosen the material and mix it with the bentonite suspension which s in the trench.
‘The centifugal pump sucks the mixed urry and excavated materil and comeys it by the
piping (o the slunry desanding plant, Fig. 5.

The cutter performance depends on s power which resuls from its weight (thrust force)
and the wheel torque (2681 kNem). These components are interrelated - when their H/V.
ratio (H-horizontal componen, V-vertcal component) i high, the wheels turn but do not
penctrate into the soil. When the HIV ratio is low, the wheel teeth cut into the rock
soil, but do not move, Fig. 9. The optimum BC-30 cutter output is achieved by fine
balance of the HIV rato.

The cutter can reduce the rock material size to 30-40 mm. Special dynamie effcct devices
are used to erush the rock into fragments sufficienty fine (© pass through the pump inlet,
For that reason the wheel speed can be increased o 45 rpm. The wheels are fited with
elastc flexble shock absorbers protecting the teeth against failue.

£ PERUCA DAM REMEDITION



2 CUTTER WHEEL
3 WINCHES SUSPENDING
CABLES AND HOSES.

Photo 1. Hydraulic trench cutter BC-30

To avoid that the rench bottom bey

mes grooved, the tip-aside teeth were used, o the
Fig. 9.

complete trench bottom was removes

The trench plumbness s ensured by two separate vertcal adjustment devices - the rough
adjustment is conducted using the hydraulic winch of the main crane,
using the hydraulic cylinder inside the cuter, This enables precise control of the cutter

teeth Touding.

fine adjustment
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Figure 7. Trench cutter position and movement during excavation

Kev

STEEL FRAME
HYDRAULIC MOTOR
CENTRIFUGAL PuMP
HYDRAULIC NOTOR
PUMP INLET
CUTTING WHEELS

Figure 8. Trench cutter clements
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Figure 9. Cutting wheels - detail

Ep—

In order 1o achieve the trench plumbness the cuttr s suspended so as not 1o induce the
forces which could affect the trench excavation. Automatially controled cables and. hoses
maintain the verticalty of the resultant of al forces acting on the cotter. Addionally, the
cuter is fited with clectronic inclinometer which controls the cutter desiations from the
vertical axi in two vertical directions 1o 02%, Fig. 10.
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Figure 10,
Cutter suspending method

Slurry Mixing, Conveyance and Desanding System

The bentonite suspension has a double role during the cut-off wll trench excavation. First,
it holds up the trench walls preventing the Ioss of equipment, its trapping and stoppage
of works. Second, it enables hydraulic conveying of excavated and broken material from
the excavation site to the desanding plant.

‘The slurry mising, conveyance and desanding is shown in Fig. 11,

Sturry mixing plant 1 consists of (w0 bentonite mivers (BM 1000 and BM 3000) with total
capacity of 4000 L The prepared mix is comveyed by the pipes into the fresh shury tank
2 cquipped with pumps for slury circulation i the tanks. The main pump 4 conveys the

fresh slurry into the cutoff wall trench. Saturated with the trench spoil, clay and pieces
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of rocks and concrete, the slurry is comeyed by the cuttr centrifugal pump to.the slurry
desanding plant S, ype BE 500, with desanding capacity 500 m'h. The solids from the
trench are separated 6 and peonly dumped s &0 it 1 be s e by
truck 1o the spoil area, and the regen

slury, enriched with the perticls of clay
from the trench, is comeyed (o the trench shurry tank 3. From here, the slurry is
repumped into the piping and conveyed to the excavated trench. The trench slury is
permancatly enriched with the fresh slurry repumped from the tank 2 1o maintain the
specified characterstics.

During the cutoff wall conereting, the concrete s first placed o the trench bottom, and
the slurry is displaced towards the surface with increase in the concrete level. Once on
the surface, the slurry is pumped back (o the desanding plant and into the tank 3. After
a number of cycles, the slurry looses its specifid characterstcs, gets saturated with clay.
particles and concrete components. Such slu

is transported into the waste slurry tank
7 and removed from the system by piping 8.

Figure 11 Slurry mixing, conveyance and desanding system
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“The sturry desanding plant, Fig. 12 and Photo 2, consists of two identical units functoning
as an integrated plant.

“The slurry saturated with the trench spoil, lay, particls of rock and concrete, reaches the
intake pipe 1 and vibrating sieve 2 which separates fractions above 5 mm and chunks of
clay, The sieved slurry is diverted 1o two identical desanding plans, which increases the
the

desanding capacity. The slurry is forwarded o the tank 3 10 be repumped
cyclone § where the finc particies are separated from the slurry. Through the cyclone
outlet 6 the particies are released onto the vibrating sieve 7 separating them from the rest
of the slury.

The desanded slurry is taken from the cyclone over the spilvay § into the tank 9, and
hence into the trench slurry tank. The automatic float 10 controls the tank level and
keeps it constant through the desanding process,

Figure 12 Slurry desanding plant BE 500 operation scheme
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Photo 2. Slurry desanding plant BE 500 with the trench slurry tank

1 KRANE LOADING STABILITY FACTOR
2 P

|
- | DEPTH (m)

Figure 13, Trench stability factors
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Figure 14, Trench slurry testing results

Stope Stability and Slurry Quality Control

The cutoff wall excavation Contractor was {0 guarantee the trench walls sabiliy so that
the cutoff wall design geometry would be respected and cavingin of the cxcavatcd trench

The construction schedule and equipment would be imperilled by caving in. In
the ot Wal Comrclion Desgn the Conacor s g » clalion poving e
e sablty, propos the sy i i, ad 1 method of o the ein
stuny qualiy.
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The computer stability calculation was conducted for the maximum trench length of 75
m, and maximum depth of 50 m.
The trench wall stabilty coefficient was determined from the relation of the slurry
hydrostatic pressure and soil pressure increased by the dynamic loads incurred by the
hydraulic trench cuter operation.

The stabily facior was calculated for each meter of the trench depth, o s botiom, and
he results indicate that the coeffcient in all layers was sbove the specified 110,
Fig

e diagram shows that the minimum stability coefficient of 1541 is determined on the
depth of 6.0 m from the trench (0, and the maximum of 6.098 at the bottom.

“The below slurry mix ratio proposed by the Contractor was accepied:
bentonite

sturry. densi

e stury quality was permanently controlled during the excavation and before the cutoff
wall conerete placement to make sure that the slurry retans s specificd properties in
catton. The comrd e Woraty e f e s e, g, i
Mars imits and sand content (%), Fi

Working Procedure

The first stage of the cutoff wall works was construction of an operating platform from
which the trench was excavated with the cutter. The 10-12 m wide platform was made o
40 cm thick compacted rock placed above the geotextile protecting the dam cly cor.

The platform was also used for consiruction of a guide canal and guide walls, The guide
canal was used 10 guide the trench cuter when the excavation along the cutoff wll route
is carried out, and as the wench sluny circulation duct. The guide walls are reinforced
nerete, 125 m high and 0.25 m wide, so they also served for stabilzation of an open

trench on s top.

The working procedure is illustrated by the Fig. 15.
The preliminary excavation 10 the depth of 3-4 m was carried out using the kelly-bar grab.
Length of one pancl may include one or more cxcavation unis. The maximum length of
the primary pancl is 7.0 m for the trench stability reasons, and in order to minimize the
number of pancls and thus increase the cut-off wall impermeabily.
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Figure 15, Cut-off wall construction procedure
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Figure 16.
Secondary panel construction
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Figure 15, Trench excavation computer printout

When the grab excavation is completed, the excavation with the trench cutter unit is
it e dciy S

imany panel excavaton units are dons fst, ad they conss o thce tenchs, i
28 m long side trenches and 14 m long central trench. When the excavation for scveral

primary pacls s complie, the panl sre conceed. Waen the conre mm. its
4 s the exen are

The primary pancls are 23 m apart, and the secondary panel is 28 m long. thus the
trench cutter cuts o the neighboring concreted primary pancls for 25 cm on cach side.
This resuls is a qualty joint between the pancls, because the secondary panel conerete
s placcd dircetly on a coarse surface of primary panels, Figs. 16 and 17.

Oa¢ of lporan ks o the (ich v ulcas of 4ol bk
longitudinal and transverse (0 the cutoff wall axis, with the allowed 025 deviation from
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the vertical. This results in the cutoff wall contin

the panel joints. Such an
operation was possible due the digital inclinometer the trench cutter is fited with, which
displays the deviations from both axes durin n and the acwal trench depth.
When an_ excavation wnit for & particlar panel was cxcavated, the computer. fecord

H

printout was made containing all the relevant excavation data: works start time, initial
depth and final depth in (m), total excavation duration, slurry regeneration time, - an
yedeviaton from the vertical (cm) for each meter of depth, excavation duration (min) for
cach meter of depth, Fig. 18,

These records verified actual depth of cach panel trench before the approval for its
conereting was given.

When the excavation was completcd, the cutter centrifugal pump at the trench bottom
pumped the ench slury from the bottom and replaced it with the fresh slury. Thus, the
requirement that the trench bottom should be clean pror to concrete placement, ic. frec
from the slurry deposit, is satisied. The foundation joint cleanliness prior to. concrete
placement was checked 5o that the regenerated slurry sample was taken from the trench
bottom and checked for solids and sand. The maximum allowable content was 7%, and
the maximum recorded content was 3

CUT-OFF WALL CONCRETING

The preliminary test results were used 10 determine the cutoff wall plastic concrete mix
ratio. and its consistence which would be suitable for the way of transportation and
concrete placement. procedure.

Having in mind that the concrete for one cut-off wall panel is placed continuously, and
o interruptions in the operation arc allowed, the concrete was mived in a miing plant
located in the viinity of the concrete placement sie. The concrete was transported with
6 m' mobile mirers.

Placement of the cutoff wall concrete is the most delicate operation on the cutoff wa
since any mistake could cause major damage and imperil the basic function of this

structure, namely impermeabily.

The cuteoff wall was constructed using the undervater concreting with the contractor pipe.
characteristic of this method is that the concrete is compacied by its own weight
rather than by vibrations.

Therclore, in adiion to the design mechanical charactersics, the concrete must be fluid,
have the capacity of flow out and compacting by its own weight, be segregation and
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fushing resstant, and casy seting. The fuidity must be sufficient for the conerete to fill

body. The consequence is a porous concrete sensiive o water flow. The contractor pipe
procedure requests slower concrete sctting because of possible  interruptions in. the
concretng procedure.

The role of the contractor pipe is to prevent flshing, segregation and sofling of concret,
because the concrete is lead to the bottom of the excavated pancl trench and
concrete s permanently added into the a

ready placed concrete.

The contractor tube is smooth on the inside, the W

Iis § mm thick, and fiued with
effcent assembly tools. The tube segment is 4 m long. A tremmic s placed on the top
of the pipe, and the concrete is feed directly from the mixer so that the concrete flows
down from less than 20 m. The concrete placement. rate should be. minimum possible, s0
that the trench walls do not cave in. Prior to concreting, the trench bottom must be

Photo 3. Panel concreting
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The contractor pipe s lowered to the trench bottom before the concreting starss. Two
pipes were used for concreting of the primary panels, and one pipe for the sccondary
panels. During concreting the pipes were supported by the BS 108 B cravler crane, which
was also used for assembly and disassembly of the pipe segments, Photo 3.

If the pipe foot docs not reach the trench bottom, the first concrete might be flushed or
Solled by slurry because the first concrete does not raise the panel surface but rather
coers the trench bottom and wall. Such concrete does not render qualty contact surfaces.
with the bedrock and side panels, therefore the trench botom must be cleancd prior to
conereting. The concrete is released in the pipe foot, displacing the surry and raising
within the trench. The concrete is compacted by its own weight. When the concrete flow
is interrupted the balance is achicved of the concrete in the pipe and in the wrench. The
concrete level in the pipe is higher than the level in the trench because of the fic

between the concrete and the internal pipe walls. The addition of concretc into. the

tremmie. raises the conerete level in the trench.

As the concreting progresses the frition increases and the level difference.prevents the.
conerete.flow down the pipe. The contractor pipe is lied, the top scgment s removed
immeditely below the temnie. The specified 15 m of pipe must remain in concrete to
revent mixing of the new concrete with siurry and soiled layer of concrete on the t0p.
Dismantling of segments is continued until the tench i fled with concretc.

The pancl s concreted 1o the level of some 30 em under the guide canal top, o that
the room i left for the slurry circulation.

To prevent inclusions of the slurry and caved in material in concrete, the concrete flow.
Should be continuous, namely the contractor pipe should neverremain cmpty and should
notbe disturbed or taken out of the concrete. Thus, it is strcly forbidden o stop.
concreting process within a pancl.

As we have alrea the primary pancls are concreted first, several panels in 4 row,

d after excavation the secondary panels are concreted between the primary ones. The
concrete displaces a layer of soiled concrete mixed with shury which remains in the t0p
30 cm after the conereting process s completed.

When the cut.off wall concreting s completed, the soiled layer is removed by a trench
cutter and new concrete is placed insicad (o the guide canal t0p.

CUT-OFF WALL CONSTRUCTION

“The contract for the cutoff wall construction works was signed with the Cro
joint venture Geotehnika-Baver Lid. on August 8, 1994. The joint venture was organized
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specially for the Peruéa Dam remediation project, The Baver personnel and machinery
were engaged on excavating and Geotchnika on concreting. The deadline for completion
of the cut-off wall construction works was February 1, 1995

The preparations started immediately afer the contract had been signed and the cquipment
Shipped to the constructon site. The onsite preparations started on September 19, 1994,
including the platform, mixing plant, workshops and slurry tanks construction.

first ten meters of the guide wall was concreted on September 30, 1994
The preliminary excavation with grab, and the subscquent excavation with the hydra
trench cuttr started on October 10, and the first panel P1, in stations 303.77 o 310.77
was concreted on October 13, 1994,
The works started from the right dam end where the upper section was removed 10 the
EL 35800 m as. because at that moment the backfiling works were not completed in
the left and right dam ends 1o the EL 35300 m asl. and 35800 m asl, respectively.

