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Attention: Mr. Gordon Marsh
Project Manager

Gent lemen:

We are pl-eased to submlt twenty-five (25) copies of our repc'rt-, entitleci:

I\,IATTLIJA DAM

STRESS INVESTIGATIONS .

The report presents the results of lnvestigations conducted to e,:aluate
the stress condltions of I,IattLija Dam under various loatii-nqr:. 'Ihe st.rrrij.es
were conducted using the latest analysls techniques.. a.nd tir..r restrlts prc-
vide a comprehenslve end reaLlstie representation t'-'f Lhe s,iructural" actiol:
of the dam.

I,Ie wish to express our appreciation for the assistance and cooperation
received from your staff during the course of the studies and ther.nk .;gr.r
:[or glvlng us the opportunity to assist you on this important investi.,
gat ion.

Ve tru you
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G.S. Sarkarla
Vice Presldent - Engineerlng
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SI]M},IARY AND RECOMMENDATIONS

SIJMMARY

The investigations presented in thls report were conducted to: 1) deter-
mine the state of stresses ln the.existing Matlllja Darn; 2) evaluate the
structural stabllity and adequacy of the footbridge; and 3) verlfy the
rellability of the abutment deformation measuring i-nstruments. Stress
studies were made for both static and dynamic loading conditions uslng
the three-dlmenslonal flnlte element nethod of structural analysis.
Analyses crtteria were establ-ished by extenslve revlew, interpretation and
correlation studies of the test data and fieLd measurements availabLe in
the reports supplied by the county of Ventura, Department of public Works.

The anaLyses for static loading determined stresses throughout the
structure due to the normal and maximrmr \dater and existing sil_t 1oad,
and comblnation of normal rrrater and silt load stresses with those due to
temPerature drop and effectlve chenical expansion. A range of incremental
stresses was establlshed for the ant,icipated future silt level increase
and for theoretj.cal and effective chemical expansion eaused by al-kali-
aggregate reaction in concrete. Ranges of dlspJ-acements and stresses
that \dould result in the event of yleld of the rlght abutment at l0wer
level were also determined. Results of all these studies are presented
in Exhlblts IV-l rhrough IV-13.

The following stress studies were made:

STTIDY I Static 3-D FEM, Reservoir E1. 1095, Silr 81. 1040

STUDY II Static 3-D FEM, ReservoLr El. LIL3.7, Silt El. 1040

Static 3-D FEM, Reservoir El. 1095, Silr El. 1040,
Maxlmum Temperature Drop
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STUDY III
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STTIDY IV Statlc 3-D FEM, Incremental Stresses for Chenical

Expanslon

STTIDY V Static 3-D FEM, Reservolr El. 1095, Silt EL. l-040,

Assumed Effectlve Chernlcal Expanslon

STTIDY VI Statlc 3-D FEM, Incremental Stresses for Increase

in Sllr Level frorn EL. 1040 ro El. 1069 and

Incremental Stresses for Abutment Defornation.

Dynamic response of the darn wlth fuL1 pool at EI. 1095, was analyzed for
two seismlc ground motlonss one (Study I-EQI) representLng an earthquake

of Rlchter magnltude 8* origlnatLng on the San Andreas fault and the other
(Study I-Eq2) an event of Rlchter magnltude 6-L/2 to 7 occurrlng on the
Santa Ynez fault. The resul-ts of these analyses are presented on Exhibits
V-4 through V-12.

The prJ-ncLpal- results of these investlgations are surmlatLzed as follows:

Based on observed defornations and deflectlons, the average

effective modul-us of elasticity of the concrete in the major portion
of the dan ls ln the order of 210001000 psi. For the nornal_ water
and silt load, the maximum nor:mar stresses were 693 psi compresslon

and -47 psl tension, and the maxlmum principal stresses r,rere 732 psr
compressLon and -51 psi tenslon in the arch. For the naximum

reservolr water surface Level and exlstlng sllt Ievel, the maximum

normal stresses were 855 psl compresslon and -l_10 psl tenslon.
The precedlng stress resuLts are for static behavior of the dam.
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No::mal arch stresses for the normal and maxlmum lrater and sllt
load are generalLy ctrrnpresslve throughout the dam, except for an

isolated zone near the base, and ln the most Part are less than

600 pst. For the case of maxlmum water load, a zone of cantil-ever

tension covering almost one-haLf of the arch and for ful-l- height'

l-s lndlcated at the upstream face, wlth tension averaging -65 psi

and reachlng a maxlmum of -L10 psl near the base.

