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1.2

INTRODUCTION
OBJECTIVES

The Panama Canal is a lock-type canal, approximately 80 kilometers long that
unites the Atlantic and Pacific Oceans. The Canal’s three sets of locks serve as
water lifts, which elevate ships 26 meters above sea level to the Gatin Lake. The
Gatin concrete spillway, which was constructed between 1908 and 1913, is an
integral part of the Gatin Dam System, and together they retain the water of the
Chagres, Trinidad, and Gatun Rivers to form the Gatun Lake, which regulates all
the water needed for Canal operations.

Recent studies have revealed that the cities of Panama and Colon are located in
areas of higher seismic activity than previously assumed. Consequently, this
increased concern about the seismicity of the region motivated the Panama Canal
Authority to initiate an extensive program to evaluate the seismic risk and the
stability of vital structures along the Panama Canal.

The need to verify the seismic adequacy of most structures along the Panama
Canal, has led the Panama Canal Authority to perform evaluations of the scismic
stability of major structures within the Panama Canal Basin including the Gatin
Spillway, work which is surnmarized in this report. The objective of the present
work is to evaluate the seismic adequacy of the concrete spillway by assessing the
following:

a. The possibility of seismically induced failure of the whole or a part of the
concrete spillway during an earthquake.

b. The possibility of seismically induced failure of the whole or a part of the
piers holding the stoney gates on top of the spillway.

BACKGROUND

On April 1904, the United States of America initiated the construction of what
would be known as the Eighth Wonder of the World, the Panama Canal. It would
take 10 years to complete this monumental project. The engineering problems
involved digging through the Continental Divide; constructing the largest earth
dam ever built up to that time (Gatin Dam which also included a concrete
spillway); designing and building the most massive canal locks ever envisioned;
and constructing the largest gates ever swung.

The decision to build the canal through the Isthmus was based mainly on the
narrowness of the area, the absence of high mountains, and specially the absence
of earthquakes. However, on the night of September 7™, 1882, the inhabitants of
Panama and Colon City were aroused from their beds by one of the longest and



most severe earthquake shocks ever experienced in these cities. The motion
lasted, according to newspapers from that time, approximately 30 seconds, and it
was wave like, proceeding almost directly from North to South.

No strong motion record was obtained from this earthquake, but from the
intensity reported and recorded through newspapers, letters ctc., it is estimated
that the magnitude of the earthquake was approximately of M 8.0 (Mendoza and
Nishenko, 1989). It is also believed that the epicenter of the motion was offshore
(Figure 1), in the northeastern sector of the North Panama Deformed Belt.

Although this earthquake only caused three deaths and damages in the amount of
$250,000.00 at that time, the significance of this event in our today’s economy
goes beyond the imaginable.

An 80 year old earth dam, built mainly out of hydraulic fill, and subjected to
ground motions exerting forces greater than those ever imagined, would probably
suffer large deformations, liquefaction effects or simply foundation failures. The
same and other problems could affect the concrete structures built alongside the
dam, which not only work as originally planned (spillway and locks wall), but
also as containers of water of the Gatin Lake.

The Gatiin Lake is the heart of the operations of the Panama Canal. It provides the
water needed to perform the lockage of thousand of vessels passing through the
Isthmus every year. The loss of the water of this lake due to the failure of one or
more of the structures built along its stream would mean the paralyzation of the
Panama Canal operations. Obviously, the stop of operation would result in an
enormous loss of money, which would affect directly the economy of the country.

CARTAGENA

,MON TERIA

/

COLOMBIA
7

-~ «MEDELLIN

Figure 1. Intensity map for the 1882 San Blas Earthquake
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SCOPE OF WORK

The present report includes all the stability analyses performed to the Gatin
concrete spillway (monoliths and piers). These analyses were divided in several
sections: a simplified analysis of the dam section, sliding and overturning
analyses, block sliding analyses, and a finite element procedure for the piers
analysis.

The report also includes a summary of the Seismic Hazard Assessment report
performed at the Gatun Area by the United States Geological Survey (Schweig et
al., 1999). In addition, a comprehensive site investigation was carried out to
determine the geotechnical characteristics of the Gatin earthdam and spillway.
(Yule, 1996)

METHODOLOGY

a) Simplified Procedure:

The dynamic analysis of the monoliths of Gatin Spillway was performed
using a simplified procedure developed by Chopra and Tan (1989) for gated
spillway monoliths of concrete gravity dams.

The simplified procedure takes into consideration the following parameters:

a) Reduction in stiffness and weight of the piers

b) Soil-structure interaction

¢) Hydrodynamic forces exerted by water behind dam

d) Energy dissipation due to material placed at bottom of lake
e) Response Spectrum analysis

This procedure yields lateral forces to be used in static analysis of stresses
along both faces of the spillway (only the monolith). This stress distribution
can be determined by beam theory or the finite element method.

b) Finite Element Procedure:

The second set of analyses was aimed at obtaining the response of the piers
when they are subjected to ground motion acting in the cross-stream direction
and were implemented through a finite element (FE) procedure using the FE
software SAP 2000.
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PROJECT DESCRIPTION

LOCATION

The Gatiin Spillway, which was constructed between 1908 and 1913, is an ‘
integral part of the Gatdn Earth Dam System.

This structure is located in the north side of the Panama Canal, and together with
the earth dam, they retain the water of the Chagres the Trinidad, and the Gatin
Rivers to form the Gatiin Lake

GENERAL ARRANGEMENT

The Gatiin Dam system is composed of the concrete gated spillway, the east earth
dam, the west earth dam, and a powerhouse (Figure 2). The power intakes are
located next to the spillway.

The dam has an elevation of approximately 105 ft elevation above the sea level,
and its total length is approximately 8,200 ft. The slopes of the dam are very flat,
varying from 1:8 at the upstream face to 1:16 at the downstream face. The
concrete spillway is located in the middle of the earth dam, dividing it in two
sections called the East Side and the West Side.-

Figure 2. Gatiin Dam, Spillway and Locks
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A third component of the dam system is the Gattin Locks. This structure 1s located
at the northeast side of the earth dam and its function is to lift up and down
vessels coming from and to the Atlantic Entrance of the Panama Canal.

The normal operational level of the Gatun Lake is approximately at elevation
87.5 ft above sea level. The level of the lake is monitored by the Meteorological
and Hydrographic Branch of the Panama Canal Authority (ACP), who are the one
deciding when to operate the spillway and the powerhouse. Power generation 1s
only possible during the raining season, since the water is mainly used for the
lockage of vessels.

CONCRETE SPILLWAY

The Gatun Spillway is a 107.5 ft high (piers included) concrete gravity dam with
a horseshoe shape (Figure 3). The spillway consist of three sections: an ogee
section, piers built at the top of the ogee section to hold the steel gates (Stoney
Gates), and a discharge channel which varies in thickness from 4.0 ft at the upper
end to 1.0 ft at the lower end. However, below the ogee, where great water
disturbance is expected, the thickness was increased to 12.0 fi. The latter was
constructed at the end of the ogee section to conduct the waters collected from the
lake, into the Chagres River stream. In order to reduce the velocity of the flow
downstream and obtain a uniform flow at a reasonable velocity in the discharge
channel, a baffle system was then introduced in the floor just below the dam.

The crest is divided into openings or bays by piers, which extend above the crest
high enough to permit the stoney gates to be raised clear of the water and to allow
the safe passage of drifi. Each stoney gate weighs about 42.5 tons and are
essentially steel frames, consisting of two end post, four horizontal main girders,
and three vertical cross girders with intercostals and braces. Their dimensions are
approximately 45 ft wide, 22 ft height and four to five inches thick. At the back of
the gates (facing the lake) the frame is covered with watertight steel plates, butt-
jointed with calked cover plates.

Inside the spillway (ogee) it was constructed a machinery tunnel extending
throughout its length and beyond it. This tunnel gives access to the mechanism
controlling the gates.
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Figure 3. Gatin Spillway plan view.

GEOLOGY

The Gatin Dam crosses over the streambeds of the Chagres River and the French
Canal (Figure 4). These beds were dredged to satisfactory sandy clay in the
Chagres River, and to original blue clay in the French Canal. The Spillway Dam,
which would be located at midway between Monkey and Mindi Hill (borders for
the earth dam) has been built on top of argillaceous sandstone next to two gorges
filled with recent river alluvium. This sandstone hill was then known as Spillway
Hill.

The rock underlying the spillway consists of sandstone of the Gatiin Formation. It
is fine to coarse-grained, moderately to widely bedded, highly carbonaceous and
fossiliferous, and sometimes contains scattered sub-to-well-rounded pebbles of
varying composition, mostly 3 ¢m in length. It is altered to clay minerals and is
usually dark green-gray to black in color, mottled with cream.

From recent borings taken at the downstream face of the spillway, it has been
detected that the contact between the structure concrete and the rock foundation is

tight.
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Figure 4. Gattin Dam longitudinal section (Pratt, 1999)
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AS BUILT CONDITIONS

About midway in the length of Gatin Dam there was a rocky hill outcropping,
which provided an excellent site for the regulating works, affording a suitable
foundation for the heavy concrete structure. The extent of this available
foundation determined in part the length of the spillway dam and, consequently,
the elevation of the crest, which was placed at elevation 69.0 ft above sea level.

For the construction of the Spillway Dam, a cut was made through the
outcropping hill (Photograph 1 — Appendix A.4). Concrete floor and side walls
were put in except at the site of the spillway dam (Photograph 2 — Appendix A.4),
where low piers were built in the channel to key the dam to the rock and to serve
for supports for stop-planks or cofferdams needed to shut off the water and permit
the placing of concrete (Photograph 3 — Appendix A.4). These sections had to be
completed before the Chagres was forced into this channel, because afier that it
would be necessary to reckon with the river in completing the work. Figure 5
shows the three cross-sections of the spillway as they were built along its length.
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Figure 5. Spillway sections along the length of the structure. First section
form left corresponds to the abutments, while the second and third
corresponds to sections at Pier B and Pier A respectively.