For that reason, the excavation progressed o the station 31077 in the left end 10 enable
that the backl the dam ends o the planned clevations be completed in the
meantine. Additional, the limiting fictor for progress of the cut-off wall works was that
the excavation and remediation of the caved-n gallery in its botiom part and towards the
left end was under way. This left 1o time for completion of the contact grouting around
the gallery lining. Since the gallery route runs only 40 m upstream the gallery axis, the
abrupt slurry loss from the excavated cutoff wall trench through possible cracks and
caverns in the clay could imperil the excavation rew.

i poslly v minnizd b corsluion i o he sl vl e ot
during which no major cracks or cavens were encountere
Rowers, duting xomation for th. panl P27, sations 24757 t0 25497, dring cxcavaion
of the second side

he ecion wher the
abrupt lowering of the slurry
i immediney under he e walls trenches had already been
mated, he dedsion wis brovght 1o concrte the pm:l, while the central trench would
be excavated later and concreted as the secondary

Slurry losses were also suffered doring the excavation for the panel -6 and two
punl in the rght dam end. Siee the sy I condidons recured, and the sy
penetrated the gallery during the excavation in the bedrock and parts of the gallery
remdiated with the shoterete over the old lning, it was concluded that the slury was
being lost through the joint between the bedrock and clay core, leaking into the gallery
through the cracks in the old concrete gallery lining, The joint between the bedrock and
Clay core had probably been damaged i explosion and duc to the cutter dynamic shocks
during the becrock excavation. These shocks have probably reopened the cracks i the
gallery concrete.
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e above reasons, the contact grouting of the gallery concrete lining was immediaely
initated, pariclarly in the section i front of the cut-off wall trench, in order o fill in
the cracks beween the core and the lining. When the contact grouting was compleicd, no
further slurry losses were recorded.

In the meantime, the right dam end backfilng was completed and the cutoff wall
construction started. The works progressed towards the left dam cnd.

The inspection gallery remediation was successfully completed by the end of November
1994. 16 was followed by backflling of the left dam end to the EL 35300 m asl, so the
conditions for the cutoff wall completion in the It cnd were provided.

The last meters of the guide walls were completed on December 16, 1994, The cut-off
wall construction stared in the new backflled dam section in the left end. Since the
excaating for the cutoff wall run for several meters through the newly formed upstream
e, the slurry was lost during the excavation for the panel P24, Excavation of this u

was completed under continuous adding of stury o the trench, and it was concreted
as the shortened primary pancl of 2.8

Although the hydra
cutoff wall was completed

completed an January 12, 1995, The deadine was beaen for simost 5 month.

The plastic concrete mechanical characteristics testing during the construction was
performed by Civil Engineering Instiute of Croatia, Split Department:

< compressive strength: a sample clinder was taken for cach 25 m of the cutoff
wall; 20% of samples were tested for 7-day strength, 75% for 28-day strength, and
5% for 90-day strength;
consistence slump test for each concreted panel,
impermeabiliy: one sumple for cach SO m® of concrete.

Geoexpert-IGM Zagreb was engaged on erosivity testing (pin-hole test). A sample was
taken for each S0 m’ of concrete.

The cutoff wll plasic concrete qualty control was contracted with the Materils
Department, Cil Enginccring Faculy of the University of Zagreb. The control ests seope
was. approximately 10% of the total plastic concrete permanent tests conducted by the
Contractor. The plastic concrete quality control results are covered by a special paper.
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Photo 4.
Cutoff  wall  trench
excavation by hydraulic
trench cutter

Photo 5.
Hydraulic trench cutter
wheels
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BASIC CUT-OFF WALL CONSTRUCTION DATA

The cutoff wall consists of 28 primary and 28 secondary panels, Fig. 19. It is 26115 m
long, and runs between the staons S6.52 and 34797 along the cutoff wall axis. The
design length is per the dam axs.

The maximum depth is 515 m in the central section, and minimum 129 m in the right
end. It is cut in for 2.5 m into the bedrock or concrete on ts entire length, and for 4

m in the locations where the bedrock s steep.

The relevant cutoff wall data arc

- ol sufuce area 8505
cutoff wall excavation quﬂrml), md\ldmg
excavation for 25 em thick J
between the pancls 0282 m
-~ curoff vall plasic coneete quantty 9335 m'
- guide wall concrete quantity 4 72 m
- gt of e coee for the cuttt
top section 265 m

The Contractor kept the daily logs and submitted daily reports on excavation and panel
concreting. The panel record includes the excavation unit designation and.station,
excavation start and completion, trench length and depth, interruptions of excavation and
concretng works, concreting start and completion, volume of excavated trench and. placed
concrete, and any possible incidents, slurry losses, machinery failurs, ctc.

The report analyis could render the information on the machinery productiity during the
excavation for the cutoff wall in clay and bedrock, or concrete, on different excavation
depths and for different purposes - for primary or secondary pancls.

Average excavation rate in the exstng clay core:

< primary panel side trenches, 1=28 m . . .
© primay pancl contral teaches, 114 m F O )

-~ sccondary panels, 1=28 m 226 mih
Average excavation rate in the newly backfiled clay:

-~ primary pancl side trenches, 362 mih
-~ primary panel central trenches, 23 wh
< secondary panels 1=28 m . 48 wm
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Average excavation rate in the bedrock or concrete

- primary pancl sde tenches, 1=28 S s
primary panel central trenches, 1=14 m 53 mim
secondary pancls 1=28 m . 79 mim

The excavation time in clay and bedrock changes with the depths, o at the beginning it
may be only several minutes, while on 48 m 20 min/m s necessary.

Having in mind total excavation duration for a single primary and secondary panel, the

below rates were achieved:

L 18 i
25 mh

excavation for primary panels
excavation for secondary pancls .

The excavation rate per a working shift (8 hours) is caleulated (0 be:

- exising clay excavation per shift

< bedrock cxcavation per shift

Photo 6. Top of the constructed cut-off wall in the right dam end
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When the excavation time s added the time necessary for the trench cutter removal,
alignment and puling out from the excavation site, the average time necessary for
excavation for the largest pancls was

< primary panel (51 m decp, 350 m) . 3 shits
- sccondary panel (51 m deep, 140 m) 1 shie

“The panel concreting rate primarily depends on the mixing plant output of about 60 mh,
les the time necessary for occasional pulling out and removal of the contractor tubes.

The average panel concreting rate was 36 m/h, so the concreting of the largest 370 m’
pancls was completed in an cxtended shift of 12 hours.

CONCLUSION

The plastic concrete cut-off wall was constructed in the Peruéa Dam clay core. It is
26115 m long, which makes about S9% of the dam length, It consists of 28 7.0 m long
primary pac, and 28 28 1 oo scondary pancts. The cuofl vl dets v
Vtren 123 m tn the sgh dom ond 4 S5 1 th s dam s

off wall surface area is 8,505 m

1 m of plastic conerete contained 112 kg of cement, 35.6 kg of bentonite, 102 kg of

7 1 of water. The
strength > 1 MN/m‘
v, mwrx eeiiens of Mhrton < 10% m

foung’s modulus of

The cuteof wall trench was excavated using the grab and hydraulic trench cutter with
e output of 22 1o 30 mVh in clay, and 5 - 8 m7h in bedrock and concrete.

The average concreting output was 36 m'h.

The Geotehnika-Bauer joint venture completed the cut-off wal
preparatory works, in four months.
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LABORATORY TESTING OF THE CUT-OFF
WALL PLASTIC CONCRETE

Professor Dr.Sc. VELIMIR UKRAINCZYK

1. BANJAD, B.5¢
Materials  Deparment,

CIVIL ENGINEERING_ COLLEGE (UNIVERSITY, OF  2AGRED
uuNJA MIKULIC

Cnemisgind Masonry Structures Department,

CIVIL ENGINNERING INSTITUTE OF CROATIA, ZAGREB

ABSTRACT

Results of preliminary and control laboratory festing of the cut-off wall plastic conerete
rodil a

calculated. The "Pin-hole” test was new designed to cover specific
requests in the siructure.

INTRODUCTION

The cutoff wall plastic concrete is intended 1o provide for designed controlled scepage
level during the dam lifetime (1L The dam must addionally meet a number of other
requirements and criteria such as strength, strain, and. longeviy. The plastic concrete
characteisics subject o testing are defined by the cutoff wall design documentation (2,

+ 28days compressive strengih shall be more than 10 MP

+ 28days compressive strength 10% samples may have the less than 10 MP

© Tdays compressive strength should be more than 65% of the 28-days compressive
strength

© Young's modulus of clastcity shall not exceed 400 Mpa
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* cocificicnt of impermeabilty shall not be more than 1
© 10% samples may have the coeficient of impermeability bervicen 10° mis and 107
mis.

After completion of preliminary laborstory tests (4] the Contractor, Geotehnika-Bauer,
proposed and the dam Atchitect Engincer accepted the below plastc concrete fill mi
fatio:

cement 120 kg
bentonite 356 ke

flour 1020 ke
04 mm ageregate 15270 ke
water 3570 v

The intemal control of the bemtonite suspension was performed by the Geoexpert
laboratory for the Contractor. The internal control of ageregate, green plasic concc
i 1

4 with the Development and Engineering
Freariiy th Il control was performed by the Materials Department of the Civl
Engicerng Faculy n 7agren.

The laboratory samples were tested during mixing and pouring of the plastc concrete, and
the samples were taken from the compieted cut-off wall body by sawing during the
ety and impermeatiy s on e entre cuvolt wal

inary and control tess of the plastc concrete samples indicated tha

i o8 ol e e i T i i
scribed a5 a gudeline for other similr tests. The plastic concrete has the compressive
oot which s bghr (s In andard poomeshancl materis (o 04 St o
s il relatvely low as compared with the compressive strength of plain concretes
Therefore, the majoriy of procedures specifed by the standards for concrete and clay had
13 be ot The paper g the el of syt st on st
control samples carried out during the cutoff wall construction IS, 6, 7.

TEST PROCEDURES

The s of o tested according 1o the 15O recommendations snd UMLOZS
saniers, The .;...,,m Were ¢ 15 cm 30 cm high cylinders. To prevent occurrence of
imegalar concentrated stresses caused by irregular contact surface, the sample bases were

with the quick-etting cement. The modulus.of clasticty and strength were .ma

st T cn e v T i Th i ao i g st A
o he computce throgh = AD.eorert, which ssabe comims erding
of force-srain diagram.
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Photo 1.

Photo 2. Photo 3.

PERUCA DAY REMEDIATION 207



The density and compressive strength testng was carried out according 1o the UMLO20
standard. The samples were cured so that they were constanty kept in humid amphere
e fniieg 10 2k, iy it epid i ot B otk s s 8

lindrs ¢ 15cmuhetm, $16che30em, and the cubes with 156 and 1o
edges were tested. The cubes were beforchand topped o i s il
achieve the satisactory surface levlling. The majority of samples were tested accor
the testing program, after 28 days, and some. s:(mplci were tested after 90 days or after
more than 6 months. A separate sample series was subject to testing of the cffect of
partial drying out: the cylinders ¢ 1Scmsh=15cm from the same concrete baich of the
same age were left for 4 hours in the laboratory ambient conditions (20°C and 60%
relative. humidiy).

“The impermeability is tested according (o the UBLO34 standard, usng the flling pressurc

s placed during 1
-4 cm high slabs which were subsequently formed
sts were carred out 50 that the

ple . which s in better concordance i
the cut-off wall exploitation conditions.

The erosivity was tested according to the procedurc 4 in the Professor Nomveillers
book (5] with certain moifications agreed upon with the Architeet Engincer, required in
order 1o achieve the water flow of approsimately 3 mis and subscquently 6 mis. The
spats, Pt 4 was ol 1o the e el nd kg condos in te

e the poo
is placed in the spparatus. The pressurized water s forced through the sample hole at
high rate.

The bending strength was tested according o the UMIL010 standard. The size of the
prism-shaped samples was 10 em x 10 cm x 40

Tho gl elcmcnie et i e gt comrt col ol vl e i

o times: (1) i the beginning of the works, from the pancl No. P 003,

100 and 0 . The 100 mm pelie s e been ke by iy s

e roary core Al @) during the coroff wall oncrte diilin for the dam imegity and

the aths bl el g, A b siberof sl i
dy during the inspection bec: v, S ' i wer caiad by

he sampling proscdue, Only e samples from the cuolt oy, with

profle, were used for tasting. Al other samples of larger prIcﬁ Suffered such

disturbances during the sawing from the cutoff wall body that they cannot be taken as

representaive.
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Photo 4.