Incremental stresses due to temPerature drop, when superlmposed

on normal load stressesr lntroduce tenslon zones ln both arch and

cantlLever stresses near the abutments at the upstream face.

The spectral acceleratlon response associated with the fundamental

period of vibration of the darn for specified daurplng ratlo is
close to the maximum value ltkely to be produced by the ground

motions representing the two design earthquakes. High dynanic

compressive and tenslle stresses with maximum vaLues of tt002 psi

are indicated in the dam when it is subjected to the earthquake

loadlngs. Maximum combined stresses (static plus dynamic) are

eompressl.on of 1323 psi and tension of -681 pst.

Correlatlon of computed and field-measured values lndicates that

chemlcal expanalon due to alkall-aggregate reaction ls conflned

to the concrete above El. 1095 in the ghoulders flanking the ex-

lsting spl1lway sectlon. Chemlcal- expansion in the uPPer concrete,

above El. L095, caused excesslve cracklng, rendering the concrete

strucEurally lneffectlve. Cracklng of the upper concrete due to

chemical expanslon relieved the high resultant stresses without

signlficant transfer of stresses to lower concrete, whlch remained

intact. The effect of incremental stresseg due to assumed effec-
tive chemical expansion, on the normal l-oad stresses was t,o reduce
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arch compresslon and tenslon at the downetream face and l-ncrease

cantllever tenslon at the donmetrean near the ebutments, the

resulting comblned maxlmum cantlLever tenslon belng -375 psl.

a Questionable deformatlon values lndlcated by meter DH-3R Itere not

caused by the differential- yleld of the lower right abutment, but

by the erratlc functloning of thls mefer after December 1969 due

to solldiflcatlon of lts fl-exible bellows by dried nud.

a Dam bl-ocks rrl,rr and rrMrr, which support the footbridge near the

left abutment, are badly cracked and deteriorated. Wtrlle they

and the footbridge are stable under maxlmum reservolr load

(E1.11-L3.7) or for horizontal acceleratlon uP to 0.1g applled at

El.1095, the footbrldge would be unsafe under the hlgh seismic

accelerations that would occur at this level due to the ground

motlons generated by the deslgn earthquakes.

RECOMMENDATIONS

For further evaluation of the structural behavlor and physlcal quaU.ty

of concrete in MatlllJa Dam, it ls recomtended that the following
monitoring and testing progran be undertaken in practical sequentlal

stages:

a A system of targets sultably spaced, should be install-ed on the

crest, on the downstream face of the dam and at both abutments as

part of the long-tern program of monitoring the movements of the

structure. These targets shoul-d be surveyed at guarterly intervals
during the year by preclse trlangulatlon. Readlngs should also

be taken at tlmes of slgnificant variations tn reservoir water

surfaee level- and amblent temperature conditlons. Data obtained

fron target surveys should be correlated with data from foundation

deformatlon meters and marker plate surveys.

I
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AlL the meters of the Present foundatlon deformation monitoring

system shouLd be checked and those found to be malfuncEloning'

defectlve or lnoperabl-e shoul-d be repalred or replaced by new ones'

The present fortnightl-y schedul-e of readlng the deforuratlon meters

should be contlnued. However, readlngs should also be taken for

the high and low reservolr levels, wlth weekly readlngs for the

duratlon of the ful1 reserlolr.

Periodlc detailed vlsuaL exanLnation and napping of cracking in

both faces of the dam and at the spillway crest and sldes should

be undertaken.

The present footbrldge, supported by the cracked and deterlorated

concrete above E1.1095 at the Left of the spillway, should be

repLaced by a steel-truss bridge slmllar to the central spans.

The new pler required for suPport shouLd be founded on the sound

concrete below EL.L095. The condltl-on of the concrete suPporting

the footbridge on the right slde shouLd be carefully examlned to

deterrnlne whether any cracks have developed that could effect the

stabiLity at this section.