As seen in Figure 3 and Figure 5, two different types of piers were built. The
Type A, which are 15.0 ft wide piers located in the middle section of the spillway,
and the Type B, which are 8.0 ft wide piers.




Since the pter sections were raised before the ogee (Photograph #4 — Appendix
A.4), all of the pier concrete, except the extreme southern ends, was imbedded in
the dam. The concrete in the ogee below was dumped from cars into chutes, and
placed by gravity.

Photograph #5 in Appendix A.4 shows the spillway works near completion. The
low-level culverts left in the body of the dam which are shown in the photograph,
were provided with some of the sluice gates afterwards installed in the lock-filling
culverts. These culverts controlled the elevation of the lake during the rainy
season, and as soon as the excavation in the Gaillard Cut finished, they were
closed at their upstream ends and filled with concrete.
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1.1

FIELD INVESTIGATION
MATERIAL PROPERTIES

As part of the Gatun Dam studies, a comprehensive site investigation, which
included field and laboratory testing, was carried out from 1994 to 1997 (this
work was summarized by Franceschi, 2001). The main objective of these
investigations was to evaluate the geotechnical conditions of the earth dams (not
included in this report) and concrete structures.

First, a series of geophysical tests were performed in the earth embankments and
their foundations. A second testing program was oriented to obtain the concrete
properties of the spillway monolith.

a) Geophysical Tests

The geophysical investigations were originally conducted as part of the
seismic stability evaluation of the Gatin Earth Dam. However, since the
analysis presented in this report takes into consideration the dam-foundation
rock interaction, several soil parameters should be considered and determined
beforehand. One of the most important soil parameters to be estimated is the
Young’s modulus of elasticity of the foundation rock (E¢). This value should
be determined from a site investigation and appropriate testing according to
Chopra and Tan (1989).

During 1995 and 1996 a team from the Waterways Experiment Station (WES)
conducted several field tests in the vicinity of the concrete spillway (Yule,
1996 and Olsen & Yule, 1997). They performed cone penetration tests (CPT)
and shear wave velocity tests. This geophysical seismic test program consisted
of crosshole and downhole seismic boreholes tests. The holes were extended
25 ft into rock, but did not exceed 300 ft in depth, due to limitations of the test
equipment.

Direct determination of the shear modulus (G’) is difficult; therefore this
material property was derived accurately from direct measurements of in situ
shear wave velocities (V). The G’ is dependent of strain levels, and since the
seismic velocities measurements from these in situ tests are small strain based,
the calculated modulus is a maximum shear modulus, G’ .

10



The shear wave velocity is first related to the dynamic elastic constants of the
soil according to the Theory of Elasticity as:

) 2
G’ max = pVs
where,
Vs = shear wave velocity
p  =mass density

Then, the relationship between the shear modulus G’m.x and stress-strain
modulus F; is the same as for static conditions and is given by the following
relationship:

Be=2 (1 + 1) G rmax

Where, u is Poisson’s ratio (assumed to have a value of 0.2 for the rock type
present at the site).

Figure 6 shows the locations of the borings along the Gatin Dam where the
shear wave velocities were taken, and Table 1 provides the resulting shear
modulus and elasticity modulus respectively. It is important to note that the
shear wave velocities at section C are significantly lower than those at other
sections. It is believed that these lower values were influenced by the presence
of highly weathered rock. However, when implementing the simplified
procedure of analysis described in Chapter V, the response of the structure is
not notably affected by considering these low values in the calculation of the
modulus of elasticity.

NOT T SCALE
=

Figure 6. Location Map of Seismic Testing Sites at Gatan Earth Dam and Spillway
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Unit Shear Wave Shear
Section Site Boring Mass Velocity Modulus Es
r v, (G'=rv})| (ksi)
(Lbs-sec’/ft*) (ft/sec) (ksi)
1 GDV-1 --- 4.348 2452 181.53 436E+02
2 GDV-2 --- 4.348 2659 213.47 5.12E+02
Section GDV-3 - 4.348 2602 204.42 491E+02
B GDV-7 -—- 4.348 2190 144.81 3.48E+02
GDV-4 7-8 4.348 --- . -
Section 7-19 4.348 1003 30.37 7.29E+01
C GDV-8 5-6 4.348 -—- -—- -
5-18 4.348 1156 40.35 9.68E+01
GDV-5 11-12 4.348 2221 148.94 3.57E+H02
Section 11-21 4.348 2281 157.09 3.77E+02
E GDV-6 10-20 4.348 2661 213.80 5.13E+02
10-9 4.348 2290 158.34 3.80E+02
Average 4.348 2151.50 149.31 J.58E+(2

Table 1. Values of Shear Modulus and Modulus of Elasticity for rock underltying

b) Concrete Tests:

the spillway, obtained from shear wave velocities (Yuled, 1996).

The Gatin Spillway was built out of mass concrete with no reinforeing steel,
although some railroad rails were placed or left inside the concrete. About
225,000 cu yd. of concrete were used in Gatun Spillway, nearly all of it being
1:3:6 mixtures (Sherman, 1916). Therefore, the second part of the field
investigations consisted in obtaining core samples from the spillway to obtain
acceptable and reliable concrete properties from the spillway (Franceschi &
Ramesh, 1999). All tested samples were obtained from the downstream face
of the spillway at ten different locations and the cores were typically 6-in in
diameter. Figure 7 shows a typical drilling operation performed at the
spillway. Five holes were drilled horizontally and five were drilled at a 30°
angle with the vertical. They were distributed along the spillway apron
perimeter in an alternating fashion.

12




The horizontal holes are 10 ft in length, and the angled holes vary from 18 to
20 ft in length. The core samples obtained from the horizontal holes were used
in the laboratory for standard concrete testing; the angled holes were drilled
from the concrete base to the underlying rock to determine the condition of
the contact between the dam and the rock foundation. All samples were tested
at the Geotechnical Laboratory of the Panama Canal Authority.

Figure 7. Drilling site for concrete core samples

The objective of this concrete testing program was to obtain three concrete
properties needed for analysis: the modulus of elasticity, the compressive
strength and the tensile strength, The first and second one are determined by
testing to failure the 6-in diameter by 12-in concrete cylinders at a specific
rate of load (unconfined compression test). The results of such test (Appendix
A.2) indicate that the mean value of the compressive strength of the specimen
is f o= 2,200 psi.

On the other hand, the tensile strength of the concrete is quite difficult to
measure with direct axial tension loads. As a result of these problems, the
standard practice is to measure the splitting tensile strength by testing a
cylindrical core placed on its side in a testing machine and applying a
compressive uniform load along the length of the cylinder (ASTM C 496).
The value obtained this way is known as the static tensile strength. The mean
value of the results obtained from such test is £/, = 270 psi (see Appendix A.2).
However, for evaluating the seismic safety of the spillway, the tensile strength

13



of the concrete was estimated by using an empirical relation:
fi= 1.7j’c2/3 = 290 psi. Considering that this tensile strength is representative
of the static strength but not the dynamic tensile strength, it was necessary to
increase this value by multiplying it by about 4/3 to account for the nounlinear
behavior of concrete near failure and then increased it by 50% (Figure 8) to
account for rapid loading when judging the seismic safety of a concrete dam
(Chopra, 1988), then:

F1=3.4P2" = 580 psi
The modulus of elasticity (E.) of the concrete was determined according to the

ASTM C 469. The test results showed that the mean value of the Modulus of
Elasticity of the concrete is E. = 3.02 x 10° psi.
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Figure 8. Design chart for tensile strength (Raphael, 1984)

Concerming the aggregate size of the spillway concrete, a particle size analysis
(sieving) has also been performed at the Geotechnical Laboratory of the
Panama Canal Authority. The results of this analysis, shown in Appendix A.2,
indicate that the maximum grain size of the aggregate is approximately 3.5
inches.

14



II1.2

RESERVOIR BOTTOM MATERIAL PARTICIPATION
For the reservoir bottom materials, the following parameters should be obtained:

a) Modulus of elasticity of bottom materials

b) Wave reflection coefficient (o)
c) Hysteretic damping coefficient.

In Chopra & Tan (1989) 1t i1s mentioned that in order to obtain a conservative
value of the “wave reflection coefficient”, the parameters may be based on the
properties of the impounded water and only the underlying rock (Ej), thus
neglecting the additional wave absorptiveness due to the overlying sediments.

Where, p is the density of the water; p, is the density of the underlying rock; C is
the velocity of sound in water; and C; is the velocity of sound in the underlying
rock which can be determine with the following equation:

C,=yE/p.

Where E; is the Young’s modulus of the underlying rock.

15



IV.

Iv.1

SEISMIC GROUND MOTION PARAMETERS
DESIGN GROUND MOTIONS

The seismic evaluation of the Gatin spillway required the identification of
appropriate design earthquakes. Since 1992, several works were carried out to
elucidate the seismic hazard of the Gatin Dam area (Vergara, 1992; Schweig et
al., 1999; Joyner, 1999; and Cowan, 2001) and hence obtain a predictive model
for ground motions. Firstly, a deterministic approach was selected to develop the
design ground motion. Three possible earthquake sources were identified (from
these studies) that could affect the Gatun Dam site (Figure 9): 1) the North
Panama Deformed Belt (NPDB); 2) the Rio Gatin Fault; and 3) Caribbean Coast
Faults near Gatin Dam. It was concluded that ground motions associated with the
North Panama Deformed Belt be used m our seismic evaluation of the Gatun
Spillway, as this is the most critical source. This was also discussed and agreed at
the 8% Meeting of the Geotechnical Advisory Board (Duncan et al., 1998).

The North Panama Deformed Belt (NPDB) 1s a large submarine fold-trust belt, or
an accretionary wedge that bounds the northerm margin of Panama, the northeast
coast of Costa Rica and extends into the Golf of Uraba in western Colombia. It is
considered the zone of convergence between the Caribbean Plate and the Panama
microplate (block). Although, the NPDB is not a typical subduction zone, it
should be considered as such for the purpose of choosing ground motions.
Schweig et al., 1999 proposed that this source could potentially produce a shallow
dipping thrust earthquake of moment magnitude M 7.7 at a distance of 35 km
from the site. This is deeper than a crustal earthquake that typically occurs in the
upper 20 km of the overriding crust.