RESULTS

The preliminary sample tests have already shown that the stress-strain_ relation is highly

e
PO11-1 -

Stress (MPa)

REFEEN

08 10 12 14 16

Strain  (%0)

Figure 1. Typical stress-relative strain curve during the sample “training”
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Stress (MPa)

Modlas of  Elstcty (MP)

00 02 04 06 08 10 12 14 16 18
Strain (%)
Figure 2. Stress-relative strain curve under repeated loads

for a preliminary loaded sample with strength over 60%
‘The back creeping is noticeable

20

200

1500

1600

1900

1200

1000

500

w0 .

wo Lot v S ]
00 o1 02 03 04 05 06 07 08 09

Steess (MPa)

Figure 3. Changes in “modulus of ¢

ity" vs. stress
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Strain

Figure 4. Changes in "modulus of elasticity’ vs. relative strains

It has also becn noticed that when the sample is loaded 0 a certain stress which is
below - 605 of the s than unloaded 10 zer0, the repeated loading shall again
result in & nonlinear stressstrain relation. On the contrary, afer the preliminary loading

relatonship is obtained, Fig. 2.

> 60% of strength the approvimately linear stress-sr
It has been notccd that this almost boundary stress increases Wi
strengeh

i the increase in sample

riod of time after the unloading has also
changes with

The back strain of a sample during a co
been noticed, Fig. 1. It may be assumed that the steessstran relationshi
time, namely that it is the function of the time-related stress and permanent stress rat.
Since the main task of the compressive stress-strain measurement was (o determine the
modulus of elstciy, it was immediatey clear that the modulus changes with stress, and
boundary values, Figs. 3 and 4.

with the relative strain within cet

The shape analysis of the measured stres elative stran relatons reveals that the obtained
experimental data can be described with the below simple hyperbolic function:
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5 et By

Where: 0 - stress, £ - compressive srength, ¢ - relative stcain, 1 - exponent, and § -
constant stz in zero with no physcal meaning (parameter of hyperbola). By applying the

ethod of nonlinear regression analysis on measurement data, the coeficients 7 , & i 1
were caleulated for each sample, Fig. 5

— Staess (MP3) messured

Stress (MPa)
2

— Fitfurcton

. Ll "
00 01 02 03 04 05 06 07 08 09 10 11 12

Strain (%0)

Figure 5. Experimental data and theoretical stress-relative strain curve
(@it function)

The correlated compressive strength experimental and theoretical values shown in Fig. 6
confirm accuracy of the assumed function (1)

The mean value n(mean) = 0.998 of all the samples with 5% standard error, Fig. 7, was
obtained from the analyzed data for exponent # using the linear regression, and 1 was
approximated a5 unity. Therefore, the equation (1) is simplif

o e @
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fet = L1d*fee - 0206

£ teor.(MPa)

06 08 10 12 L& 16 18 20 22
fe exp(MPa)

jonship of measured and theoretically calculated 1,
(compressive strength)

Figure 6. Rek

Exponent n

0 10 ) 30 “

Number of specimen

Figure 7. Mean exponent n for all measurements
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The constant <, which may be correlated with the experimentally obtained compressive
strengths, Fig. 8, is missing for definition of the stresses (2). Using the lincar regression
€0 fog the function (f%c) = 02943 £, #0.024 has been calculated. Since the stength
changes within the approximate boundaries of 1 to 2 MPa, ¢, shall consequently be
between 02 and 06 %e.
07—y

06 c

Cocffcient co (50)

08 10 12 14 16 18 20 fe exp(MPa)
Figure 8. Relationship of coefficient «, and experimental compressive strength

By substitution of known (calculated) coefficents £ i ¢, the explicit form may be obiained

of the sressrelative stain relation, and thus of the relationship between the modulus of
clasicty and stress or relative strain,

paleto ®

(tangent. modulus), @

E=f(e)

(secant modulus), ©

€, +e

In other words, the corresponding modulus of compresion for any required reltive strain
or stress can be calculated from the known coefficents £ i e, The function of modulus
according o (3, 4 and 5) for the material for which the stess-strain curve has not been
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measured but the compressive strength is known o be between 1 and 2 MPa, may be
Obained if the parameter <, , Fig. 6 is determined beforchand. Therefore, the value of
the compression. modulus is not specified for the tested material, but it rather varies
depending on the stress and relative surain within  rather large interval (e Figs. 3. and
4). Therefore, the plastc concrete qualiy, in additon 1o the modulus of clasticity (in this

400 MPa), should also be specified by adequate stress or relative strain. In the
subject case, when only the maximum model is specifid, it is possible to calculate the

omopontin s 1) v sk o st sy fom te s G

and 5), provided the specified maximum module is within the defined range of functions
6 a5, whidh i g % £ 481 S = b Then i e
MPa_ (sangent) into (3 i 4) gives

-/ 400+ ®
9400~ F, -400¢ ©

> 7
400 o
or if E=400 MPa secant is substitted i (5) it gives:

e o ®

o fe theoretical
A Stees for E=400 MPa
Linear i for E=400 MPa

| —— Mux. Steength tine

Stress (MPa)

02 . ]
00 b i sid

000204060810121416182022 fo exp(MPa)

Figure 9. Stress interval (between curves) within which the modulus of
lasticity is less or equal to 400 MPa

PERUCA DAM REMEDIATION a5



The condition E < 400 MPa requests > 0y and ¢ 3 tun. Therefore, the compressive

Fi wately 0.1 MPa, whic
that the m.m“ of clasiy 5 s or equa 1o he s value of 400 MPa. The s
iy be conducted for relative strains

The results of the compressive. strength testing are presented in Table 1, and for

the Table 2. is given with the results of the contractor's internal analysis. The
‘Table 3. contains the test resuls for the 459 mm cylinders taken from the cut-off wall
plastic concrete.

e & 15w o 15u30] o1sxnis [ o1senis | psshis | o1swso
days 28 days | 28 days [ 90 days | wer |28 daysry| 10 days
[No_of samples 30 2 4 s s 2
arithmetic means 126 [ | 200 | aar 137 185
standard deviation | 029|030 - - 043
coetficient of 03 | oz - # 5 023
Jvariation
[aensit, um® 20 | 210

Tuble 1. Summary of the plastic concrete external control compressive
strength testing results

STATISTICS ‘Sample age

7 days | 28 duys | 90 an
No_of samples & 257 2
Asithmetic mean, MPa 092 130 176
Standard_deviation, MPa 014 | 02w | o3
Coeficient of variation 016 016 02

Table 2. Control samples results stat

O e I I
Y T
T T e e
PR S Y

Table 3. Test results for $5-day cut-off wall samples
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“The design requirement for individual strength was met, . the indiidual strength valucs
and the mean strength value is higher than the specified, with 10% resuls lower than
specifed.

A e, sl e ofiders b s vl s dong e e heig, Proo s

0 6, which indicates that the frction between the sample and the crushing machine.
e vas very low. Sil, the srength o the Wiher samples was in werage % low
(20% for plain concrete).

The corrlations of the test resulis for the dried-out and wet samples cannot be
considered reliable on the basis of the number of results. Stll, since the testing was
conducted on paraliel samples from the same plastic concrete batches and under the same.
curing conditions, the indications are clear. Even more since these data correspond with

known elations valid for the plain concrete. Thus the sirength of samples which were
exposed 1o drying in the laboratory atmosphere, ic. dried out on the surface, 4 hours
prior to testing had increased by 10 to 73%. The strength of the cube with 15 cm edge
is approximately cqual to the strength of 15 cm high cylinder.

Testing the plastic concrete strengeh after more than 28 days has indicatcd the srength
rowth common for the concrete with lower percentage of cement (S0-70%).

The results of the Contractor’s internal control and the external control are in good
srecmen.

A individual densities of the cylinders taken from the structure are higher than the mean
densitis of the Iaboratory cylinders. The cylinder heights exceed the diameter by two or
more times, but the strengths are approximately equal (o the strengths of the laboratory
Samples. Based on these data, it may be assumed that the plastic concrete density and
Swrengeh within the structure increases with the depth of sampling. Due to the diffculics
related to the structure. sampling ot posible 1o set a corcltion between the
Rty s 0 i e R

The resulls of the tensile strength testing by bending are given in the Table 4. According
to the UMLOIO standard it is calculated from the formula

3P )

b

where:

Ps bending xmnnh 1N/mm’)

P fracuwre force
L, spon (mm)
5 sample widih

i
b sample height (mm)
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Photo 5.

Photo 6
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The bending strength obtained in this way is not realistic because the actual distribution
of stress per the crosssection height is not lincar. In materials such as concrete, the
increase in load (before the cracks open) causes the newtral axis shifling towards the
compression edge (stress stage Ta). Now, it is possible to assume the stress distribution
along the parabola (for the compressive part) and rectangle (for the tensile part). This
assumption also applis o the plasic concrete since its plasticiy is more pronounced than
for the

plain concrete. Two cases of equiibrium in the crosssection were investigated in
the moment when the masimum force s achieved. The first case assumes that the neutral
axis shifted by 20% towards the comy edge, and the other assumes the 30% shit
The results of the two cases show slight difference, but a comsiderable difference 15
compared o the strength caleulaed from the formula (9). For that reason, and f
assumed nonlinear siress distribution, the bending stress results for these two cases were
more realistc. The possible conclusion s that the bending strss is within the range of
these two_results. The bending stress s caleulated from the below formula:

M
S o

bending strength (Nmo),

M=PlA(Nmm)  max. moment,

cross section. height (m

compressive zone height (mm),

220.625%5+05"(#) the arm bewween the tensile and
compressive force in concrete (mm).

The stress on the compressive edge is calculated from the formul:

an

where:
on  stres on the crossscction compresive edge (Vi)

The stresses on the crosssection compressive edge were calculated for three positions of
the neutral i, e, for the neutral axis shift of 205, 30% and 40% from the cross-
According 10 the result, the neutral axis moved in the moment

of fracture for 20% to 30% towards the compressive edge when the compressive stress
compressive strength. For further neutral axis shifts, the compressive strength
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Would be exceeded on the crosssection compressive edge, which means the fracture would
result because the compressive strength i reached, which is not correct. This only proves
that the above assumption s correct and that the tensile strength can be caleulated from
the formula (10).

The summary results of the plastic concrete impermeabli

are presented in the below
bar char, Fig. 10. Out of 30 tested samples 5 had the impermeabilty coeficent  little
above the designed k<10° mis, ie. from 122 to S52610% mis. The impermeability of all
other samples was lower for an order of magnitude.

“The impermeability of the samples for which the impermeability testing was carried out
perpendicular 10 the concrete. placement direction was lower for an order of magnitude
than the impermeabilty of plastic concrete samples taken in the concrete. placement
direction. The impermeability decreases ith the testing duration.

During the plastic concrete eros

test (pin-hole tes), no changes were noticed within
the sl period of 24 hours. Thercfore, the testing was extended for another day o two
on a larger number of samples, and the flow rate was messured under the cqual pressure.
Also, 1o change in a flow rate was recorded. The eroded surface evaluation is viual,
Photo 7. When the samples were cut, no difference was noticed either between the holes
through which the water run for 1 or 2 days or between the holes through which the
flow rate was 3 mis or 6 ms. The sediment color docs not change afer crosion, 35 would
be the case with clay, and the correct monitoring of the changes in sample weight was
not possble because of the sample water content and poor cohesion.

Number of specimens

T

E0-SE0  Sd0-E9  E9-E5  E9-ES B8-S

Waterpermeability coeflicient k (mis)

Figure 10 Impermeability cocfficient results bar chart
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GROUTING GALLERY DAMAGE
AND REMEDIATION

ZVONIMIR SEVER, B.Sc.C.E.

Design Engineer

hL):KmUPkun:Kl Consulting Engineers Ltd.
AGREB

uo ZEC, BSe.
Construction Supervi
£ NATIONAL ELECTRICITY Lid,

ABSTRACT

The Peruéa Dam grouting gallery reme
respect to safety of the crews, a

don was. the most challenging task and, with
igh risk activity.

ne gallery secton had been comple ished, and the rest was heavily damaged.
Since the available space for excavation and loading of caved-in material was very
connt, i was a0t posile o ane the machiney aed the mnorly of works had 1o
be done manually.

The grouting gallery remediation works lasted for 16 months.

INTRODUCTION

The explosion which caused heavy damage to the Peruéa Dam actally happened in the
grouting gallery where the explosive was planted.

The original grouting gallery had a horsc-shoe cross-section and was 384 m long. The
gallery was constructed of plain concrete with minimum wall thickness in the vault of 80
cm. In 85% of its length, the gallery was founded on the bedrock, and in the decpest
50 m long section it was founded on 78 m thick concrete siab which replaced the alluvial
deposits from the Cetina riverbed in the dam sit. To the cleation of the vault abutm
the gallery was cut in the rock, so only the vault was in the clay core.
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Photo 1. Water flowing through heavily damaged access tunnel No. 2

When the dam was constructed in late fiftes, the joint between the gallery concrete and
bedrock was contact groted. Tn 1973, when the dam was in operation, the additional
consolidation grouting of the surrounding bedrock was performed. There was actaly no
scepage into the gallery since.

The explshe based by b St s was planicd n o poins I e gl P

basis of an analyss of seismograms obtained from the seismic stations, which
lagwley«l the earthquake a5 a result of the explosion, the experts from the Geophysical
Insitute of the U
charge was set in the gallery.

versity of Zagreb estimated that approximately 30 ¢ of TNT explosive
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The explosion and dam damage were accompanied by intensive water seepage in the left
gallery cnd. The water flowed through the drain pipe and vertical shaft under high
pressure, and resched on the Peruca HPP switchyard platform, carrying along the clay core
chunks 0 50 cm in diameter. By this route, the water washed away about 400-500 m’ of
the clay core and fiter material.

When the drain pipe got clogged, the water flow continued through the access el No.

located in the right dam end, and the flow rate became about 500 Us. The water flow
through the twnnel was not stopped unil the reservoir level dropped below the clevation
34500 m asl

The Peruéa Dam remediation design specified that the comprehensive.remediation solution
should encompass complete reconsiruction of the grouting gallry.