Comprehenslve tests should be conducted on concrete cores secured

from dlfferent, locations in the dam to determine the present

structural propertles of the concrete in the existlng dam.

Petrographlc examlnatlon of portlons of concrete eores should be

performed to determine the presence of or potentlaL for alkali-
aggregate reaction and chemical expanslon.

Thermometers should be embedded at sultable locatlons ln the core

drlLl holes before these are grouted, to monitor the temperature

condltlons in the dan concrete, and ambient temPeratures con-

currently wlth measurements of the movements of the structure.
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a sonic testlng of concrete ln the dan for evaluation of lts in

situ quallty should be undertaken lf core drllling reveals

presence of poor quaLlty concrete.
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CHAPTER I
INTRODUCTION

1.1 GENEML

MatlliJa Dam, whlch \^ras constructed rn 1946-47, ls a thin concrete arch
structure l-ocated on MatilUa Creek near wheeler sprlngs in ventura
county, callfornia. rt is onmed by the county of ventura, Department of
Public works, and operated by the casitas Munleipal- water District.

The damrwlth a crest length of. 620 ft, was origl-nal-ly constructed wlth a

central- spillway crest at EL. LI25 and average helght of 190 feet above
l-owest foundatlon bl-ock at El. 935. The thickness of the areh at the
crown varies frorn 8 feet at El. 1123 to 35 feet at the baserEl. 960.
Gravlty thrust bLocks are l-ocated on both abutmenLs, the l-eft thrust block
.belng larger than the rtght. A speclal structural feature of thls dan is
the sllp Joint at El. 960 between the arch and foundatlon bLock. This
jolnt was provided to prevent transmLsslon of shear loads to the fractured
and faulted foundatl-on materlal underlying the dam. The Jotnt was con-
structed by covering the top of the foundation bl-ock wlth graphlte mortar
and l-/8-inch-thlck Johns-Manville asbestos sheet.

Proflle of the darnsLte ls unsyrunetrical. The rtght abutment below El.
1l-00 has a steeP sJ-ope averaglng about 24o from the vertical, while the
left abutment has a nearly unlform sJ-ope of about 35o frorn the vertlcal.
In general, the rlght abutnent ls composed of sound sandstone wlth lnter-
beds of weak shale nearly norual to the thrust of the darn. A rnajor shale
bed about 3 feet wide, discovered ln the abutment, rras excavated and back-
filled wlth concret,e durlng construction to strengthen the foundatlon.
The left abutment ls composed of fractured beds of sandstone and shalee
generally at an acute angLe to the resultant thrust of the dam. The
channel section rock reportedly eonslsts of crushed sandstone, ehal-e and,
probably, faul-t gouge.

{
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The flrst detalled revlew of the safety and srability of the MatiliJa
Dam was conducted by Bechtel Corporatlon, San Franclsco. The resuLts are

Presented ln the report,r"Review of MatlllJa DanC' dated February L965. In
,1965 the darn was modlfied, to lmprove its factor of safety, by renovlng
the signlficantLy decotposed and reactive concrete ln the dam between
sta. 1 + 75 and sta. 4 + ssrdown to El-. 1095. The new spillwry "r."i r""
set at El. 1095' thus 1owerlng the normaL full pool level frorn El. LI25
to EL. 1095. The maximum reservolr level for passing the probable maxi-
nurn f l-ood of 70,000 cfs is El. 1113.7.

A systern of abutnent deformatlon monitorlng devlces was LnstalLed in Lg65,
and a program of regular surveillance lras started, as reconnnended in the
rePort. Observatlons of the deflections of the dam fron survey markers
on the dam' started at guarterly intervals ln 1950, have been continued.
A second revlew of MatlllJa Darn was made by Bechtel Corporation in 1967
and presented in the report, "Review of MatiliJa Darnf' dated August Lg67.

T.2 SCOPE OF INVESTIGATIONS

ThJ-s report presents results of investigations conducted to evaluate
stress conditi.ons in Matillja Darn ln Ju1-y-August L972. rhe studles in-
cl-uded the followlng:

(A) St,aric Srress Anal_yses - Including three dimenslonal stress analyses
for dead load, water load, silt 1oad, temperature load and chemicaL
expansion usLng the flnlte element method.