Secondly, Joyner (1999) recommended the use of an attenuation relationship
based on data obtained from the 1985 Chile Earthquake, which was originated in
a subduction zone and has conditions somehow similar to the NPDB (soil type,
moment magnitude and site-to-source distance). This relationship yields median
and 84" percentile values of peak ground acceleration of 0.313 g and 0.544 g,
respectively at a distance of 35 km, on rock for rupture propagation toward the
site. Considering the Gatin Spillway an essential and critical facility for the
Panama Canal, it was decided to adopt only the 84™ percentile value of peak
ground acceleration (meant+1 standard deviation) as the dominating parameter for
the analysis; therefore, that value was assumed as the Maximum Design
Earthquake (MDE), which, in the case of Gatin spillway was set equal to the
maximum credible earthquake (MCE).

16
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Figure 9. Map of possible earthquake sources (Cowan, 2001)

Several records form the 1985 Chile earthquake data (Figure 10) were then scaled
to the 84™ percentile of the design peak ground acceleration and used as input in
our evaluation. Furthermore, data from the 1991 Limon Earthquake (Costa Rica),
which was triggered on the NPDB (Figure 10), was also included in the analysis.
In this case, the scaling procedure was applied to the ground motion record from
Siquirres station.

These individual records, however, are site-dependent and the jaggedness in their
response varies from one event to another even if they were recorded at the same
site. Consequently, the peaks and valleys from the records are not necessarily at
the same period and it is not possible to predict the jagged response spectrum in
all its details for a ground motion that may occur in the same site. In this case, the
appropriate procedure is to design a smooth response spectrum, which is a
statistical combination of many earthquakes recorded at the site.

17



IV.2 ATTENUATION RELATIONSHIPS

Considenng the limitations of individual records and the variation of what type of
earthquake motion to be considered, several ground motions’ spectral acceleration
relationships were used for comparison purposes (see Table 2):

a) For shallow crustal earthquake, the relationship developed by Abrahamson &
Silva (1997) was used.

b) For intermediate depth subducting events with specification of an interface
(intermediate depth) earthquake, we included the relationship—developed by
Youngs et al. (1997).

c) For combined deep and shallow events for sources in Central America, the
relationship developed by Climent et al. (1994) was also considered.

d) For subduction zones using earthquakes with moment magnitude greater than
7.7 in the distance range of interest, we selected the relationship modified by
Joyner (1999).

Figure 11 summarizes the response spectra of all these attenuation relationships,
mcluding the response spectra of two individual records (1985 Chile Earthquake
represented by the Pichilemu record and 1991 Limon earthquake represented by
the deconvoluted Siquirres record). As seen in this figure, the response spectrum
for the Joyner attenuation relationships has been constructed using the Newmark
and Hall procedure (USACE, 1999) for a PGA of 0.544 g (mean + 1 standard
deviation), since no coefficients for the attenuation relationship were available at
the time this work was elaborated.

Considering that the intermediate depth source is the controlling source and that
the selected accelerograms are representative of this source, the relationship by
Youngs et al. (1997) provides a suitable envelope of the entire spectral ordinates
of both the Pichilemu and Siquirres record. The relationship modified by Joyner
also considers the maximum accelerations bracketed by the range of attenuation
relationships.

18



Table 2. Ground Motion Peak Values for the Seismic Evalnation of the Gatun Spillway

{Mw = 7.7 @ 35 kms - North Panama Deformed Belt)

Closest Closet Focal Attenuation Seil Rupture | Hanging Mean Values Mean + 1 SI) Values

Fault Type M Distance Distance Depth Relationship Type & Fault Wall PGA PGV PGD PGA PGV PGD

(km} to rupiure {km}) Type Site {g} {cm/s) (em) & {emis) (cm}

Subduction Zone 7.7 35.0 - - Joyner (1999) Rock Forward - 0.313 20.2 7.9 0.544 5.9 14.5

(Ms})

Shallow Crustal 7.7 35.0 — -— Abrahamson & Silva Rock Strike-Slip] Otherwise 0.158 14.4 8.0 {.243 22.1 23
Earthguake {Ms) (1997)

Intermediate Depth Subducting 7.7 350 10.0 335 Youngs et al. Rock Interface —-- 0.295 268 14.9 D.582 53.0 195
Event with Specification of {Ms) (1997)

an Interface Earthguake

Subduction Shallow Crust 7.7 35.0 - - Climent et al. Rock | -—- —-- 0.178 15.9 8.7 0.376 3390 17.7

Earthquakes for Central America (Ms) (19%4)
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V.2

SIMPLIFIED ANALYSIS
INTRODUCTION

The simplified analysis procedure was first introduced in 1978 (Chopra, 1978)
and subsequently improved and extended (Chopra & Fenves, 1986) for the elastic -
design and safety evaluation of non-overflow concrete gravity dams. Later, the
procedure was extended (Chopra & Tan, 1989) to analyze gated spillway
monoliths. In this latest procedure, the lateral forces associated with the
fundamental vibration mode of the gated monoliths are estimated directly from
smoothed design spectrum. This procedure also considers the effects of water-
dam interaction, water compressibility, absorption of hydrodynamic pressure
waves in the reservoir bottom materials and underlying foundation rock, and the
response contribution of higher vibration modes.

The purpose of using this method in the present analysis is to determine the
dynamic response of the spillway section. A 3-D analysis should only be
considered if the stresses determined by the beam theory are close to, or greater
than, those allowed.

SYSTEM IDEALIZATION

For the implementation of the simplified method, it was first necessary to
determine the cross section to be used.

a) Assumptions

A three-dimensional analysis may seem necessary to predict the seismic
stresses in the horseshoe shaped Gatiun Spillway with shear keys between
monoliths. The approach adopted here is different. If a simpler two-
dimensional analysis demonstrates that the computed stresses are less than the
tensile strength of concrete, then we can argue that a 3-D analysis is not
necessary. Therefore, it was initially assumed an equivalent two-dimensional
(Figure 12) system of unit thickness along the dam axis with the mass and
elastic modulus of the monolith kept a their actual values, but those of the
piers reduced by the ratio of monolith thickness to pier thickness.

Another assumption made by the simplified procedure establishes that the
equivalent two-dimensional system is supported on a viscoelastic half-plane
and impounding a reservoir of water, possibly with some sediments at the
bottom. The dynamic effects of the tail water are neglected in the analysis
because it is usually too shallow to influence the dam response.
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Figure 12. Two-dimensional model of Gatiin Spillway, showing monolith and pier A

b) Model Geometry

A two-dimensional equivalent system has been assumed for the two different
piers section and it is represented by the properties of a series of honzontal
sections distributed throughout the height of the dam. A consequence of this
geometric representation i1s that the simplified analysis procedure cannot
account adequately for voids or large geometric changes in a dam, such as
machinery tunnel or gate shafts.

The Gatun Spillway idealization to be used in this procedure is described as
follows:

Spillway cross-section: The cross-sections used in this procedure have been
divided in 13 blocks for the type-A pier section and 14 blocks for the type-B
pier section. Figure 13 show the distribution of these block in the
cross-section corresponding to the Type-A section.
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Galleries and Shafts: The voids produced by the machinery tunnel that runs in
the cross-stream direction of the spillway, as well as the shafts from the
machinery to the gates have been neglected.

Monolith and Pier Width: The dimensions of the monolith and piers were
taken from actual values, as shown in drawings kept at the Panama Canal
Authority Library. The monolith width for the type-A pier is approximately
63.75 ft and the pter width is 15 ft. This gives a ratio of pier width to monolith
width of 0.25. For the Type-B pier section, the width of the monolith is
56.88 ft and the pier width is 8.0 ft. This gives a ratio of 0.14.

Height of Model: The height of the dam section 1s 61 feet and the height of the
piers is 46.5 fi (from top of ogee section to the top of pier), which yields a
total height for the structure of 107.5 ft.

Stoney Gates: The analysis has included the weight of the steel gates, which
has been obtained for a one-foot strip.

DAM ELEVATION, feet

1075 —
103.5 —

837 —
850 —

770

610 —

495 —

41—
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T I = (T =11 1 =i

=== NI = = —]
i RO == 132111 [T} A== = S —

Figure 13. Block model of Gatin Spillway (section at pier A)
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V.3

¢) Pool Elevation Condition

Several basic loading conditions are generally used in the stability analysis of
concrete gravity dams. For the implementation of the simplified analysis,
however, the load case used to obtain the stresses corresponds to the “Extreme
Loading Condition” case, which considers the structure under normal
operating conditions with the maximum credible earthquake (MCE).

The usual pool elevation has been established for analysis purposes at an
elevation of 87.5 ft above the sea level, which corresponds to the normal
operating level. Being the elevation of the bottom of the dam along 8.0 ft
above the sea level, the head of water acting against the structure is 79.5 ft
(see Figure 12)

ANALYSIS RESULTS

For the seismic evaluation of the Gatin Spillway the simplified procedure was
implemented using a Microsoft Excel spreadsheet that contains the dynamic
response factor tables from the original report (Chopra & Tan, 1989} and the
appropriate formulae (see Appendix A.1).

The results from the analysis include the maximum hydrodynamic and inertial
earthquake forces represented by equivalent lateral forces at each of the horizontal
sections. The magmtude of the forces depends on the spectral acceleration
evaluated at the estimated fundamental vibration period of the dam. The
distribution of the earthquake forces is based on an assumed mode shape for the
fundamental mode.

The response contribution of the higher vibrations modes may have been
neglected in the analysis because the response of short vibration period structures,
such as concrete gravity dams, i1s primarily due to the fundamental mode of
vibration. However, the height-wise mass distribution of concrete gravity dams is
such that the effective mass in the fundamental vibration mode is small.
Therefore, the contribution of the higher modes to the earthquake forces has been
included in the analysis.