“The present paper shal describe the gallery damage and remediation activites. For better
understanding, the remediation design has also been presented, although it is detailed in
the paper titled The Peruca Dam Remediation Design.

REMEDIATION DESIGN

Background

fcalies encountered

the intil stages of work were predominanty those caused

determination of the gallery condiion 4
access tunnels were destroyed and it s s (central) tunnel was heavly
damaged. The access through this tunnel requested special precaution because of possiblc
mines, but it lead to the gallery, L 34150 m asl and enabled it <t +
comparatively small portion of about 0 m, Photo 1

jon on the damreme:

Therefore, the dec
ich were founded on 4 visual inspection of 50 m of the gallery, dam crest

jon solution was brought on the basis of

settlement monitoring after the explosion and information on the explosion sites and
intensity. The asumed damages were clasified in three degrees for the design purposes.

© It degree damage

The gallery is eracked in the vault and walls, but no deformations were suffered
and the vault retained its static function.

e ~PERUCA DAM REMEDIATION



- lind degree damage

“The gallery is strongly cracked but did not cave in. The opening span is deformed
but it sl retained s shape. The parts of the vault are ripped off, but it retained
its static function although there is 4 threat of its partial or complete ca

Hird degree damage

The gallery s completely demolished, which includes the vault snd wlls, while the
foundation slab is damaged.

In addiion to the abo

sges, the consruction technology had 10 take into account
the deposited high-plastiity clay deposited by the clay core fushing and flow of water
through the gallery. Also, the gallery walls were completely covered with soot from the
hot gases and fire caused by the explosion.

Remediation Design

The remediation design was conceived on the basis of the above assumed degrees of
damage. Three gallery remediation methods were proposed.

@ Tvees
For the fint degree dame.
The remedition includes placement of 10 cm thick shotcete lning cinforced with
doule Q131 siel mesh, Fig. 2. No supporting was planned.

©  TYRE2
For the sccond degree damage.
The remediation for this degree of damage includes placement of 15 cm thick

lining with steel  stited arches with flexible joint, and dowble steel mesh
reinforcemen, Fig 3.
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1.
2
3
i
5
6
7.

KeY

GROUTING GALLERY
EXSTING CLAY CORE

EXISTING CONCRETE
CRACKES

STEEL MaSH
STEEL ARCHES
SHOTGRETE

Figure 2. TYPE-L grouting gallery remedi

EXSTING CONCRETE i 5 [—

Figure 3. TYPE-2 grouting gallery remediation method

PERUCA DAM REMEDIATION



ROUTING GALLERY wranene [

STEEL ARCHES

Figure 4. TYPE:3 grouting gallery remediation method

©  TveE3
For the third degree damage
The remediaion s performed in o stges:
First, the excavation s carred out under the protection of steel stilied
arches with flexble joint and steel plates. The excavation gocs along the

profile perimeter (0 the steel arch, alier which the internal part of the
profile

-~ The S0 cm thick gallery concrete lining is placed in a protected trench,
Fig. 4.

The design alo planncd that the same remediation method should be appled for the left
end access tunnel and the sccess twanel in the right end
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REMEDIATION PROCEDURE

After considering the available data on the gallery damage scale and nature, and the
stuation on the site, the decision was brought o carry out the gallery remediation in
three stages

The first remediation stage includes the gallery scction between the stations 2+77.00 and
344200, The gallery was accessble from the acocss tnnel No. 2, which is the oy tunel
passable 0 a certain degree. The works in this stage were of tumel type.

The second stage encompasses  gallry section between the stations 0+40.00 and 143300,
including the reconstruction of the access tunnel No. 3 afer removal of the left dam end,
the works were parly conducted in an open trench, between the staions 0+40.00 and
(90570 syl . e, hwern. e satoms D497 sad 143550,

Such site organization was affected by the below factors:

the grouting galley remediation could have been staried much carlier than the.
other works since the grouting gallery design was completed by the end of July
1993, while the dam remediation design was ot finished undl late August 1993;

between July 1993 and February 1994 the Peruca Dam and HPP were occasionally
exposed to rebel Serb sheling, so the activities o the dam crest and ends removal
could not have been intited; the only safe access to the gallery was the access
tunnel No. 2.

Also, it was not planned that the remediation from the station 1+30.50 in the deepest
straight scction be conducted in the upwards direction because it was assessed. the
rockslides were possible which could threaten human lives.

A regards the work technology, it was planned that the gallery shall be entered to assess
the damage and determine the remediation procedure on the site. Where necessary, the.
galley vault was secured by steel arches immediately upon entrance. On the outside, the

s were covered with reinforcement. mesh, The arches were longitudinally braced with
din. 25 mm steel rods, and transversely embedded into the gallery concretc. Also, the.
advance upon entrance should have been preceded by checks for planted foot mines in
the deposited clay on the gallery bottom. This was performed by the miltary personnel
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1. GROUTING GALLERY
2. ACCESS TUNNEL

3. BEDROCK

4 WINGH

s ER

6 BSTNG GLAY CORE

Figure 5. Removal of clay and other caved-in material from the gallery

Photo 2. Rail vans winches

PERUGA DAM REMEDIATION s



Photo 4. Concrete mixing plant for the gallery remediation, operating
platform in front of the access tunnel No. 2
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The clay deposit was removed s the gallery was entered, along with the caved-in clay
from the demolished gallery sections. It was planned that the clay shall be removed by

ih-operated rail vans, Fig. S and Photo 2. Since the situation in the gallery was not
known, it was not_possible to. detc
machinery in advance. The concrete lining placement in the sections where the works were
carried out in the tunnel followed after the excavated section was supported. In points
where the gallery was completely demolished, the lining was placed immediately after

the necessary cleaning and clay excavation

supporting. in 46 m long sections. The old and new concrete were linked by the anchors
driled o the old gallery concrete,

Wi the Bing wah plce ke gl e ere
remove the sool, an e were ceaned of oy = gt Tuo i don o
ok i vt e s 1 s s e e was shotereted. The.
shotereting was preceded by embedment of the mesh iceueet

e was sandblasted (0

SITE ORGANIZATION

The grouting gallery remediation site organization was adapted to the remediation work
requirements and specific onsite: conditions

The site was organized for the first remediation stage which was completely of the tunnel

type.
operating platform was arranged in front of the access tunnel No. 2, where al the sitc
offices, concrete mixing plant, fan and compressor station, water tank, shoterete and
pumped concrete cquipment were: located, Photo 4.

Due to permanent threat of shellig, the work, vehicle raffic and movement of stafl was.

rped o i ekl peckmd e, i i o S v ot

gallery or near the acoess tunnel No. 2, so that i case of shelling they could quickly

Sl oo et S i s At £ 105, by st i
April 1994 when the ceascfire agreement was signed with the Serbs.

REMEDIATION WORKS AND DAMAGES

Introduction

The grouting gallery remediation started on August 1, 1993, and were completed on
November 24, 1994, namely within 16 months.

The works started with remediation of the access tunnel No. 2. The works and damages
are presented as per the work stages.
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Access Tunnel

The remediation of the access tnnel was initated first. A new entrance portal was
constructed, since the old one was completely destroyed in explosion, Photo 5. The
damaged concrete lining was supported with the stited steel arch and mesh reinforcemen,
Photo 8., Before the supporting started, about S0 cm thick cly deposit had been removed
from the acsess tunnel, The material had been checked for mines by mi

ry experts.

A serious problem for the contractor arose in the joint of the access tunnel with the
gallery, station 2+77.00. A part of the gallery vault had caved in, and it needed completc
reconstruction. The reconstruction was performed so that the part of the gallery which had
ot caved in was supported by the steel asches and mesh reinforcemen, and subscquently
shotereted, Photo 9.

Only now could the works be started in the gallery, 10 the left and right of the station
2477,

Photo 5. Access tunnel No. 2 entrance with the ven

on equipment
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Photo 7. Reconstructed access tunnel No. 2 portal
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Gallery Section from Station 2+77.00 Towards the Right Dam End
to Station 3+42.00

The works in the joint between the gallery and the access tunnel, towards the right dam
end, run with no major problems. This part of the galery is not steep, so the cleaning
and removal of the clay deposits was carried out rather quickly.

Inthis section, the galery was heavly cracked snd quite deformed, but it sill retained

vault section, probably in the bedrock and clay core contact, shifted for 1020 cm in the
downstream direction, Photo 10, In 65 cm long streich of the access tnnel the gallery
had caved-in, Photo 11

The complete secton was supporied with steel arches and shotereted, therefore the Type-2
remediation procedure was applied

Photo 10 Gallery vault downstream Shift of some 10-20 em
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Photo 12, Clay deposits in gallery
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Gallery Section from Station 2477.00 Towards the Bottom
and Central Dam End to Station 2+00.00

The works from the joint with the access tunnel towards the bottom were performed
under more diffclt condition and at much slower pace than the earlir described works.

The reasons were:

M oo

& large clay deposit m thick; clay water content was very high, which
o s i the osin, P i

-~ the confined available space was an obstacle for use of machinery, but for the

vans which removed the clay, 5o the clay was manually dug and

loaded,
= the il van speed was limited o 6 mimin, so the van lowering and lifting was
time-consuming.

The damage scale and nature in this part of the gallery was similar the gallery damage
in the right end. The 1020 cm shift was noticed downsiseam the left gallery vault,

accompanied with very large predominanty longiu
complete gallery was sooted as the afermath of the high temperatures developed in the
explosion.

The g s spored by el arkes snd ok e, ud 3 ot e
was placed, 50 the Type-2 remediation procedure was applied, Photo

Gallery Section between the Stations 2+00.00 and 1+33.00

The gallery vault in station 240000 was completely demolished because the dam core
caved in, Photo 17, The concrete parts of the vault fell on the bottom, and were covered
with well compacted clay from the core. The traces of fire were encountered everywhere.
The same sitation was o the station 143300 where the first stage of remedistion works
was fnished.

The works in this part of the galley, including the works in the section between the
Sations 1+1400 and 143300 where the gallery was completely caved in and the
reconsruction was of the tunnel type, was the most diffcult segment of the entie Peruca
Dam remediati

Here, the caved-in clay was excavated, along with the concrete blocks and other caved-in
material, the supportng with steel arches and plates was completed and 80 cm concrete
lining placed in 46 m scgments, Photo 18, The works in this part of the gallery advanced
at a very slow pace, about 40 cm a day in average, in three shifts.
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FLAT VIEW

DEFORMED GALLERY LINING

SECTION 49 SECTION 57

Figure 6. Gallery concrete lining damage and deformations
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Photos 13 and 14 Concrete lining damage in the central
grouting gallery section
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Photo 16, Shoterete lini
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Figure 7. Cavedin gallery section

Excavation of material was particulaly painstaking. Because the available space was
confined, the works were performed manully, with occasional use of small vibrating
hammers with special shovels for clay. Special problem were the caved-in gallry
concrete blocks which were 1o be manually loaded in the rail vans, Photos 20 and 21.

The additional problems were caused by the water scepuge into the gallery and its
collecting in the excavation bottom. 1t had (o be pumped out.

The water leaked into the gallery because the reservoir level was maintained at the EL
325330 m asl. to cnable the Perua HPP operation. The maximum water inflow was
130 Us at the reservoir clevation of 33000 m asl. S0 Umin was concentrated on EL
32080 m asl. Typically, the secpage wis noticed in the cracks in the joint between the
lining and bedrock. The leaking water was completey clcar, with 10 traces of washed out
material, which indicates that the water passed through the fissures i the bedrock,
Photo 22
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Photo 17. i the excavation site with steel arches and plates - the
cavedin concrete blocks are

Photo 15, ing concreting formwork in completely

demolished part of the gallery
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Photo 21, Loading excavated material on rail vans

In station 1+95.00, the dia. 10 m cavern was encountered in the dam clay core, above

the gallery apex. In order to avoid troubles with
connected with the reservoir, the decision was brought to drill three frontal 10 m deep

any more water filled caverns directy

boreholes before cxcavation of cach section is started. This was expected 10 reveal any
potential caverns and proteet the working sitc.

Specially large damage was discovered on a streich between sttions 145200 and 146200,

In this stretch no gallery walls exisied any more, the bottom was heavly damaged, and

the traces of burned concrete were scattered around. This was probably the explosive
planting site, Photo 23

A 10 m long section of the drain pipe in the station 1+42.00 completely caved:
the remaining part was preserved and trapped in clay. The cavedvin part of the drain pipe

was remediated and the rest cleaned from clay.
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Photo 2. Water seepage into the gallery, EL 32180

Photo 23, Burned concrete
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Figure . Remediated drainage pipe
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Gallery Section between the Stations 3+42.00 and 3+84.00

“This part of the gallery was remedisted afler the right dam end had been removed. The
works started on July 15, 1995.

Here, the gallery was partly demolished in station 3+42, and the rest had cracks in the
vaul, Photo 24, The access tunnel No. 1 was completely demolished.

The gallery vault was reconstructed by 80 e thick plain concrete. The gallery vault and
old walls were fixed by anchors. The remaining parts of the gallery were cleaned from
s0oth by sandblasting.

The access twanel No. 1 was completely reconsiructed, Photo 25.

Gallery Section between the Stations 0+40.00 and 1+33.00

works in the gallery between the stations 0+44.00 and 1+33.00 started on July 1,
1995, after the left dam end had heen removed. These were the remediation sccond stage
works.

The gallery damage in the excavated section was very heavy, so during the excavation
Works it caved-in, and the part of the gallery and access wnnel No. 3 in the explosion
site were completely demolished, Photos 26 and 27. This part of the gallery and the access
twanel No. 3 were compltely reconstructed, Photos 28 and 2.

The gallery part in central dam section, stations 049150 and 141630, was heaviy
damaged and compltely filed with clay and fter material. The Type:2 rem
method was applied with supportng and shotcrete lining, Photo 16.

B te s 141630 1 143500 e sy v compey demled, 2 e
ype-3 remediation method was upplied. The stcel arches and plates, along with the 0
em concrete lining were used

Between the sations 1+91.50 and 143300, the problems the workers encountered were
of the same ype.
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oto 24,
Partly demolished
gallery in the right dam end

 pioto 25
Part of reconstructed
WS access tunnel No. 1
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Photo 26, Demolished gallery in the left dam end

On June 26, 1995, the gallery remediation 1o the station 1+24.00 was completely finshed.
The excavation started on both sides of the gallery, 1o the station 1+2400 (o the left and
on 143300 1o the right. The workers met in the station 142800, and the left and
gt parts of the gallery joined on December 6, 1994, Photos 33, 35 and 36

Contact Grouting.
Afier the gallery remediation had been complted, the contact grouting started. Tn was.

aimed at obtaining the contact between the clay core and the gallry and fixing of the
eracked gallery lining, primariy in the vault. This topic s discussed in another paper.
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Demolished gallery in the Ieft dam end

Photo 27.
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Photo 29, Grouting gallery reconstruction in the left dam end

Photo 30.  Partly reconstructed gallery
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Photos. 31 and 32, Gallery reconstruction by supporting and
shotereting from the left dam end
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Photo 33, Tunnelling

Photo 34, The decpest part of the gallery in the central part
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Photos 35 and 36. Connecting gallery back vaults
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QUANTITY OF WORKS

Totally 46257 m of galery and access twnnel was reconstructed, wherefrom

-~ concreting in the open trench - z 13060 m
-~ el type concreting, Type:3 e
- oo it n th opm wach o the it ctd - 20 m
-+ shotcreting, wnnel type, Type- 0250

1840 m? of diffrent material - cly, fiter material, concrete blocks - was excavated and
removed from the gallery.

1,560 m of indoor galler surface was shotcreted o remove Soot.

The below quantities of material were bullt in

< stled steel arch v 4700 m
sh reintorcement Q-131 3265 m*

-+ ribbed reinforcement 40000 ..o ii i L1250 kg

o pumped concrete MB30 . . . G o200 W

o showrete .. 1730 mt

CONCLUSION

The Peruéa Dam grouting gallery remediation was the most challenging task and, with

v . sty o e cromn = Migh. il activly, T worklng condions were
oty ek, sad oty W dewion participants enabled successful
completion of this task with no accidents.

Since the contact grouting was finished, practically no seepage was noticed in the
gallery, and there are no cracks and deformations. This indicates that the gallery
remediation was successful.
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ABSTRACT

“The grouing works are described which have been performed or remediaton of pos

damages in the grouting gallery under the

fissured concrete gallery lining; mpermeabilty. &

concrete gallery lining and the bedrock, namely the existing clay core; realization of
ntinuity of a cut-off wall role as an impermeable dam element to the grout curtain,
i achicing th st qunity bond btween. the newly bl fore and the. dam

foundation surface.

Thce ks b b sscsutuly cospltl bacme o U reserme lerton of
353 m L, which is 5% of 1 um hydrostatic pressure, (he water seepage into
he o atley 1 out 03 .

INTRODUCTION

Multipurpose. application of grouting as a modern building method which improves
mechanical characteristics of structural elements and soil bas reached its full confirmation
during the Perua Dam remediation works.

The dam core grouting with cement-bentonite slurry was aimed at decrease in the slurry

Joss sk and increase in trench shear resisivity during construction of the cut-off wall, as
decibed in he paper ted "Dam Core Crouin
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Figure 1. Grouting curtain layout
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The present paper shall focus on other grouting applications, ic.

under the dam, and the contact surface

- remediation of the exising grout curtai
between the grouting gallery and the foundation ground;

- grouting of the conerete grouting galery lining damaged in explosion, and the lining.
contact with the bedrock, namely cly core,

- outing of 4 joint between the cutoff wall and bedrock, namely grouting curtain.

REMEDIATION OF THE EXISTING GROUT CURTAIN UNDER THE DAM

Duc 1o hydrogeologial relations on the dam profile the constuction of the reservoir and
realization of impoundment requested construction of a quite large grout curtain,

In the Cetina river canyon, downstream the dam, a three-row 450 m long and 200 m
decp curain was constructed. To exiend the Cetina dam profle, two- and single-row
curtains were consiructed, S70.m long and 150 m decp in the left fank, m long
and 100 m dep in the right flank, respectivel, Fig. 1. Thercfore, the total length of the

curtain is 1600 m, and its total area s about 260000 m’. 164000 m of boreholes wis
rlled, of which 140,000 m was grouted. 51393 ¢ of diy matter consising of clay, cement,
bentonite, sodium and fine Dolomitic sand was consumed. The average. grout

consumption was 368 kg per meter of grouted borchole, namely 198 kg per square meter
of the grout curtan.

The measured water seepage from the resencit is about 07 ms, which is 17% of the
mean annual low of the Cetina at the dam profic This speaks of successful grout curtain
construcion and verifes impermesbility of the Peruca reservoi.

According to Deer (1976), the average grout min consumption is high, which is
characterisic for fisured and permeable rocks. Since the dam explosion was caused by
blasting of explosive planted in the grouting gallery, 4 justiied suspicion arose. that the.
integity of the curtain under the dam might be disurbed, slthough in this section the
curtain was thrce-row, with 55 m interval between the external-ow borcholes and 4 m

distance between the rows.

In order 1o get the general information about the damage, the curtain impermeabilty
under the dam was tested by Lugeon method in 9 boreholes aranged along the grouting
gallery. The borcholes were 25 m decp, which was the first epproximation of the depth
h the energy relecsed in explosion could cause  reopening of the fissure systems
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oty e il cotin going The F 2 shovs s gt of s ool
along the dam and the maximum permeabiliies measured in each borehole. The results
indicate that the curtain permeability ranges between 0.45 and 196 LU, namely within
the limit criteria of 2 LU set for the curtain construction

The obtained data indicated that, generally, the curtain damage was not high, but the
quantity of data was not representative of the complete 450 m long curtain section

T, B s e M 1 sl s g st e
length, at the depth of 10 m from the foundation joint between the gallery. bottom,
namely clay core and the mm, in the dam section in which the gallery was not
constructed.

Grouting Procedure

The grouting was carried out in two 1.4 m apart rows, upstream and downstream. The
distance beween the boreholes in a row is 4 m, and between the borcholes in different
rows 2

Kev
GROUTING GALLERY
GUT-OFF WALL

EXSTING CLAY CORE

=
GROUTING BOREHOLES.

Figure 3. Boreholes arrangement
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Each borehole was grouted in two 5 m deep stages. In this way, not only the top 10 m
of the curtain was grouted, but alo the contact between the gallry bottom concrete liing.
and the bedrock which, we were almost certain, had suffered a damage in the explosion.

Adiionally, the foundation joint between the clay core and the bed rock was grouted in
gt dam end which was (o be reconstructed, stations 3483 10 4+67.

The grouting works in the left dam end, off the galley, including the joint of the spilway
structure and the clay core, were (0 be performed after the dam and spilivay structure
reconstruction has been completed.

“The cement-bentonite slurry was wsed for grouting. The dry mater contained 96% cement
4% bentonite, and the intal dry matter and water ratio was 113, which resulted in
the surry density weight of 111 kg/dny’.

The grouting was conducted under the pressure of 6 bar, Which corresponds with the
pressure of the maximum reservoir water column of 615 m. We suspected that higher
pressure would disurb integrity of the curtain because the mechanical strength of the
binding material would be exceeded,

grouting completion criterion was that the slurry consumption under 6 bar should be
below 20 1 in 20 minutes. In case it is not possible, the mix ratio had (o be decreased
o 107,

Grouting Results Analysis

220 boreholes 2198 m long were driled, and 60,153 kg of cement and bentonite wis
consumed.

re met in all borcholes on both stages. At the end of the

The grouting criter
Lin 20 minutes, on

srouting, the maximum slurry consumption at the lower stage was 12
the borehole in station 4+41 where the maximum slurry consumption of 5944 1 was
recorded namely 358 kg of the dry matter per metter of the borchole

imum consumption in the wpper stage at the end of the grouting was § 1 in 20
minutes i the borchole on station 3481, where the maximum siurry consumption of 9,095
1 was recorded, namely 959 kg of the diy matter of the borchole.

The grouting resuls are presented by the mean dry matter consumption T (kg) per meter
of borehole in Fig. 3, and the lower and upper stages are presented with plots 1 and 2.
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Grout curtain remediation under the dam

Figure 4.



The lower stage borcholes length is 1,100 m, the cement and bentonite consumption
26,559 ke, thus the average dry matter consumption was 2414 kg per meter of grouted
Tower sage. The plot 1 in Fig. 3 leads 10 the concluson that the average consumprion
is comparatively low and uniform, which confirms the imperme
indicated that the curtain was not damaged in explosion,

test results which

The exception are the borcholes in stations 2473, 3481, 3499, 4431, 4+41 and 4449,
in which the recorded consumption was equal or above 200 kg of dry mater per meter
of grouted stage, the maximum being 35763 ke.

These values cause high coefficient of variation for the average dry matter consumption
in the lower stage of c,=192. However, high positve value of the skewness cocfficient
= 491 shows that the frequency of the below-average consumption in all the lower
stage borcholes remains significant, This is partcularly visble in the dam part in which
the gallry s constructed, with the exception of the stages in stations 2473 and 3481

A sl e sy comumpion 2 sation 3431 cn b i by e ot
that the explosive had been planted in this point. The energy released in explosion had
g o eock 4nd oy, the e, demaiaed e galy snd e
opening of 20:25 m di. - craters in the dam. The bedrock had probably
been damaged because in this point the galley s cut into the bedrock for 23 m, so the
explosion-induced elastic scismic waves had been transmitted 10 the bedrock.

Similar effects were not recorded in the dam explosion site i the left end, station ~
0440, because in this point the gallery is not cut into the bedrock. Thus, the explosion
energy had been transmited 10 the dam body, as the medium of significantly lower
sifiness than the bedrock, and caused opening of 2530 m dia. and over 10 m deep

The same explanation the low consumptions at the highest, central dam secton, stations
1432 to 1472, where the explosive was also blasted in the gallery. The gallery had been
founded on 7:8 m thick block. The explosion completely demolished the gallry flanks and
vaull, and the gallery was completely filled with clay from the core. The effect of the
plosion on the dam crest was ts iniial settlement of about 23 m in approximately SO
10 60 m long stretch.

The average slury consumption in the dam section where there was 1o grouting gallry,
stations 3+85 10 4+67, was the result of the bedrock degradation cavsed by the cxcavation
for

dam core foundations.

33594 kg of cement and bentonite was consumed for 109 m of boreholes in the upper
stage. Therore, the average dry matter consumption was 30.59 kg per grouted meter of
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the upper stage, which is approximately 27% more than for the lower siage. The
difterence. may be explained by increased slurry consumption in the contact between the.
bedrock and concrete gallry lining which had been disturbed in explosion.

“The average sturry consumption plots in Fig. 3 lead 1o the conclusion that the upper stage
comumpton, o 2 1 e o thn b consmption in e lower g, B 1
a5 supported by higher cocffcient of variation of c, High skewness coefficent

507 s wigh equeny o the hclaw—lvcngc w..“.,...,...,,. of 3059 kg per
grouted meter of the upper stage for all the borcholes.

The average consumption s very high in stations 0+49 and 3481, e, 327.86 and 95851
kg per meter of borehole, respectively. Since these were the explosion sits, there
doub the consumprion is high because the seriously damaged contact between the concrete
gallry lining and the bedrock was grouted.

The average

urry consumption plot for the upper stage clearly shaws the point of
damage in the contact between the concrete gallery lning and the bedrock, which is
particularly pronounced between the stations 1+35 10 1+55, namely in the central dam
section explosion site and in stations 1497, 2477 and 3437

The increased slurry consumption in the dam scction which does not include the grouting
galley, between the stations 3485 and 4+67, have been caused by the bedrock
degradation during the dam core foundation excavation and need 1o fill in the cavites in
the contact between the core and the bedrock which had ot been filed with clay during
the core construction.

< i s b show Ut e g gl hd ot b s fn e
explosion, and the poi  berween the concrete galery lining and the
S i e e s

However, the additional grouting is planned at greater depths and under higher pressures
in order to obtain bettr information on the curtain conditon in the points of increased
consumption.

20 m deep borcholes are planned to be grouted under maximum pressure of 15 bars in
station 2+75; since the hydrostatic pressure of sored water is below 14 m we, the 15
m deep boreholes are planned (o be grouted under maximum pressure of 10 bars in
stations 3479, 3499, 4431, 4439 and 4451
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GROUTING BEHIND THE CONCRETE GALLERY LINING

The grouting gallery was reconstructed in 365 m long stretch, from the third access tunnel
in the left, and to the frst access wnnel in the right dam end, Fig. §.

Generaly, two types of reconstruction were applied i the gallery.