The lateral forces associated with the fundamental vibration mode are computed
to include the effects of dam-water interaction, water compressibility, reservoir
bottom absorption, and dam-foundation interaction. On the other hand, the
response contribution of the higher modes are computed under the assumption
that the dynamic amplification of the modes is negligible, the interaction effect
between the dam, impounded water, and foundation rock are not significant, and
that the effects of water compressibility can be neglected.
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The total effects of the fundamental mode (r;) and the higher modes (r.) are
combined by the square-root-of-sum-of squares (SRSS) method. In order to
obtain the total value of the response, the SRSS estimate of the dynamic response
is then combined with the static effect (ry). The latter includes the initial stresses
in the dam prior to the earthquake due to the effects of the self-weight of the dam
and the hydrostatic pressures. The combination of the static and dynamic stresses
should allow for the worst case, leading to the maximum value of the total
Tesponse:

— 2 24172
Tmax = Vg £ (1" +rg°)

Considering the dam monolith to be a cantilever beam, the vertical bending
stresses are computed at the bottom of the blocks of the monolith (not the pier)
using elementary formulas to compute beam stresses. Since the equivalent lateral
forces consist of forces associated with the mass of the dam and the
hydrodynamic pressure at the upstream face, the first are applied at the centroid of
the blocks, while the later is then applied as a linearly distributed load to the
upstream face of each block.

The maximum principal stresses can then be obtained from the calculated vertical
bending stresses (Gyi1, Oy,sc, & Oyst) by an appropriate transformation:

2
G| = Gyl sec’6 + pitan@

where Ois the angle of the face with respect to the vertical, and p; is the
hydrodynamic pressure. The second term can be neglected for the downstream
face since no tail water is included in the analysis. In the same manner, the first

term 1is negligible for the upstream face of the spillway since it is vertical (6 = 0).

These two facts, however, allow the combination of the principal stresses (o, and
Oy} at any location using the SRSS combination rule, which would not be
appropriate otherwise. Since the principal stresses become proportional to the
corresponding normal bending stresses (and hence to the modal coordinates) with
the same proportionality constant sec’d, the combination rule can be applied.

The simplified procedure considers several effects that influence the behavior of
the monoliths. Two of the most important are the dam-water interaction and the
dam-foundation interaction. Both of them are controlled by several parameters
that may influence the response of the structure to the input motion.

The reservoir level affects the dam-water interaction, therefore, two reservoir
levels are considered in the analysis: a) reservoir empty; and b) reservoir at
normal operational level. On the other hand, the dam-foundation interaction also
modifies the natural vibration period and the added damping ratio of the system.
This effect is highly influenced by the modulus of elasticity of the rock
foundation. In the case of the Gatin Spillway, the field and laboratory tests
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showed that the Modulus of Elasticity (Ef) of the rock foundation is much smaller
than the one of the concrete (E.), therefore, the analysis can be performed
considering a flexible foundation. (E;/E. < 4). However, at this point it is
important to note that cracks may occur in the concrete of the spillway during the
earthquake, thus reducing its modulus of elasticity (E;). Considering this
condition, the analysis has been performed assuming the following:

a) The rock foundation is considered rigid in the simplified analysis (this
condition has been proved to be more conservative)

b) The Young’s modulus of the concrete is 3.02 x 10° psi, then the Young’s
modulus of the rock foundation is estimated in 15.0 x 10° psi to comply with
the relation E;> 4E,.

The spillway was then analyzed for the ground motions characterized by the
pseudo-acceleration response spectrum shown in Figure 11. For each analyzed
case, a pseudo-acceleration value has been assigned according to the appropriate
period and damping values shown in Table 3.

Considering that the natural vibration period and the added damping ratio of the
system are influenced by the Young’s modulus of the concrete, and because the
Young’s modulus can also vary considerably as function of the concrete
condition, analyses were also performed using the maximum acceleration given
by the attenuation relationship to obtain the maximum possible response of the
structure.

Fundamental Mode Properties
Attenuation Foundation Reservoir Concrete Vibration Damping PGA Pseudo Acc.
Relationship Rock E, Period Ratio Sa (T.E)
T, &
(psi) (sec) (g's) (&'s)
Joyner Rigid Empty 3,020,000 0.077 0.050 0.544 1.0476
Joymer Rigid Full 3,020,000 0.087 0.049 0.544 1.1400
Yongs Rigid Empty 3,020,000 0.077 0.05 0.5823 0.9852
Youngs Rigid Full 3,020,000 0.087 0.049 0.5823 1.0476

Table 3. Simplified procedure parameters and fundamental mode properties
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For purposes of preliminary analysis of concrete gravity dams, the key property
that determines the capacity of concrete dams to withstand earthquakes is the
tensile strength of the concrete; although the compressive stresses should not
exceed the compressive strength of the concrete either. Figures 14 though 19
compare the principal tensile stresses generated along the upstream and
downstream faces of the structure under seismic loading against the tensile
strength of the concrete. Because the upstream face of Gatin Spillway is vertical
and the effect of the tail water at the downstream face has been neglected, the
bending stresses calculated through the simplified analysis are the same as the
principal stresses. It is clear that, even for the case under the conservative
assumption of a rigid foundation, the dynamic stresses computed are below the
seismic tensile strength of concrete, indicative that the main cross-section of the
spillway has sufficient capacity to withstand the considered ground motions

It is important to note that beam theory overestimates the stresses near the sloped
downstream face of the spillway. This error depends on the slope and heightwise
distribution of equivalent lateral forces on the downstream face. To overcome this
problem, the method also recommends that oy, and o, computed at the sloping
part of the downstream face should be multiplied b v a factor of 0.8. However, the
results do not show this reduction since the evaluation demonstrates that the
stresses at the downstream face are well below the minimum limits.
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Figure 14.  Stress distribution at both faces of spillway under usual loading condition
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V1. STABILITY ANALYSIS OF GATUN SPILLWAY

VI.1

V1.2

INTRODUCTION

The Gatin concrete spillway might be considered as a huge concrete gravity wall.
Therefore, in addition to the sliding block analysis performed previously, the
structure should be structurally stable against overturning and sliding along a
failure plane for several loading conditions.

In 1977 the United States Corps of Engineers (USACE, 1977) performed an
inspection to all the spillways and dams of the Panama Canal. From this
inspection, USACE generated several reports describing the conditions of the
structures, which included a stability analysis of such dams and spillways in order
to determine their static and dynamic capacity against sliding and overturning.

In the present report, a separate analysis is performed for several load conditions
using the limit equilibrium method and comparing the results to the one obtained
by USACE (1977). By this method, the shear force necessary to develop sliding
equilibrium ts determined for an assumed failure surface. A sliding mode of
failure will occur along the presumed failure surface when the applied shear
exceeds the resisting shear.

Both analyses include the sliding stability for an earthquake-induced base motion;
therefore, the specified horizontal earthquake motion has been assumed to act in
the downstream direction, which is the most unfavorable direction. These
earthquake-induce forces on the structure were determined by the seismic
coefficient method as describe latter.

LOADING CONDITIONS
Several basic loading conditions are generally used in the stability analysis of
concrete gravity dams. Following there is a description of the four basic loading

cases analyzed:

Usual Loading Condition: The dam is operating under normal conditions, and
the analysis includes the following:

a) Pool elevation at top of closed spillway gates
b) Minimum tailwater
c) Silt pressure
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Unusual Loading Condition: The dam is operating under the following
conditions:

a) Pool at Standard Project Flood (SPF)

b) (ates at appropriate flood-control openings
¢) Tailwater at flood elevation

d) Silt pressure

The SPF level of the Gatin Lake is 89.14 ft above the sea level. Therefore, the
head of water acting against the structure is 81.14 ft.

Extreme Loading Condition #1: The analysis of the dam under this case
includes the following:

a) Maximum Credible Earthquake (MCE)

b) Horzontal earthquake acceleration in downstream direction
¢) Usual pool elevation

d) Minimum tailwater

e) Uplift at pre-carthquake level

Extreme Loading Condition #2: The analysis of the dam under this case
includes the following:

a) Pool at Probable Maximum Flood {PMF)

b) All gates open and tailwater at flood elevation
c) Uplift pressure

d) Tailwater pressure

e) Silt Pressure

The PMF level of the Gatun Lake is 92.55 ft above the sca level. Therefore,
the head of water acting against the structure is 84.55 fi.

V1.3 EVALUATION CRITERIA

In order to determine the performance of the Gatun spillway to the loads applied
1s necessary to obtain the actual factor of safety of the structure and the required
factor of safety. Sliding of a structure on its foundation represents the most
difficult aspect of a stability analysis, especially in those instances where the
foundation is jointed and sheared and where the strength properties vary
throughout the foundation.
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For dams, the limit equilibrium method specifies for the usual load condition
category a minimum-acceptable factor of safety of two. This compares to
previous guidance used by the Corps that applied a shear friction approach with a
minimum acceptable factor of safety of four. This lower factor, according to
recent guidance outline by the U.S. Corps of Engineers, is based on the premise
that explorations and testing programs now used are more comprehensive and
result in shear strength values that are much reliable than those established for the
use m the design of older dams.

a) Shear Strength Parameters:

The concrete-to-rock interface of the dam foundation is generally one of
the potential failure surfaces that required evaluation during the stability
analysis of a dam; therefore, representative shear strength parameters are
needed in the analysis of concrete-to-rock interface.

Several authors agree that along the contact surface between the
foundation rock and the concrete, the cohesion of the foundation rock is
not well known since a core from the rock matrix does not represent the
rock 1tself, which is weakened by bedding and joints. These bedding and
Jjoints might not affect the angle of internal friction (¢) the same way they
affect the cohesion, which might become zero in some cases.