In the gallery section where the concrete lining had been completely destroyed, the new
lining was placed along the entire perimeter or anchored 1o the remains of the old
lning sidesor bottom slab. About 186 m of gallery was reconsiructed in this way,
Figs. 5 and 6.

el ot il ke, ik S v
rm, the reconsiruction was carried out using the steel arch supports placed in
65 cm mlervali, with 15 em hick shotcrete layer and double steel mesh reinforcement.
w about 179 m of gallery was reconstructed, Fig. 7.

Grouting Purpose

Grouting behind the concrete grouting gallery lining was intended 1o provide for an
impermeable layer between the clay core, namely bedrock and the gallery concrete,
order o prevent water secpage and internal crosion process.

The gallery grouting had two. purposes, depending on the applied reconsruction type.

In the section where the gallery was reconstructed with the new conrete lining, grouting
was planned o fil in the caviies in the contact between the lining and the clay core,
which had remained unfilled and thus realize the impermeable contact between the core
and the gallery.
Additonally, in the section where the new lining bonds with the side walls of the old
1y, growting was intended 10 achieve the best possible bond of the bedrock with the
part of the gallery lining which was assumed 10 had suffered the explosion-indced
damage.

In the section where the gallery was reconstructed using the steel arches and shotcrete,
the grouting was planned (© fill in the cracks and voids in the old lining and achieve the
impermeable joint of concrete and clay core along the ciire gallery perimeter.
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GROUTING GALLERY
CUT-OFF WALL

NEw CLAY
EXSTING CONCRETE
NEW CONCRETE

HORS ¢ 20150 cm
GROUTING BOREHOLES.
BEDROCK.

Figure 5. Grouting boreholes arrangement TYPE 1
stations: 0+49.00 - 049150 and 3+42.00 - 3+85.00

The grouting was performed on the entire gallry length, but for 16 m long stretch in the
left end, station 0+33 t0 0449,
The inital section was

srouted because in this part it i not cut in the bedrock, o
it was possblc (0 place the clay and achieve a suffcently impermeable joint between the
dam core and the gallery concrete,

Grouting Procedure

‘The grouting behind the concrete gallery lining was carried out in 2 m apart transverse
profics.

tions between. th s 0+49 and 0+915, and stations 3+42 do 3+85, where
the gallery reconstruction included. construction of the new lining. only the joint betw

the old lning and the bedrock was grouted through two. boreholes dilled one on the
upstream and one on the downstream side of the gallery, type 1, Fig 5.

The new part of concrete lining was not grouted because the new clay core was
constructed offering quality joint between the gallery conerete and the dam core.
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Figure 6. Grouting boreholes arrangement TYPE 2
stations: 1+1630 - 2+00.00
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Figure 7. Grouting bo«hnlu .mnpmm TYPE 2
stations 0 - 3+42.
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The grouting between the stations 04915 and 1+163, and stations 2400 to 3+42,
where the gallery was reconstructed using the stcel arches and shotcrete, was performed

with five, namely six boreholes arranged along the perimeter of the gallry sides and vault,
type 2, Fig. 7,

The same arrangement of boreholes was preparcd for grouting of the central section,

the stations 14163 and 2400, where the gallery was reconstructed by
ining, type 2, Fig. 6, because it was necessary to fll in all the
ing and the old clay core which remained unfilled in this part.

Additionally, this gallry section is in the area of the maximum hydrostatic pressures, o
the top quality joint was requested 1o prevent both scepage and intermal erosion process.

The cement-bentonite stury was used for grouting; the dry matter contained 96% cement
and 4% bentonite, and the inital mix ratio was 1:2, which results in the slurry density
of 1,16 kgidm’.

The grouting pressure was 3 bars. The final grouting criterion was that the  slurry
onsompln ot 3 b o b s than 201120 i . s s ok posile,
the mix ratio had 1o be decreased to 10

Grouting Results Analysis

Since the purpose of grouting was different for partiular sections, the results were
ansiyzed depending on the type of lining used for gallery reconstruction and arrangement
of boreholes in the grouting profles.

The dry matter T (ke) consumption per grouting profiles s presented in Fig. 5

In scctions where the contact between the old lining and the bedrock was grouted,
stations 0449 to 049LS and 3442 to 3485, grouting was conducted in 42 profiles.
102,652 ke of cement and bentonite was used, thus the average dry matter consumption
per profile was 2,444.1 k.

The consumption in different profi
frequency of the below-average consumption. The conclusion s derived from the
coeficients of variation and the skewness coefficent which arc ¢, = 141 and & = 202,
respectively. The maximum consumption in the grouting profile was 16,412 kg in station
3447, and the minimum of 21 kg in siation 3+61

s not uniform, and it shows a trend of higher

The reason for such a high consumption is seriously damaged rock, and consequently
‘completely disturbed contact between the concrete lining and the bedroc)
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Al the boreholes met the grouting completion criteria. The maximum slurry consumption
on completion of grouting was 10 1 in 20 minutes with the mix ration incresse to 115,
recorded in the station 0+61,

In sections where the old cracked gallery lining and its contact with the existing clay
core was grouted, stations 0+91,5 {0 1+163 and stations 2400 fo 3442, the grouting
was performed in 86 transverse profiles. 111,115 kg of cement and bentonite was used,

<0 the sverage consumption per grouted profile was 129203 kg.

Almost twice lower consumption per profike, as compared with the sections where the
contact between the old lning and the bedrock was grouted, can be explained by the fact
that during the gallry reconstruction the cavitis in the old concrete lining had 10 be
filled in with shoterete.

The consumption in these sections is not uniform, and it shows a trend of higher
frequency of the below-average consumption. The conclusion s derived from the
coefiicients of variation and the skewness coefficent which are ¢, = 170 and @y = 208,
respectively. The maximum consumption in the grouting profile was 6736 kg in station
0499, and the minimum of 33 kg in station 2435.

All the borcholes met the grouting completion criteria. The maximum slurry consumption
on compietion of grouting was 14 1 in 20 minutes recorded in the station 2+67, with o
decrease in the mix ratio.

In the central part of the gal

ry, in the contact between the new lining and the old
clay core, station 1+163 to 2400, the grouting was performed on 41 profile with the
average consumption of 199893 kg of dry matter per profile. Total consumption of
cement and bentonite was 79,90 ke

The reason for high sverage consumption per profil s the presence of cavitcs between
e concrete and core, which had not been filled in during placement of concrete. With
respect 10 the exceptionally ciffcult working conditons, such grouting resuls were expected.

The consumption in different profiles i not uniform, and it shows a trend of higher
frequency of the below-average consumption. The conclusion s derived from the
coetficients of variation and the skewness coeficient which are ¢, = LI and @ = 194,
respectively. The maximum consumption in the grouting profile was 1070 kg in station
1419, and the minimum of 106 ke in station 1435,

All the borcholes met the grouting completion critera. The maximum slurry consumption
on completon of grouting was 10 1 in 20 minutes recorded in the station 1+49, with no
decrease in the mix ratio.
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Conelusion

The grouting was performed on 169 profiles, in 757 borcholes with total length of 393.5
m. 293,673 kg of cement and bentonite was used, and the average consumption per
grouted profile was 173741 ke, per borchole 37316 kg, and per meter of borchole

AUl the grouted sections, regardiess of the type of lining uscd to reconsiret the gallry,
are typical for large

pical flerence between the maximum and minimum consumption per
profile variation in consumption of the neighboring profiles and tendency of frequent
below-average consumption

These characterisics are actally the same for all grouted sections, as indicated by the
coefficients of variation and skewness which are quire similar.

The large difference between the maximum and minimum consumption and the variation
in consumption between the grouting profiles can be explained by small distances betwcen
the profiles which caused overlapping of the grouting cxtent in the neighboring profils.
The said could lead 1o the conclusion that the distance between the grouting profles could
have been larger, In that case the consumption variations would be smaller, and the scale
of damag in lining and the contact between the lning and the bedrock, namely the clay
core along the galley, better pronounced.

CUT-OFF WALL AND BEDROCK JOINT GROUTING.

Since the dam explosion caused heavy damage of the clay core, the remediation design
planned constructon of 4 plastic concrete cut-off wall in the dam clay core. Tn this way,
the cut-off wall and the clay core form an impermeable dam element in this dam section.

The cutoff wall was constructed between the stations 0+87.70 and 3+45, 4 m upstzeam
the gallery axis. The cutaoff wall is 26115 m long. 1 m wide, with surface area of 8505
. The maximum cutoff wall depth of SLS m is in the cenual dam section, and
minimum depth of 129 m s in ts right hand end. The minimum cutoff wall foundation
depth in the bedrock is 2

Grouting Purpose
order 10 achieve the continuity of the cutoff wall function as an impermesble dam

lemnt, the beok i rowed between the galley and the Coff all and wndr the
cutoff wall foundation.

an ~PERUCA DAN REMEDATION



In this way, the rock was consolidated With respect (o filling in of both nawral and the
cracks caused during the trench excavation by a hydraulic cutter, and the impermesble
joint was realized between the cut.off wall and the grout curtzin

Kev

Figure 9. Borcholes arrangement

Grouting Procedure
The grouting was performed from the gallery in two rows of borcholes, upper and lower,
Set under variable angles, depending on the depth of the cut-off wall foundation, Fig. 9.
The distance  between the boreholes in the upper and lower row is 2 m,

The cementbentonite slurry was used for growting: the dry matter contained 96% cement
and 4% bentonite, and the nal mix atio was 12, wiich resls n the sty desity

of 116 kgdn’

The grouting pressure was 4 bars for the upper row, and § bars in the lower row.
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The final grouting crierion was that the slurry consumption at 4 bar and 5 bar should
be less than 20 1 in 20 minutes. In case it s not posible, the mix ratio had o be
decreased 1o 107

Grouting Results Analysis

131 profiles were grouted; the length of the upper boreholes was 1632 m, and of the
lower 3582 m. The consumption of cement and bentonite was 20,708 kg in upper and
27294 kg in lower borcholes, thus the average dry matter consumption was 12689 kg and
6.2 kg per meter of upper and lower borcholes, respectivel.

The 167 times bigher consumption in the upper boreholes could be attributed (o the
grouting sequence, since the upper borcholes were grouted first, and (o higher scale of
cracking in the bedrock in the area of the upper borcholes

All the borcholes met the grouting completion crieria. The maximum slury consumption
on completion of grouting was 10 1 in 20 minues recorded in the station 2+66, with
decrease in misx ratio.

The average dry matter consumption T (kg) per meter of the upper and lower row.
boreholes is shown in Fig. 10.

The average consumpri meter of the upper row borcholes varied beween 7.17 kg

o waion 2470 and 0564 kg i stadon 2440, The excetonaly hgh consumpion vas

also recorded on the profles in stations 2+32 and 2+34, ie. 226938 and 284233 kg per

ely. The large consumption variations are indicated by the.

347, The trend of higher frequency of the below-average.
consumption is characteristc, since the skewness coefficient is @ = 7.40.

The average consumption per meter of the lower row borcholes varied between 308 kg
inson 0490 and 15455 kg, In s 2498 The custoaly bigh cmmplon v
also recorded on the profiles in stations 2+6, 3421 and 3445, ie. 13300, 114630 and
89935 kg pr motr of borehoe, el The Iirge comumpion wisions ae
indicated by the cocficient of variation of ¢, = 237. The wend of significantly high
{reaney of the belowavrsgs conmpion charscits, s he shownes oeliceat
is @ = 498,

Conclusion

Characteristic for both borchole rows that the average dry matter consumption
considerably varies per meter of borchole, with a trend of increase from the It 1o the
ight cutoff wall end. Also, both borchole rows are characeristc for frequent consumption
below the average.

~PERUCA DAN REMEDIATION @



It s obvious that the extremely high consumption in the upper and lower grouting row
does not correspond.

CONCLUSIONS

‘The basic abjective of the grouting works was remediation of all damaged sections of

of an impermeable contact between the concrete galery lining and  the
K, namely existing clay core, continuity of the cut-off wall as an impermeable dam
clement 1o the grout curtain, and realization of the best possible contact between the
newly constructed core and the dam foundation surfuce.

1o s 7 ks smpes o i ot s e Attt . el
along with the crn: Tertors It o ity arocint ha the ot
S were o the e m.m( impermeability. The best indication of the achieved
Fesult is the water seepage qua

The Persa Dom grouing galey . consrcted o shot 9% of the dam crst et
in the part where the hydrost res are maximum and range between 126 and
56.5 m. For that reason the seepage quantity in the gallery, at the maximum reservoir
level, can be used as one of the best indicators of the project success.

the reservir levl is on the El 353 m s, toal secpage into the galey is
estimated 1o be 0.3 Us. AL this reservor level the hydrostatic pressure in the lowest dam
i o Show . ke . ot 1 e T

reaches 32% and 45% of the maximum hydrostatic pressure, respectively. Therefore,
e 1 o dou hat 1he pertornd. roting woks e e porpors, partesery
because the gallery scepage before the explosion was about 1 s,
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ABSTRACT

The paper describes
the spillway Ml
described, as wel
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g e expaned, The bdromechanica ciipment i brity
a5 an approach to the flap met siing.
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Fequened in Bap manutacure and. erecto

SPILLWAY CONSTRUCTION

When the former Yugoslay army blasted the Peruca Dam on January 25, 1993, one of
explosion stes was. immediately by the right spillvay wall in the left dam flank. The
xplosion destroged the right spillway wall, flap and the spillvay bridge. In the dam crest,
by the spillvay, a crater was formed 2530 m in diameter and about 10 m deep. The
explosion was so strong.that the parts of the spillway side wall got scattered within the
50/ m radivs, and @ 12 m" piece of structure was found 30 m far from the explosion sic.
The spillway bridge was thrown on the left bank, and remained hanging over the side
wal, Photo 1.