In the present report, however, the stability analyses will be performed
assuming that the motion of the dam relative to the ground is resisted by
both the cohesion and the internal friction angle. Based on various
publications from the U.S. Bureau of Reclamation (1990), the Electric
Power Research Institate (1992), and recommendations from the
Geosciences and Structures Division of WES (Hall, 2001), stability
evaluations were performed using the following values for the angle of
friction and cohesion parameter: ¢ = 30°, ¢ = 100 psi. The actual values of
these parameters typically depend on the characteristics and conditions of
the contact interface, and the direction and magnitude of the relative
motion. Their values are likely to change during sliding, and therefore the
assumed values represent constant approximation.

The stability analysis will be carried out using a sliding plane along the
contact between the concrete structure and the foundation rock. This
failure plane is assumed to run along the entire contact between both
surfaces and is located at an elevation of 8.0 ft. above the sea level (see
Fig. 20).
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b) Uplift Pressure:

The uphft pressure distribution is a very sensitive parameter for stability
analysis. Therefore, an appropriate assumption of this value will result in
acceptable Factors of Safety and unnecessary conservatism will not be
added to the analysis. Several US Design Agencies’ Guidelines
recommend different uplifi assumptions, which are fairly consistent
between them. In the case of existing dams, the guidelines allow for more
appropriate uplift assumptions to be used when supported by uplift
monitoring data at the dam. Such is the case of Gatun Spillway, where six
piezometric holes are located in the machinery tunnel of the spillway and a
constant monitoring of the gages provide information on the uplift
pressures generated at the bottom of the structure (Barrelier, 2000).

The uplift pressures were assumed to act over the entire base. The
distribution of the pressures were assume to have 100 percent headwater
pressure at the upstream heel and varied as a straight line to 100 percent
tailwater pressure at the toe of the dam. This assumption is consistent with
the observed data at the dam (Barrelier, 2000).

Required Factor of Safety:

A factor of safety is required in sliding stability analysis to provide a
suitable margin of safety between the loads that can cause instability and
the strength of the material along potential failure planes that can be
mobilized to prevent instability. The required factor of safety for sliding is
defined by the following equation (USACE, 1997):

FSgy. = 2.00 (F1 (F))(Fsp) > 1.10

where:

FL = a loading condition factor

F = a structure importance factor
Fyq = 3 site information factor

For the Gatun spillway, the loading factor (Fr) has been established as 1.0
for the normal operation condition and 0.667 for the extreme condition.
The Structure importance factor (F)) has been established as 1.0
considering the spillway as a critical structure (a value of 0.75 is assigned
to normal structures). Finally, considering the investigations performed in
the area to establish the condition of the foundation rock undemeath the
spillway, it has been assumed that a Site Information Factor (Fs;) equal to
1.0 is reasonable.
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d) Seismic Coefficient (ay):

For several years, the seismic coefficient method has been used to evaluate
the stability of structures subjected to earthquake ground motions.
However, this pseudostatic method should only be used as a preliminary
screening of the structure behavior, and structures that fail to meet the
prescribed pseudostatic stability requirements referenced in this report
should not be considered unsafe or in need of stability retrofit. The failure
to meet these requirements should only suggest the need for dynamic
analyses that can fairly assess the demand placed on the structure and
foundation during a major earthquake.

With this approach, seismic inertia forces due to weight of the structure
and due to hydrodynamic pressures are included as part of the driving
force, and a static analysis of sliding is performed. Treating the system
above the failure surface as a rigid block, the inertia force associated with
the mass of the structure is computed as the product of the assumed
earthquake’ acceleration (seismic coefficient) and the mass of the block.
Similarly, the product of the setsmic coefficient and the added-mass of
water which is moving with the structure produces inertia forces due to the
hydrodynamic pressures.

The seismic coefficient 1s a dimensionless unit obtained as the ratio
between the acceleration for an appropriate spectral content and the
response of a structure with the acceleration of the ground. In practice,
cocfficients are presented in maps in which areas or zones are assigned
seismic coefficients. However, for the Gatin area there are no maps.
Instead, from geological and seismological investigations of the dam site,
it has been possible to estimate the controlling maximum -credible
earthquake (MCE). Following recommendations of some reports issued by
USACE (1995), the analyses were performed using a seismic coefficient
equal to two-third of the peak ground acceleration selected for the MCE.

V14 FORCES
To perform the stability analysis of the spillway, several loads acting on the
structure arc required. Theses forces, depicted in Figure 20, are described as
follows:
a) Vertical Forces
Considers all forces resisting the inertial motion transmitted to the

structure by the carthquake. The main forces in this category are the
following:
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Weight of the structure (W): Includes the weight of the ogee section and
the apportioned weight of the piers. This value has been obtained using the
cross section in Figures 12 and 13 assuming a concrete weight of 150 pcf:

W = 605.14 kips

Weight of water (W, ar): Includes the weight of the water portion on top
of the structure:

Wvaier= 21.65 kips

Uplift Pressure (U): The pressure generated under the structure has been
determined taking the initial gradient equal as the head of water in the
upstream face of the dam (100% of the total head), decreasing linearly
down to zero at the downstream face of the structure (no tail water).
Barrelier (2000) presents the results of uplift mesuarements taken from
1980 to 1999 at the Gatun Spillway. The graphs demonstrate that the uplift
pressures mesuared along the structure for a lake level = 87.8 feet above
the sea level are lesser than the uplift pressures calculated in this report.

The base width where the uplift developes has been estimated in 113.04
feet. This horizontal length of the gradient is based on observations
performed at the site which indicate that the uplift pressure generates only
underneath the dam. Several holes located at the end of the ogee section
show very low pressure head which demonstrate that the uplift pressures
have disipated at this point.

U = 280.40 kips/unit length

b) Horizontal Forces

Considers all forces acting in the direction of the motion. The main forces
in this category are the following:

Hydrostatic Force (Hs): Force exerted in the upstream face of the spillway
by the impounded water:

Hs = 0.5VaterH”
Hs = 197.20 kips

Saturated Fill Pressure (Pgy): Pressure exerted by the saturated fill, which
has accumulated in the upstream face of the spillway.

Psi=1.76 kips
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Hydrodynamic Force (W,,): Hydrodynamic water pressure resulting from
the dynamic response of the body of water behind the dam estimated from
Westergaard’s solution for the case of a vertical, rigid dam retaining a
semi-infinite reservoir of water that is excited by harmonic, horizontal
motion of its base. The resultant hydrodynamic thrust is given by the
following formulation, which is the product of the earthquake acceleration
and the added-mass of water that moves with the structure:

Wao = 7/12 an/g ywater H?
W = 83.43 kips

Inertial Forces (gW, gWouer & gWyy): These are the inertial forces
induced by the horizontal acceleration of the structure, silt and water on
top, which is the product of the earthquake acceleration and the masses.

RESULTS

This section presents the calculations required in the stability analysis procedure
as applied to the Gatiun Spillway. Based on limit equilibrium, the stability of the
spillway was calculated using the following relationships:

Factor of Safety against Sliding:

F e tAD @ + B
SE:Z vertical ¢

Z F horizontal

Factor of Safety against Overturning:

SF - Z Mrest'sring

Z M driving

where;

= Forces acting on the structure
c= Cohesion of the interface between the concrete dam and the rock
foundation along the failure plane
B=  Length of base in compression {87.60 feet)
¢ = Friction angle of the interface between the concrete dam and the rock
foundation along the failure plane
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Following 1s found a brief description of the parameters assumed by USACE and
ACP for the analysis:

a) USACE:

The analyses were performed assuming a lake level of 87.5 feet PLD,
which correspond to the normal operating level of the Gatin Lake (usual
loading condition). In addition, USACE assumed that both the friction and
the cohesion between the dam and the ground surface provided resistance
to the motion of the dam relative to the ground.

Angle of internal friction: ¢ = 30 degrees
Cohesion: ¢ =100 ps1
Length of base in compression: B = 71.04 feet

For the dynamic condition, USACE used a seismic coefficient based on
specific concrete dam maps, presumably developed for the US, where
zones are keyed to coefficient levels. They assumed that the Gatin dam
site corresponded to a Zone Area II (geological evidence demonstrate that
this area may be classified with a higher seismic hazard):

Seismic Coefficient o=0.05

b) ACP:

The ACP, on the other hand, evaluated the stability of the spillway using
four different loading conditions (Section VI.2), including the one
assumed by USACE. These analyses also assumed that both the friction
and the cohesion between the dam and the foundation provided resistance:

Angle of internal friction: & = 30 degrees
Cohesion: ¢ =100 pst
Length of base in compression: B =87.56 feet

For the dynamic condition, ACP performed the evaluation using two
seismic coefficients: the one assumed by USACE, and a seismic
coefficient taken as 2/3 of the peak ground acceleration selected from the

MCE (see Section VI.3):
Setsmic Coefficient o=10.05 (Case No.1})
Seismic Coefficient o =2/3 PGA (Case No. 2)
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The results, show 1n the following tables, indicate that the spillway is structurally
stable against overturning and sliding along the assumed failure plane. In
addition, the fact that the contribution of the curved shape of the spillway (in plan
view) to its structural capacity has been neglected, fortify this conclusion.

Loading Gatlin Lake Level | Minimum USACE ACP
Condition {feet - PLD) F.S. (o= 0.05) (o = 0.05) (o = 2/3PGA)
(e=100, $=30°) (c=100, $=30" (¢ =100, $=30")
Usual 87.50 2.00 7.42 7.34 7.34
Unusual (SPF) 89.14 175 | - 7.04 7.04
Extreme (PMF) 92.55 133 | - 6.46 6.46
Extreme (MCE) 87.50 1.33 5.86 6.06 1.76
Table 4. Factor of Safety against sliding
Loading Gatun Lake Level Requirement USACE ACP ACP
Condition (feet - PLD) F.S.
Usual 87.50 Middle 1/3 oK OK 1.71
Unusual (SPF) §9.14 Middle 172 | - OK 1.67
Extreme (PMF) 92.55 Within Base | = --—-- OK 1.58
Extreme (MCE) 87.50 Within Base OK OK 1.19

Table 5. Factor of Safety against overturning
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VIIL.

VIIL.1

VIL.2

FINITE ELEMENT ANALYSIS OF PIERS

INTRODUCTION

The piers of the Gatin Spillway are approximately 15.0 ft thick concrete sections
and raise 46.5 ft above the crest of the main section of the spillway. They have an
irregular shape, which varies with their height. Since the spillway posses two
different types of pier section, to simplify the analysis only the type-B pier section
has been modeled.

As previously mentioned, the piers were poured prior to the casting of the ogee
section; therefore, they are embedded in the main section of the spillway.
Examining old construction drawings, it seems that no reinforcement between the
spillway section and the piers was used; only massive concrete dumped from cars
into chutes was used.

Due to inherent difficulties of modeling the piers in the simplified procedure, a
known Finite Element Software (SAP 2000) was incorporated in the cross-stream
analysis to determine the response of the piers. It is also considered that this
analysis is preliminary because it neglects the curvature of the spillway; the
hydrodynamic effects; the dam-foundation interaction (flexibility, damping and
radiation); and the effects of the gate systems.

MODEL

The preliminary evaluation of the piers was modeled assuming a rigid foundation
(fixed-base model). The 3-D model (Figure 21) is then run not including the
effects of the impounding water and the gate system. This means that the mass of
the gates and its probable restraining effect that may be induced in the response of
the pier are neglected.

The FEM procedure for the piers is a response spectrum analysis. The total
number of modes used in the analysis has been set to 30, allowing in this way to
have a modal participating mass of 90% of the total mass in each direction. For a
given direction of acceleration, the maximum displacements, forces and stresses
are then computed throughout the model for each of the vibration modes. Finally,
these modal values for a given response are combined to produce a single,
positive result for a given direction of acceleration using the Complete Quadratic
Combination rule (CQC).
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The event used for the analysis is the one corresponding to a PGA of 0.544g’s
(mean + 1 standard deviation). To implement the cross-stream analysis, the model
has been fixed not only at the base but also at the sides, since the purpose of the
run was to determine the response of the pier to ground motions in the cross-
stream direction. The stresses determined at the interface were compared with the
maximum tensile stresses allowed for the concrete (splitting test) to verify the
capacity of the section.

Figure 21. 3-D Finite Element Pier Model

VIIL.3 RESULTS

The results of the cross-stream analysis (Figures 22 & 23) indicate that the
dynamic stresses exceeded the maximum strength capacity of the material at the
pier-dam interface. Although it seems that this high stress concentration develops
mainly at the outer fibers of the elements, further analysis and a mesh refinement
is necessary to characterize the extension of the capacity exceedance inside the
piers. Nevertheless, this analysis has served to point out that the material strength
capacity of the pier-dam interface is exceeded during this critical event.
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The FEM analysis provides reasonable estimates of the location and occurrence of
material strength exceedance, and the grid at the pier-dam interface has sufficient
degrees-of-freedom to determine the likelthood of tensile stresses exceeding the
material strength capacity. However, due to the limitations in the model, this
analysis is considered only as preliminary, and a more refined analysis must be
performed, including all the effects herby neglected.

Figure 22. Stress contours in psi. Pier response to cross-stream oscillations

Figure 23. Transversal cut made to the model in order to show the extension of
stress concentration. Stress contours in psi.
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VIIL.SUMMARY AND CONCLUSIONS

This report presents the seismic evaluation of the Gatun Spillway. The adequate
evaluation of the structure required the use of a realistic design earthquake. The
identification of such earthguake was conducted by the USGS through a seismic
risk assessment performed on the Gatin Area. According to their final report
(Schweig et al., 1990) as well as recommendations from the 8% Geotechnical
Board (Duncan et al.,, 1998), ground motions associated with the North Panama
Deformed Belt were used in the evaluation of the structure.

The evaluation of the structure was conducted for the monoliths and piers of the
structure. The monoliths were analyzed using a simplified procedure developed
specially for gated concrete dams by Chopra & Tan (1989). The analyses
performed are aimed to obtain the critical stresses in the upstream and
downstream faces of the structure. Such stress distribution is then compared with
the tensile strength of the concrete to verify the capacity of the spillway to
withstand a severe ground motion. The tensile strength of the concrete was
estimated from laboratory test performed at the Geotechnical Laboratory of the
Panama Canal Authority (Franceschi & Ramesh, 1999).

The piers, on the other hand, were analyzed as unreinforced concrete structures
using a finite element cross-stream procedure. Such analysis was used to
determine the stress concentration at the interface of the monoliths and the piers.
The results indicate that a very high tensile stress level is developed at the
interface of the ogee spillway and the piers, exceeding the static tensile stress
limit.

In addition, the report includes a two-dimensional sliding analysis of the spillway.
This analysis is used to verify the possible sliding displacements at the dam-rock
interface, which may induce additional stresses to the main cross-section of the
spillway.

From the results of this evaluation, it is concluded that the main cross-section of
the spillway has sufficient capacity to perform in the elastic range during a
0.544g’s event, even for the case under conservative assumption of a rigid
foundation. The analysis hereby presented neglected the contribution of the
curved plan of the spillway to the structural capacity, which strengthens the
conclusion that the Gatin Spillway main body may withstand the considered
ground motions without any significant damage of the concrete. Furthermore,
failure by sliding and overturning is unlikely. Therefore, the initial assumption of
a structure fully coupled to the rock foundation is adequate
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On the other hand, the preliminary finite-element analysis suggests that the piers
of the spillway may not have sufficient capacity to perform well in the elastic
range during the most critical event. The finite-clement mesh of the piers needs to
be refined, and more elements need to be added through the width and along the
contact with the spillway section. Once the mesh has been refined, a response-
spectrum method of analysis is recommended, using the MCE smooth response
spectra developed for a mean plus one standard deviation level. Additionally,
equal-hazard spectra for an appropriate return period should be used. These
analyses are needed to provide estimates and extent of material capacity
exceedance and possible remediation if required.
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APPENDIX



APPENDIX A.1

SIMPLIFIED PROCEDURE

a) VALIDATION OF THE SIMPLIFIED PROCEDURE

To validate the spreadsheet calculations presented in this report, the results for the
Gatun Spillway were verified by using a FORTRAN program developed by Chopra
& Tan (1989). Such validation was implemented by comparing the results obtained
with the Microsoft Excel Spreadsheet and those obtained through the FORTRAN
program. The values used in both analyses, which correspond to the Type-A pier
section, are listed below and have been assigned for the full reservoir and nigid
foundation condition:

Depth of Water = ‘ 79.5  feet
Er= 15,000,000  psi
Es= 3,020,000  ps1
Max. Ground Acc. = 0544 g
Sa= 1.14 ¢
Pier to Monolith ratio = 0.24
Weight of concrete = 150  pef

The results listed in the following tables indicate that the Excel implementation of the
simplified procedure is adequate and yield reliable values. Therefore, the values
obtained and shown in Chapter V of this report may be considered accurate. It is
tmportant to note that the stresses shown below are the bending stresses and not the
principal ones.



A. STATIC VERTICAL STRESS

EXCEL FILE FORTRAN
Block Upstream Downstream Upstream Downstream
7 -23.505 -35.054 -23.491 -35.041
6 -27.701 -36.115 -27.686 -36.104
5 -34.525 -35.625 -34.509 -35.618
4 -41.425 -34.078 -41.408 -34.075
3 -49.411 -29.106 -49.393 -29.106
2 -58.228 -19.937 -58.211 -19.939
1 -65.877 - 9.031 -65.861 - 9.034
B. FUNDAMENTAL MQOQDE STRESS
EXCEL FILE FORTRAN
Block Upstream Downstream Upstream Downstream
7 144.515 -144.515 144.165 -144.165
6 149.004 -149.004 149.050 -149.050
5 149.243 -149.243 149.693 -149.693
4 145.106 -145.106 145.803 -145.803
3 132.077 -132.077 132.878 -132.878
2 109.199 -109.199 109.960 -109.960
1 81.958 - 81.958 82.587 - 82.587
C. COMBINED RESPONSE (fmax =1 % (ri° +1:.)"%)
EXCEL FILE FORTRAN
Block Upstream Downstream Upstream Downstream
7 121.704 110.155 121.424 109.874
6 121.669 113.255 121.784 113.366
5 114,783 113.683 115.279 114.170
4 103.691 111.037 104.396 111.729
3 82.851 103.155 83619 103.906
2 51.472 89.763 52.167 00.439
[ 16.898 73.744 17.446 74273




b) STRESS COMPUTATION

The following example shows the impiementation of the simplified procedure in the
Microsoft Excel Spreadsheets for computing the stresses in a spillway monolith. The
case shown in this example is for the Gatun Spillway Structure when the reservoir is
full and using the rigid foundation condition. The monolith has been modeled as a
series of block, numbered sequentially from the base to the crest. The elevation of the
free surface of the impounded water has been set at the normal pool elevation
{87.5 ft). The elevation of the reservoir bottom must be equal to the elevation of a
block bottom, which in this case has been set at level 8.0 ft above the sea level.

The results obtained, which are listed at the end, correspond to bending stresses for
the static case, the fundamental mode case, the higher modes case, and finally, for the
combined response. The bending stresses of the downstream have not been
transformed into the principal ones since the elementary beam theory tends to
overestimates the stresses near the sloped downstream face by a factor that depends
on this slope and the heightwise distribution of equivalent lateral forces.

The bending stresses have been computed at the bottom of each block of the monolith
at the upstream and downstream faces based on simple beam theory. The stresses are
not computed in the pier portion of the overflow section.