The discharge capacity of the spillvay was 340 mls 4t the reservoir level of 361.20 m
asl. It was regulated with 50 x 100 m 1

The characterstcs of the Cetina river were cumined for development of the dam
remediation design documentation. 1t was determined that the spilway discharge capaciy
Should be increased to 42793 ms if the 10000-year flood is to be discharged at the
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maximum operating reservoir level, As the consequence, the flood level increased for
about 15 m, request

e heightening of the dam crest and the spillvay walls from the
clevation 35300 m asl. to the clevation 36450 m asl This
spillvay flap height from 50 10 7.0 m.

ad to increase in the

Photo 1. Spillway after explosion

The design documentation on the dam ends and crest removal planned demolition and
removal of concrete parts of the spillway destroyed in explosion,

s were removed during the first stage of the remediation works. Afie the dam
104 sy heihesin vas (e by e desig e cnbetied e s of e
Pilvay Ty had 1 b remoncd o the right 4nd It sy vl T

cfor
decided t remove th complete. siley soncrete smucure and buld 3 2ew 2554 m long
one, along with the new gate house on the lefc platform, by the spillway wall, and new
reinforced concrete bridge over the spilway, Figs. 1 and 2.
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The Spillway Structure Remediation design was. prepared by Elektroprojekt Consulting
ineers Lid. Zagreb in 1995

“The works on removal of the exising concrete sructure were intensfied in January 1995.
‘The structure demoliion and removal was carried with diling rods, blasting, cutting the
reinforcement bars and embedded steel members, and removal from the site to the spoil

When the scel structure was removed, the excavation in bedrock started for the flap
hydraulic cylinder shaft and spilivay slab.

Figure 1. Spillway structure - longitudinal section
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Figure 2. Spillway structure cross-section through the hydraulic
cylinder shaft and air vents
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In April 1995, the excavation was followed by concretng of the clinder shaft and spillway
concrete structure, Photo 2. The spillway concrete was MB-30, with ribbed reinforcement
RA 400500, The spillway concrete placement went on into two stages. In the first stage,
the structure with the holes left for instllation of the hydromechanical cquipment was
concreted. During this stage the anchors and anchor plates are embedded 1o which the
cquipment shall later be welded. The second stage includes concreting of the holes

Photo 2. Spillway construction pit and placement of cylinder shaft

reinforeement

The mon el v cn he sl s ko pcsment o anchos o schix
plates for the flap bearings and concreting of the reinforeed concs

Gesigned o acept he lods from the snchors and flap bearings. The. desg allowance
the anchors instlliion was + 5 mm. The geodetic survey during the anchors nstalliion,
immediatly before and afier concreting, enabled installaton of anchors within the design
allowances

rete beam which is
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Photo 3. Flap bearing anchors and anchor plates

After completion of the spillvzy slab and spilvay sil the concrete. placement was
continued for the spilivay walls with the spillvay air vents. In the right wall in the joint
with the dam clay core, a concrete wall was constructed for better bond between the
concrete and clay.

As the works on the right spillway wall progressed, the material was being buil in into
the dam body in the immediate viciity of the spillvay, Photo 4.

Until early September 1995 the fist sage of the spillvay structure concrete placement vas
10 he completed, and construction of the spillvay bridge and gate house started. The
dromechanical equipment erection also stared.
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HYDROMECHANICAL EQUIPMENT
Metal Structure - System Outline.
The spillvay flap enables controlled discharge of the water from the reservoir.

The metal fap is 10 m long and fited with rubber seals on the sides. The scals are lead
along the lateral metal shiclds ~embedded in the spillvay walls.

“The fiap shape, depending on the flow requirements, and particularly the strength and
sifiness requirements, is shown in Fig. 3.

MAX. FLOOD LEVEL

Tor
MAX. OPERATING LEVEL
'DAM GREST AXS

Figure 3. ¥lap cross-section, “closed” position
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By rotation around the s of rotation A (three bearings along the fap lengih) the fap
top C (Gitted with jet splits is lowered or lfted and the water discharged from the

“The flap is moved by the hydraulic ylinderfpiston rod acting in the force appliation point
B during the flap "liting", namely closing. The flap opening is controlled and cxposed to
water pressure and flap weight cffect, Stringent functionality requirements for the sealing
(vater leakage in closed position < 0.05 s per meter of sealing surface) include correct
and even fiting of seals along the entire perimeter.

The ypical seal details are given in fig, 4.

Figure 4. Seal installation - detail

The hydraulic clinder i placed in a shaft, in the spillvay bay central line, behind the
spillway sill, Fig. 5

The cylinderpiston rod data:

Effecive stroke 5265 mm,
Masimum force 4030 kN

Mass 8500

Nominal eylinder pressure 19 MPa (190 bar)
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Controlled discharge, namely piston rod stroke control, is conducted from the gate house
Which accommodates hydraulic power units, electrc motors, pumps, distrbution valves, oil
tank, il filters, fitings etc

The gate house also houses the distrbution cabinet supplying the power for clectric
motors, HVAC system, sockets, signalizaion, metering instrumentation. The gate house is
the central dam control room,

o spilvay flap laeal shieds are made of saines sce. The sesed ate slides long
them. They are fitted with the heat tracking system on the inside wall, i
the latera shields, where the
with low freczing point which shall be heated with submerged. heaters. The heat transer
0 the lateral shields shall prevent freezing and enable quality sealing during the winter

Sizing

The equipment

sized for the heavy duty operation. The DIN 19704 and DIN 19705
4 which specify the load types and

hydraic metal structures requirements were 4
allowable stress and strain for particular clements.

The sizing was_generaly based on siatistcal calculations. For some elements, the dynamic
loads and scismic forces were taken into account. Depending on the intended application,
various materials were used according to DIN or European standards (St 37:2, St 37:3N,
6 Cr N TH I810).

Since the majority of equipment is welded, the welded joints calculations were done.

“The assumptions for determination of loading were:

-+ the fap dead load is increased by the paint coats weight (vind eflecs and
carowth are neglected),

© the hydrostatc and hydrodynamic loads are determined for maximum water levels
the hydrostatic loads for different flap. positions are estimated from the analogy
with model tests conducted previously for similar aps;

-~ possible ice load was included through increase in the surface

e sk oetwis il S ol 0 Mmoo 5
calculaions,

= the temperature increment AT = 30 K (the fsp rotates around three bearings two.
of which enable axial displacemen).
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S 5.1 program. In sizing, namely
paid 1o buckling and

The calculation was done on a PC using the ANS
selecting of the hydraulic cylinderlpiston rod, special attention was.
sizing of the bearing lugs force application point.

Quality Assurance and Quality Control (QA/QC)

A number of preplanned QA actvitis should be realized If the adequate rliability of @
particular piece of equipment of system and its satsfactory operation is 1o be achicv

e o e i he ey exd el prepared and introduced Qualiy
r quality and operational availabiliy of the  plant, the

Assurance Program
Coounn Naioa Horicy enmm a specialized QA insitution to do_the work.

The QA/QC actviies are planned to be conducted in the below stages:

L1 documentation review
and preparation procedure

12 defining QA requirements

13 harmonizationapproval of  production
and inspection QC plans

CquPHENT ABROAD 21 fimal testing and test witnessing

MANUFACTURE 22 cquipment QA/QC documentation

BRODOSPLIT 23 review of certiicates (al)
follow-up of machining, cuting. welding
25 witnessing non-destructive testing
26 witnessing final dimension
27 control of corrosion protection
procedures and parameters measurement

5. [erorT0 31 erection documentation review

32 comments on testing and takeover
procedures (from BRODOSPLIT)

33 determining quality requirements
- QC plans approval
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41 supervision (during testing) of equipment
installation and erection

42 auending fnal testtskeover

43 atending system final acccptance

44 review of QAIQC documentation and
reports of erection, tesing and takeover
inspections

CONCLUSION

The below conclusion can be drown from the above overview of the spillway and
hydromechanical equipment;

The spillway damaged in the explosion requested removal of the concrete sections
0 metal structure and subsequent design and construction of the new structure.
During construction, special attention has been paid (o accurate insta

anchors for the fNlap bearings.

jon of

= The spillway is sized for the heavy duty operation.

- Very stingent requirements, partcularly the permited flood discharg, ask for
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DAM MONITORING SYSTEM
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ABSTRACT

The Peruca Dam is a large dam for which @ comprehensive monitoring program has
een prepared. The dam being a specific structure, heavily dar

el e Btz g of s

common for. structur

ring is somewhat more

The monitoring system concept is based on maximum use of automatics and integration
of all the measuring equipment into @ centrally controlied system.

INTRODUCTION

The Peruéa Dam is a large dam for which a comprehensive monitoring activites program
has been prepared, and a complex system of monitoring instrumentation and cquipment
designed and set up.

Generally, there e several reasons for dam monitoring, but the principal reasons are
safety, cost-effective maintenance and gaining of experience o be applcd to improve the
design engineering and constructon of this (ype of projects

With respect to public sceurity, the dam monitoring should determine whether the dam
behavior is within the set standards, whether any deformation or
which could indicate disturbances in the  structure, foundations or surrounding  arca

displacement occurred
threatening the dam stabily.

The dam maintcnance is one of the reasons for sysiematic monitoring, because the repair
works on this type of projects are extremely expensive and sensitve. Timely observation
and correction of any damage or fallure, before the progress s full is important because
even the minor faults could often lead to major damage.
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The systematic monitoring of this type of structures in operation and the data obtsined
by measurements, even if only by visual inspections, are very useful for gaining of ncw
experience which shall coniribute 10 improvement in design engincering, construction
activites and wilization of the newly built dams of the same type.

efore the explosion, the Peruéa Dam was permancnily monitored. The monitoring
instrumentation and. equipment was state-of-the art at the dam construction time, but
modest compared (o the system insalled now. It consisted mainly of the geodetic survey
system was destroyed in explosion,

instruments and piezometers. Almost entire moni
50 only the micro triangulation network and the reservoir taff gages could be included
in the new system. Howerer, it should be pointed out that the old system re sefol
daa on the Penéa Dam behavr through sear. These dta were vl for evaluation
of the dam condition and scale of damage after the explosion.

tem concept involved maximum use of automatics and integration of
instrumentation and equipment into a centrall contrlied system.

MONITORING TYPES
General

‘The basic iteia for determination of the monitoring scope and type and seletion of the
measurement method were the structural characteristes of the dam and its foundation
requiremens.

The carc was also taken about the regulations governing the large dam monitoring. The

world experience was applied, although the Perua Dam damage and remediat
unique.

All the key dam elements important for its sabilty were included. Partcula attention has
aid to the ceniral dam section where the cutoff wall was constructed as a new
ot e taking over the function of heavily damaged clay core.

Duc t0 the speciic characteristcs of the dam which had been heavily damaged and than
remediated, the planncd monitoring scope is somewhat larger than for the similar dams.

The below monitoring actvites are planned:
< visual observari

© geodetc survey of horizontal and vertial dspacement in the dam surfce,
- concrete wall tling and twisting measurements,
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-+ clay core porewater pressure gaging,
< ol dlay core pressures gaging,
measuring horizontal displacements of point i the dam body,
measuring vertical displacements of points is the dam body (setement),
- measuring piezometric levels in the downstteam dam toe,
< scepuge measurements,
-+ seismological monitoring.
< reservor water level measurements,
- srouting gallery lining deformation (convergence) measurement,
-~ dam crest extension and contracting measurement,
- hydrometcorological measurcments.

‘The instrumentation adequate for the above monitoring actvitics was selected. The basic
problem with selection of the instrumentation was the fact that the dam ends and 7-12
m of crest were 10 be reconstructed, and the central section repaired. Thus, installation
of partcular instruments could not follow standard procedures, and the new ones had to
be created. This primarly regards.the clay core pore-water pressure gaging, cly core total
pressure gaging. and vertical dispacements (settlement) measurements. The pore-vater and
total pressure gages in the rebuil left end and under the dam crest were instaled
foutincly in the open trench pits, Figs. 3 (0 8. Since the central dam section was only
repaired, the total pressure gages could have been installed in the dam body only from
the grouting gallery, namel in and near the grouting gallery lining. The Architect/Engincer
was aware that the measurement data obtained with the instrument insalled in this way
shall be of doubtful reliability. The insallaion of the pore-water pressure gage in the
central section was solved in much casier way, s that the instruments were placed
upstream the cut-off wall in the closed boreholes and downsiream the cutoff wall in
specially constructed piezometric tubes, Fig. 6. Stll, the most diffcult problem was
‘measurement of the newly built central dam section settlement, The magnetic rings with
blades were placed in the borchole, Fig. 8.

Visual Observations

e visual observations, as the part of the monitoring activties, are started immediately
after the construction is completed, during the  reservoir impoundment, and continued
throughout the dam lfetme.

The visual obsenvations are conducted in order to. idenify any cvents might
adversly affect the dam stability, such as deformations, cracks, water seepage through the
dam body, springing of water downstream the dam, ctc.
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‘The qualty and success of the visual observations depend on capabilty to notice a change,
on qualifications of the observer, and observtion frequency.

Geodetic Survey of Horizontal and Vertical Displacements
Horizontal and vertcal displacements in the dam crest, downstream slope, and retaining
wals are detcrmined using the sunvey control points. The geodetic survey is conducted by
eodetic methods and special instrumentation of adequate accuracy. The control
horizontal displacements are measured by intersections from the micro trisngulation network
monument, and vertical displacements are measured by indirect levellng.