SYSTEM PARAMETERS
ACCORDING TO SIMPLIFIED PROCEDURE

(GATUN SPILLWAY - PIER A)

Foundation Rock Type
Water Level

" ISystem Period
Dampinjci; Ratio

RIGID FOUNDATION
FULL RESERVOIR

0.08
0.049

Parameter Unit  Value Calc. Value Observation

input Data
Monglith Young's Modulus (E;) psi 3020000 3.0E+06 Rounded down to look up in tables
Rock Young's Modulus (Ej) psi 15000000 15000000
Rock density slug/t 4.348
Height of Dam (Hy) feet 107.5 107.5 Monolit plus pier
Depth of impounded Water (H) feet 79.5 79.5 From free surface to reservoir bottom
Velocity of Sound in Water (C) f/sec 4720 4720.0
Wave Reflection Coefficient (o) 0.827512 0.90 Rounded up to lock up in tables
Hysteretic Damping Coefficient {n,) 0.10 0.10 Rounded down to look up in tables
Damping Ratio (£,) 0.05 0.05
Sa(T 1.871)/g 1.14
Maximum Ground Acceleration (a,) 0.544
Calculated Values:

: lType of Structure Lower Dam
Moduli Ratio E/E, 4.97 Round up to look up in tables
Height Ratio H/H, 0.74 Round up to look up in tablesl
Period T, 0.08 Rigid Found. & empty reservoir
Period T, 0.09 Rigid Found. & impounded water
Period T,' 0.07 Period of impounded water
R, value 0.78
Period T, 0.09 Flex. Found. & empty reservoir
Period T, 0.087 Flex. Found. & Impounded water
Damping Ratio Equi. System &7, 0.05
New Value of R,, (to be rounded to nearest value in 0.80

Table HP - the one giving the larger p(y))

. Values From Tables: )
Period Ratio due to Water R, 1.121 Value = 1.0 for empty reservoir
Period Ratio due to Found R; 1 Value = 1.0 for rigid foundation
Added Damping Ratio (Water) £, 0.004 Value = 0.0 for empty reservoir
Added Damping Ratio (Found) & 0 Value = 0.0 for rigid foundation



<.JTEN . DME....!
ACCORDING TO SIMPLIFIED PROCEDURE
(GATUN SPILLWAY - PIER A)

1

Parameter Unit Vaiue
input Data
Gravity value t/sec? 32.2
Unit weight water (w,,) Lbs/ft* 62.4
Unit weight conc. (w,) Lbs/ft 150
Thickness Pier feet 15
Thickness Monolith feet 63.75
Width Ratio 0.235
Elevation of bot. Bick feet 0.00 (St always as zero)
Dist. X1 of bot. Block  fest 0.00
Element; Dam TRANSITION BLOCK| Area of Area of Elevation | Width of | Width of Welght per
Level | Block [ Type |[Elevation | Dist. | Dist. | Dist. X1 | Dist. X2 | Monolith Piers of centroid | Monclith | Pier | Weight | unit height
(ft} ¥ x1 x2 Monolith | Monolith Block #1] Block#2 X, b by w W,
(f) @ 1 (1 {1 {t) {#t) () | () () () {1 (k) K
Top P 107.5 9.5 26 16.5 0.58]
13 R/P 66.00 0.00 105.50 2.33 1
13 P 103.5 9.5 26 16.5 0.58
12 TP - 338.10 0.00 95.85 11.93
12 P 89.7 9.5 42 == 32.5 1.15)
11 T/P - 175.08 0.00 B7.25 6.18
11 P 85 0 42 e 42 1.484
10 R/P 384.08 0.00 B81.00 13.56
10 P 77 0] 54.02 54.02 1.91
g9 R/P B64.32 0.00 69.00 30.51
9 C 61 0] 54.02 20 20 0 54.02 1.91
8 C 239.49F 11500 266.74 54.18 49.40
8 C 495 0| 54.02 0 41.65 41.65 12.37 6.68]
TABLE #1 7 C 736.66 0.00 95.25 41.55 113.86
DATA 7 C 34.1 0] 54.02 0 54.02 54.02 4] 8.10}
6 /M 227 .59(-- === 32.03 34.14
6 M 30 0 57 57)-- 8.55
5 TM 358.50{--- 26.95 53.78
5 M 24 0 62.5 62.5(--- 9.38
4 T/M 394.35]--- 20.95 59.15
4 M 18 0] 68.95 68.95(--- 10.34
3 ™ 440.85|-— - 14.94 66.13
3 vt 12 0 78 78]--- 11.704
2 T/M 509.82(--—- 8.92 76.47
2 M [ 0] 91.94 91.94}--- 13.79
1 T/M 614.94]-— 2.90 92.24
1 M 0 0] 113.04 113.044-- 16.96|
TOTAL 608.67




LATERAL FORCE CALCULATION
ACCORDING TO SIMPLIFIED PROCEDURE
(GATUN SPILLWAY - PIER A)

Parameter Unit Value
Seneralized Mass (M,) kips 3.6 L1/M1 = 2.806
Generalized Mass Equiv. System (M™;) kips 39.7
" “Seneralized EQ Force (L,) kips 88.6
[otal Hydrodynamic Force (Fg) k/unit length 197.2
_Ry value from Model Data Table 0.80
Nave Reflection Coefficient (o) 0.90
riydrodynamic Force Coefficient (A,) 0.414
£L3eneralized EQ Force Equiv. System (L) kips 133.3
SN 3.3585
Mode Shape
at centroid
Block yi/H, b wo wo’
(k) (k)
13 0.981 0.968 23 2.2
12 0.892 0.810 9.7 7.8}
11 0.812 0.674 4.2 2.8
10 0.753 0.580 7.9 4.6
9 0.642 0.431 13.2 57
TABLE #2
GENERALIZED MASS 8 0.504 0.289 14.3 4.1
&
GENERALIZED EQ FORCE 7 0.387 0.160 18.2 2.9
6 0.298 0.125 4.3 0.5
5 0.251 0.096 52 0.5
4 0.195 0.068 4.0 0.3
3 0.139 0.044 29 0.1
2 0.083 0.025 1.9 0.0
1 0.027 0.008 0.7 0.0
Total 88.6 31.6]




LATERAL FORCE CALCULATION
ACCORDING TO SIMPLIFIED PROCEDURE
(GATUN SPILLWAY - PIER A)

Parameter Value Column # in Tables
R. value from Gen. Mass Table 0.80 For a<1 4 N= -10
Wave Reflection Coefficient (a) 0.90 For =1 4
T8.(T 8 )g 1.14 #in For. 4
Maximum Ground Acceleration (ag) 0.544
By 26.96
B,/M, 0.854
M. S. y/H y/H
Leveln at bottom at gp(¥) ap.(y)
Level vy/H, ) Wo of centroid wH ap wH ap. f1{y) foely)
(k/At) block block (/1) (k) (/i)  (kAY)
_____ Top 1.00 100 0.58 1.35 0.000 000  0.000 000 223 -0.84
1.33
13 0.96 0.94 0.55 1.30 0.000 0.00 0.000 0.00 2.09 -0.77]
1.21
12 0.83 0.71 0.82 1.13 0.000 0.00 0.000 0.00 3.13 -1.00]
1.10
11 0.79 0.64 0.95 1.07 0.000 0.00 0.000 0.00 3.63 -1.08
1.02
10 0.72 0.52 1.00 0.97 0.055 0.15 0.0886 0.43 4.39 -0.72
TABLE #3 0.87
_EQUIVALENT 9 0.57 0.35 0.67 Q.77 0.205 0.56 0.399 1.98 4.70 0.78]
LATERAL 0.68
FORCE 8 0.46 025 166 0.62 0.232 0.63 0.529 2.63 8.77 1.76
0.52
7 0.32 0.14 1.12 0.43 0.236 0.64 0.646 3.21 6.72 3.893
0.40
6 0.28 0.11 0.97 0.38 0.233 0.63 0.680 3.37 6.13 4.56
0.34
5 0.22 008 077 0.30 0.231 0.63 0.695 3.45 5.35 5.44,
0.26
4 0.17 0.06 0.8 0.23 0.226 0.61 0.716 3.55 4.55 6.41
0.19
3 0.1 0.03 0.40 0.15 0.223 0.61 0.731 3.63 3.85 7.54
Q.11
2 0.06 0.02 0.23 0.08 0.221 0.60 0.739 3.67 3.17 9.04
0.04
1 0.00 0.00 0.00 0.00 0217 0.59 0.742 3.68 2.25 11.23
0.00




Stress Reduction Factor at Sloped Face

COMPUTATION OF STRESSES
ACCORDING TO SIMPLIFIED PROCEDURE
(GATUN SPILLWAY - PIER A}

of Spillway = 1.00
r—— T T o
STATIC VERTICAL STRESS VERTICAL STRESS - FUND. MODE VERTICAL STRESS - HIGHER MODES TOTAL VERTICAL STRESS _
Angle of Posltive Lat. EQ Forces Negative Lat. EQ Forces
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APPENDIX A.2

LABORATORY TEST RESULTS

a) COMPRESSIVE STRENGTH

The tests were performed to 4 cores 6-in by 12-in in the Geotechnical Laboratory of
the Panama Canal Commission. The test has provided with compressive strengths
values as high as 4,000 psi and as low as 1,400 psi. As mentioned in Chapter 1, the
mean value of 2,200 psi compressive strength was used in the analysis.

Following is listed the values obtained at the laboratory:

No. Applied Load .| Length | Diameter | Unconfined Compressive | Boring Depth
Sample (Lbs.)

(in) (in) (psi) (mts)
4b 114500 12 6 4050 GSIH-1 | 0.00-3.00
72 40000 12 6 1415 GSIA-3 | 3.70-4.12
30 58000 12 6 2051 GSIH-2 | 2.48-2.98
73 66500 12 6 2352 GSIA-3 | 4.12-4.66

e GSIH: Horizontal Boring
e GSIA: Angled Boring

b) GRAIN SIZE ANALYSIS

Attached you will find the results and Grain-size distribution curve obtained at the
Panama Canal Authority Geotechnical Branch for samples taken at the Gaiun
Spillway.




c¢) TENSILE STRENGTH TEST

These tests, performed on 6-in by 12-in cylinders taken from the downstream face of
the spillway, were also done in the Geotechnical Laboratory of the Panama Canal
Authority.

The procedure for the tests is out of the scope of this report. Below is it listed the
results obtained from several samples, where it can be seen that the Tensile Strength
of the concrete vartes. However, the tensile strength of the concrete was never below

200 psi.

Therefore, and as stated in Chapter III, the maximum tensile stresses allowed in the
analyses performed throughout this report are based on this value.

No. Applied Length | Diameter | Splitting Tensile Strength | Boring Depth
Sample Load
(Lbs.) (in) (in) (psi)
2a 29500 11.94 5.908 266 GSIH-1 | 0.00-3.00
2b 30000 11.94 5.934 270 GSIH-1 | 0.00-3.00
3 37500 12.00 5.986 332 GSIH-1 ! 0.00-3.00
4a 35000 11.75 5.930 320 GSIH-1 | 0.00-3.00
5 40000 12.00 5912 359 GSIH-1 | 0.00-3.00
26 35000 12.00 5.954 312 GSIH-2 | 0.69-1.24
25 34000 12.00 5.937 304 GSIH-2 : 0.00-0.69
28 35000 12.00 5915 314 GSIH-2 | 1.51-1.98
14 28000 11.88 5.953 252 GSIA-1 | 2.58-3.14
11 42500 11.94 5.960 380 GSIA-1  0.00-2.37
12 40000 11.06 5.962 386 GSIA-1 | 0.33-0.78
39 25000 12.00 5.955 223 GSIA-2 1227271
29 28000 12.00 5.941 250 GSIH-2 | 1.98-2.48
34 48000 12.00 5.934 429 GSIA-2 | 0.14-0.52
38 22500 12.00 5.955 200 GSIA-2 | 1.76-2.27
35 27000 12.00 5.911 242 GSIA-2 | 0.52-1.28
41 22500 12.00 5.963 200 GSITA-2 | 3.00-3.41
44 35000 12.00 5.956 312 GSIA-2 | 3.87-4.37
68 23500 12.00 5.956 209 GSIA-3 | 2.20-2.80
70 23500 12.00 5.963 209 GSIA-3 | 3.10-3.52
54 27500 11.94 5.956 246 GSIH-3 | 0.73-1.26
65 40000 12.00 5.927 358 GSIA-3 | 1.57-1.92
53 32500 12.00 5.927 291 GSIH-3 | 0.00-0.73
80 15000 12.00 5.967 133 GSJIA-5 | 1.39-1.85
78 35000 12.00 5.814 319 GSIA-5 | 0.00-0.43 ,
85 20000 12.00 5.989 177 GSIA-5 | 2.81-3.42
108 16000 12.00 5.936 143 GSIH-5 | 1.50-1.91 |
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APPENDIX A.3

PIERS FINITE ELEMENT ANALYSIS OUTPUT

a) MODAL PARTICIPATING MASS RATIO

The analysis of the finite element model was performed using an eigenvalue analysis.
This type of analysis determines the undamped free-vibration mode shapes and
frequencies of the system. These eigenvalues are used are the basis for the response-
spectrum analyses.

Since only the Modes that are actually found will be available for any response-
spectrum analysis processing, the number of modes to be used in the pier analysis has
been chosen based on the participating mass ratios.

The participating mass ratios for a Mode provides a measure of how important the
Mode is for computing the response to the acceleration loads in each of the three
global directions. Thus it is useful for determining the accuracy of response-spectrum
analyses. The participating mass ratios are expressed as percentages.

In the pier analysis, to achieve an adequate level of accuracy for ground acceleration
loading, at least 90% of cumulative sum of the participating mass ratios for all modes
is needed in each direction of motion. To achieve this, 30 modes have been specified.

With these 30 modes specified, the following Cumulative Sum for the Modal
Participating Mass Ratios has been achieved:

Mode # UZ UX UY

30 89.5925 92.6250 85.3549

Attached it is found the complete Modal Participating Mass Ration output obtained
for the FEM Pier Analysis.




SAP2000 (R)
Structural Analysis Programs
PLUS Version 7.10

Copyright (C) 1978-1999
COMPUTERS AND STRUCTURES, INC.

GATUN SPILLWAY

MODAL PERIODS AND FREQUEDNCTIES

MODE PERIOD FREQUENCY FREQUENCY EIGENVALUE
(TIME) {CYC/TIME) (RAD/TIME) (RAD/TIME) **2

1 0.109547 $.128540 57.356310 3285.746
2 0.0e5039 15.37540G2 96.6064958 9332.8B16
3 0.039702 25.186787 158.253251 25044.091
4 0.028107 35.577911 223.542608 43971.298
5 0.026583 37.617958 236.360558 55866.332
5 0.025164 39.739296 249.689361 62344 .777
7 0.019125 £52.287379 328.53125%0 107932.809
g 0.018128 55.164568 346.609201 120137.9538
9 0.014871 67.246962 422.525123 178527.480
10 0.014841 67.380522 423.36430% 179237.338
11 0.014511 68.515483 433.008749 187496.577
12 0.013883 72.029881 452.577093 2048B26.025
13 0.0126153 79.244338 497.906861 247911.242
14 0.012130 82.440125 517.986583 268310.100
15 0.011957 83.631882 525.474613 276123.569
16 0.011830 84.104103 528.441€62 279250.5%90
17 0.011357 88.048785 553.226834 306059.930
18 0.010930 91.495126 574.880828 330487.967
198 0.010876 91.547499 577.723175 333764.067
20 0.0140382 96.3182380 605.185664 366249.688
21 0.010379 96.346985 605.365558 366467.943
22 0.005935 100.651508 632.412076 359945.034
23 0.009921 100.794839% 633.312652 401084.915
24 0.009723 102.852818 646.243317 417630.425
25 0.009602 104.134659 654.297612 428105.364
26 0.008547 104.747751 658.143529 433160.802
27 0.008980 111.359855 £9%.694608 489572.544
28 0.008952 111.708486 701.885116 492642.716
29 0.008812 113.475314 712.986427 508349.646
30 G-.008756 114.203927 717.564437 514858.721

GATUN SPILLWAY
MODAL PARTICIPATTION FACTORS

FOR UNIT ACCELERATION LCADS IN GLOBAL COORDINATES

MCDE PERIOD UX - ouy Uz
1 0.105547 2.1598524 -0.028440 -0.000157
2 0.065039 -0.035905 -2.787270 0.154426
3 0.039703 0.3598%97 -0.004142 0.000229
4 0.028107 -1.877454 0.027185 0.000801
5 0.026583 -0.000105 0.057752 -4.752750
6 0.025164 0.042172 3.295878 -0.071455
7 0.019125 0.384205 -0.006712 0.000€64
8 0.018128 0.050144 4.301434 0.085425
9 0.014871 -0.023277 0.517026 3.601582

10 0.014841 2.022710 -0.009861 0.046460
11 0.014511 -0.015801 -1.727863 0.78355%
12 0.013883 ~2.667345 0.029991 -0.002883
13 0.012619 -0.004472 -1.167608 -0.464925
14 0.012130 1.058488 ~0.014282 0.005505
i5 0.011957 ~-3.732778 0.041229 0.001968
16 0.011850 0.004695 0.801764 -1.141817
17 0.011357 0.007447 0.722265 0.162136
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SAP2 000 (R)
Structural Analysis Programs
PLUS Version 7.10

Copyright (C) 1978-1999
COMPUTERS AND STRUCTURES, INC.

PERTIODS ANTD FREQUENCTIES

PERIOD
(TIME)

.109547
.065039
.038703
.028107
.026583
.025164
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.018128
.014871
.014841
.014511
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.011857
.011890
.011357
.010930
.010876
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.010379
.002935
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.005547
.0089580
.Q08952
.00B812
.008756

GATUN SPILLWAY

MODAL
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C/TIME} {RAD/TIME) {RAD/TIME) **2
128540 57.356310 3289.746
.375402 86.6064398 9332.816
186787 158.253251 25044 .091

577911 223.542608 45971.298
617958 236.3605358 55866.332
739296 245.689361 62344 .777
287379 328.531290 107932.809
164568 346.609201 120137.938
246962 422.525123 178527.480
380522 423.364309 179237.338
915483 433.008749 187496.577
029881 452.577053 204826.025
244338 497.906861 247911.242
.440125 ©517.986583 268310.100
.631882 525.474613 276123.569
.104103 528.441662 278250.5%90
.048785 553.226834 306059.930
.495126 574.880828 330487.967
.947498 577.723175 333764.067
318290 605.185664 1366249.688
346985 605.365958 166467.943
.651508 632.412076 359945.034
.794839 633.312652 401084.915
.852818 646.243317 417630.425
.134699 654.297612 428105.364
747751 658.14%85239 433160.802
.355855 699.694608 489572.544
.708486 701.885116 492642.716
475314 712.986427 508349.646
203527 717.564437 514898.721

PARTICIPATTION FACTORS

FOR UNIT ACCELERATICN LOADS IN GLOBAL COORDINATES

=
o]
=]
=

AU PR I AT ¥ B S U N

COO0CCOoO0ODOUDOoOOOCDDOO

PERIOD
.109547
.065039
. 039703
.028107
.026583
.025164
.019125
.018128
.014871
. 014842
.014511
.013883
.012619
.012130
.011%57
.0118390
.011357

Ux Uy Uz
.198524 -0.028440 -0.000157
.035805% -2.787270 0.154426
.359897 -0.004142 0.000239
.B77454 0.027195 0.000801
.000105 0.087752 -4.752750
. 042172 1.255878 ~-0.071455
.384205 -0.006712 0.000664
.050144 4.301434 0.085425
.023277 0.51702e 3.60138B2
.022710 -0.00%861 0.046460
.015801 -1.727863 0.783559
-667345 0.029991 -0.002893
.004472 -1.167608 -0.464925
.058488 -0.014292 0.005505
.732778 0.041229 0.0019868
.004699 0.801764 -1.141817

.007447 0.722265 0.162136
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APPENDIX A.4

CONSTRUCTION PHOTOGRAPHS
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Photograph #1: Cut made through rocky hill outcropping

midwav in the leneth of Gattim Dam
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Photograph #2: Sidewalls construction
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Photograph #3: Piers anchored to rock. In the background

it is shown the anron slah
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lers at mid height
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Photograph #4




Photograph #5: Spillway construction works near conclusion,

; seen onenines to allow river flow
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