The geodetic control points are armanged on the dam crest and downstream slope in 12
h ing gate house wall and

monitoring profiles, in the dam toe retaining wall, the re
spilvay valls, Fig. 1 and 3.

Key

1. SUPPORT PLATE WITH
VI FOR WILD T,
2 PROTEGTVE GOVER

Figure 3. Control point
in the dam
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Concrete Wall Ti

ing and Twisting Measurements

The measurements of ilting and twising around the horizontal axis shal be conducted in
the dam toe retining wall, dam toe, retaning wall around the auxiiary gate house, and
spillway walls

The tilting and wisting measurements i the retaning wall in the dam toe shall be
conducted with the installed automatic surfoce clinometers, Fig. 4. The clinometers arc
installed i each wall excavation unit. The automatic surface clinometers are. checked with
a portable PIZZI type clinometer, so special clinometer posts are placed on the sie.

KeY

AUTOMATIC CLINOWETER
‘GLINOMETER POST

GABLE CONOUIT
CLNOMETER CASING
RETANING WALL

(O}

Figure 4. Automatic clinometer in the dam toe ret
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Photos 1 and 2

retaining wall
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Clay Core Pore-Water Pressure Gaging
Tie oy o s pomis s e 10 kit Wi the S e
impermeability. The gaging is conducted upstream and the cutoff wall, in the

e dam end and the sper rconmcted ot o th senal dam seion, i, &

Upstream the cut-ff all, the porc-vater pressure cll

placed in a closed borehole, Fig.
6a. Downstream the cutoff wall, the pore-vater pressure cell is placed i piezometer
tubes, so it may be taken out and checked. The gaging s planned in 10 m distanced
levels in each monitoring profil, Fig. 6b.

In the left end, where the dam is completely rebuill, and in the upper central section of
the dam, the pore-water pressure cells are placed in an open trench along with the total
pressure gages, Photos 3, 4 and 5.

Clay Core Total Pressure Gaging

These measurements determine the total pressure on various horizons i the clay core. The
total pressure cell are placed in an open rench, in the parts of the dam which are
‘compltely rebuil, left end and the upper central section, Photos 6, 7

To get an insight o the total pressures development in the central dam section which
s not newly built, the cells are also placed by and into the gallery
the only accessible way.

ng. since that was

Dam Body Horizontal Displacement Measurements
The horizontal displacements in the dam body are measured with clinometer.

The clinometer tbes are placed in boreholes drilled afier the dam remediation is
complted. The horizontal displacements shall be continuously monitored in the monitoring
using permanenty insalled clinometers. The clisometers are arsanged within
the clinometer tube 5o that three clinometers from the top are arranged in the first 30
m, 10 m apart, and one is placed on the wbe bottom.

The dam body horizonta displacement measurements in the monitoring profles 1, 2 and
8 is conducted using the portable clinometer, Fig. 5.
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Figure 6. Clay core pore-water pressure gages placed in a borchole
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Dam Body Vertical Displacements (Settlement) Measurement

In addiion to the clinometer twbe, the magnetic rings with blades ar also placed 10 m
apart, heightvise. The displacements are occasionally messured with special instruments.
This type of instrumentation was the only option for installation in the remediated central

dam section, Fig. §, where the possible sctement monitoring is partcularly important.

Piezometric Level Measurements in the Downstream Dam Toc

The piczometric level of water shall be measured in the downstream dam toe. The open
piezometers are set for that purpose. The piezometers are set in the monitoring profles
8, and the piezometric level is measured using the portable meters.

Photo 3. Placement of pore-water pressure cells and total pressure
cells in the left dam end
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Figure 7. Accelerograph sensors placement on the dam crest

Photo 6. Total pressure cell
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Figure 8. Placement of clinometer, settlement monitoring magnetic ring
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Seismological Monitoring

Since the Peruca Dam is a large dam, the seismological moni

ring is requested.

The scismological monitoring is generally dvided into the induced scismicity monioring and
the dam dynamic behavior monitoring during strong arthquakes.

Only the instrumentation for monitoring the dynamic behavior has been planncd for the
Peruéa Dam since, with respect with the reservoir age, any induced seismicity is expected
10 be very low and shall not significanty affect the structure.

The measurements are aimed at obtining the oscillation time histories which are. than

used for determination of the structure dynamic behavior parameters.

Five messurement points hase been. planned for this task, two in the grouting gallry, two.
in the dam crest, Fig. 7 and one in the bedrock approximately 300 m downstream the.
dam

Only sensors are set in the gallery, dam crest and bedrock, while the accelerographs arc
housed in a special room in the gate house, in the left dam end, and cable connected
with the sensors

The number of accelerographs and arrangement of the measurement points has been
determined according to the Large Dams Monitoring Code and the recommendations of
1c0LD.

Dam Gallery Seepage Measurements

The dam galery ¢ measurements are conducted from the grouting galery, at the
entrance into the drainage pipe, where a Thompson spillvay with the automatic level
recorders is constructed for this purpose.

Dam Crest Extension and Contracting Measurement
‘These measurements are planned to be conducted in two points at the EL 3580 m asl

Ten cxtensometers with 6 m base each are installed for this purposc. The extensometers
srouped in o 30 m exensometer chains with five extnsometers cach, Photo 9.
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Photo 9. Installation of extensometers into the dam crest

Reservoir Water Level Measurements
The reservoir water level is measured in two ways:

-+ using the saff gages,
= using the water level recorders

The staf gages had been set by the headrace tunnel gate aise, and they were used for
the reservoir level gaging prior o the remediation.

The reservoir level recorder is set by the headrace tunnel intake, and s cable connected
with the gate house Monitoring Center.
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Grouting Gallery Lining Deformation Convergence Measurement

“The convergence shall be measured in specified measurement profes 1-12, and the lining

the

T
h

convergence shall be measured verticaly, horizontally and diagonally, along i

&
absolute vault displacement.

The comergence shall be measurcd using the vibrating string cxiensometer. The

benchmarks have been placed in the concrete lining for this purpose, Photo 10.

The absolute vault displacement is measured by the geodetic sunveying methods using the
standard surveying instruments

Photo 10, Grouting gallery convergence measurement
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MONITORING INSTRUMENTATION AND
POINTS NETWORK ORGANIZATION

The monitoring network includes permanenty installed instruments for continuous met
and measurement points and equipment for periodic measuremens.

Each instrument or point is a measurement point designated in the drawings with MM,
followed by an adequate number and a symbol of an instrument or point type.

The measurement sites in the dam arc grouped in 12 monitoring profiles typical for
s, and they are used for diferent types of measurements, Fig. 1 and 2. This
feliant desesoaton o Minesion 6 vikes Ssle 5 0 o0 1k profie

Another sct of measurement sites is organized in the dam toe retaning wall, in the
retaning wall around the auxiary gate house, in the dam by the spillvay structue, in the
spillway structure, left access platform, weather station and by the grout curtain,

All measurement instruments are connected to the Monitoring Center from which the
measurements are controlled and the measurement data collected.

To avcid congesting number of cables leading o the Center, the cable boxes are installed
in all profiles, the dam toc retsining wall, and the gallery. The cables are routed vertially
from the dam body to the crest, The cables are grouped, protected by the condut, and
routed through the downstream dam fiter o the crest, Fig. 9. Special aention has been
paid 1o protection of cables against damage, Photo 11.

The cables from the measurement instrumentation in the monitoring profiles, namely those
placed in the retaining wal and gallery are led 10 the cable boxes. The total of 10 cable
bores s instaled. The cable boxes are contected by 4 special common cable connecting
them with the Monitoring Center, Fig. 1

The measurements in other measuring sites which are not connected to. the Monitoring
Center are conducted with the sunveying instruments and other portable equipment, and
they are useful_additional means of control of the above measuremens. This includes
measurement of horizontal displacements in the monitoring profiles 1, 2 and 8, where the
in-place cliometers are. not installe, for setlement measuremens, piezometric water level
gaging, inclination. measurements with the portable. mechanical clinometer, the grouting.
gallery lining comvergence and al geodetic surveys. All the instruments are of SISGEO
make
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LIST OF THE PERUCA DAM MONITORING INSTRUMENTATION

INSTALLED

INSTRUMENT TYPE
res m

(CONTROL POINT FOR
IMEASUREMENT OF
HORIZONTAL

|AND VERTICAL DISPLACEMENTS

o w

i
|CLNOVETER

MAGNETIC RING WITH BLADES
FOR SETTLEMENT

PiEZOMETER

PORE-WATER
[PRESSURE CELL

ToTaL
[PRESSURE CELL

[GROUTING GALLERY LINING
[CONVERGENCE MEASUREMENT

DAM CREST
ExtensomETERS

[AuTomaTIC
|CUNOVETER

lcUNOMETER
PosTs

WATER LEVEL
leace

OSIEIB[L|® o]l + |~ &
&

WEATHER
sTaTION
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Figure 9. Cable routing from the measuring instruments
to the cable box in the dam crest
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LAYOUT 1. CABLE BOX
2. CABLE INLET HOLES
5. PROTECTIVE CASING
1 4. s
5.

Figure 10, Cable box

MONITORING CENTER

The Monitoring Center is located in a separate room within the gate house in the left
dam end. It houses the computer-controlled Data Acquisition System which uses specialized
software. The software. enables sctting of measurement intervals and running of necessary
aniyses

‘The Data Acquisition System is the brain of the monitoring system, and it includes two
MICRO-10 Dataloggers connected with four 1632 Canal Multipleser units and the power
supply unit, Photo 12.
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The MICRO-10 Datalogger, Campbell Scienific, consists of a micro computer, clock,

mulimeter, calibrator, scanner, and  the frequency counter and controllr. Each MICRO-10

Datalogger can simultancously scan 12 canals with equal sensors or 6 canals with diferent
sensors, which means that simultancous scanning of 24 or 12 canals is possible. The
scanning nterval for cach canal is programmable.

Two 1652 canal Mulipleser model 8032 units are connccted to cach MICRO-I0
Datlogger 1o which al the measurement instruments are connected with cables

The number of canals used by a partiular instrument depends on 4 type of the clectric
signal, and the complete Peruéa Dam monitoring sysiem uses 154 canals.

The Center also houses all five acceleropraphs, Photo 13, cable-connceted with the sensors
dam crest and downstseam in the bedrock. The seismological measurements.

f the system controlling other measurements. The accelerographs
. SMACH-2 - STRONG MOTION type, and they include the digital
recorder with memory card and a separate scnsor (tiaxial aceclerometer).  The
accelerograph wigaering s setwp 10 0.1

Photo 12, Data Acquis
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PERUCA DAM MONITORING SYSTEM - SCHEMATIC DIAGRAM
MONITORING SCHEDULE

The design documentation specifies the monitoring and measurcment intervas,

It has been planncd that the monitoring and measurements should be more frequent
Wau

during the fist fveyear period after the remediation the dam bebavior prove to
be within the cxpected framework, the number of activities can be reduced.
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Monitoring and measurements intervals during the first S-year period after the dam trial
foadi

visual observation once a day
adetic survey of horizontal and verial displacements times a year

< concrete wall tling and twisting measurcments
automatic cinometer continuous

- concrete wall tiking and twisting measurements
portable clinometer
- clay core porewater pressure gaging . . . continuous

4 times o year

-+ clay core total pressures gagin . continuous
messuring the dam body horizontal dispacemens,
monitoring profiles 37 continuous

- measuring the dam body hnnmnml -lnplmm:ms. :

monitoring profiles 1, 2, § 4 times a year

- meuuring dam body verticl diplacements, selement -1 4 times 4 year
-+ measuring piezometric levels in the downsttcam dam toc . . . .. once @ week
o llery seepage measurements . . . . i . onee n week
- scismological monitoring e . continuous
- reservoir water level gagi C...... continuous
- outing gallery lining deformation, comvergence

4 e vl g e 3 4 times a year
-+ dam crest exension and contracting measurement

continuous
continuous

B v o

The continuous measurements arc automatic, computer controlled from the Data
Aoniin S T frequency and intervals of the automatic measurements shall be
determined by the Architect/Engincer.

Monitoring and measurements during the dam operation

I the first Syear period of the remediated dam operation prove that the monitoring.
schedule need not remain the same, the below intervals shall appiy:

-+ visual observation once a day
~ soodetic suney of horizontal and verical diplacoments . wice a year
- concrete wall tiing and wisting measurcments,
automatic clinometer continuous
- concrete wall nnmg s titing rmemsursnets,
portable cinomet Ceees wice ayear
b G e « contimuous
continuous

-+ day core toul pressures gaging




measuring the dam body horizontal displacemens,

monitoring profiles 37

- measuing the dam body horizonal cisplacement,

monitoring profiles 1, 2, 8

uring dam body vertical displacements, setement
measuring piczometric levels in the downsiream dam toe

grouting gallery lining deformation, conser:

vault dislacement measurement

dam crest extension and contracting measurement

hydrometeorological measurements

Photo 13,

PERUCA DA REMEDATION
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continuous

twice a year

continuous
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CONCLUSION

After remediation, the Peruéa Dam shall be put into operation and therefore cxposed

the extreme design loads.

 remediated Peruca Dam system is conceived 50 as (0 encompass all the key
structural elements and ensble the dam behavior monitoring during its ope:
el dam monioin s he nly vay 10 conrl s sy and ey i apemion,
and check the soundness of the design solution tion. On the
other hand, it enables timely response (o any emergency.

in its remedi
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Part of the Konstruktor - Inenjering crew engaged on the
grouting gallery reconstruction
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