(B) Dvnaml c Stress Analyses - The dynamlc response of the structure to
representatlve ground motlons usl_ng the three dimensional_ finlte
element method.

(c) Review of the structural adequacy and safety of the crest foot
bridge and plers.

\
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(D) Revlew of fleld data to determlne reliablllty of the foundatlon
deformatlon meters.
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CHAPTER II
STRESS ANALYSIS PROGRAM

2.L GENERAL

Durlng the past few decades rhe .!gra_t,.1:ggg- g.slbgd_has been rhe mosr wide-
1y used technlque for three-dimensional stress analysis of arch dams.

However, this method ls belng superseded by the recently developed three--
lll9gP-lqqaL f-int-le--.element :nethod-. (3-D FEM), wtrlch offers grearer f l-exi-
billty.

The finite element method is a powerful- tool for the anal-ysis of various
problems in structural and contlnuum mechanlcs. It has great advantage
over other numerical methods ln handl-ing structures wlth irreguJ-ar geo-
metry and variations in material properties. Thermal, mechanical, pres-
sure and j-nertia loadJ.ngs can be accornmodated, and varlous boundary
conditions can be applled. Development of the method and its successful
appllcation to various englneerl-ng probl-ems has been extenslvely reported
ln published llterature and is therefore not presented here.

The rellablllty and accuracy of the 3-D FEM was verlfled by comparlng the
resul-ts of studies of two arch dans, recently made by IECO using both the
trial l-oad rnethod and the 3-D FEM. The results obtained from the two
methods agree closely. The finite element method was ideally suited for
the stress anal-yses of MatlllJa Dam, slnce several- prel-imlnary studies
uslng different materl-al propertJ.es and J-oadlng conditions were required
to develop realistic crlterla for the final analysis.

2.2 3-D FEM PROGRAM

A11 static stress studies for MatLliJa Danr were made usl_ng the Jln_tlg
element qttrucl,ural analysle*conputer-progrr,n ,'3D-sAprt. Thls program ls a

I
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nodifled verslon of "sAP", a gg-qere].--plrrpese. stLu,=e.tqr_-al analysls_-pr.a€L+tr

developed at the university of callfornia by Professor E.L. wilson. rr
Ls used speclflcally for the solutton of probl-ems in three-dimenslonal
structural systems. The progran used for the Matll-lJa Dan stress studies
performs statlc l-lnear elastlc analysls of arbltrary three-dimensional
solid structures uslng eight-node hexahedron or brick-shaped elements,
subJected to concentrated or dlstrl.buted (pressure) loadlngs, thernal
expansion, and statlc gravlty forces. The displacements and stresses
are determLned wlth respect to a global coordl_nate system.

A post-processing program developed by IECO computes normal and prlnci-
pal stresses on the upstream and downstream faces of the dan using the
global st,resses computed by 3D-SAP. The computer work associated wlth
the extenslve data preparatlon and card punchlng for this progr''n was

perforned on a UNrvAc L108 eomputer. The 3D-sAp and post processing
programs were executed on a cDC 6600 computer. plots were made by a
CALCOMP pen plotter from data generated by the eomputer.

2.3 GEOMETRY OF DA},I A\ID 3-D FEM MESH

Data for the geometry and detalls of the layout of the dam, thrust blocks
and topography of the foundatlon and abutment area were obtained from
drawings furnished by the county and relevant drawings in the reports,
t'Revlew of Matl1{a Damrrr dated February 1965 and August Lg67, General
arrangement pJ-an and profile of the dam and appurtenant features are
shown on Exhibit No. II-l_.

Flnlte el-ement ldealizatLon of the structure was based on realistl.c re-
presentation of the geonetry and special structuraL features. Regular
elght-node hexahedron (brlck-shaped) elements were used to model the dam
and foundatlon. A sufficient portion of the foundation and abutment rock
was included for adequate representatlon of the interaction between the
structure and its foundation. The thickness of the dam was modeled by
elements one row thick. The dam-foundatlon contact was modeled in a
stair-step conflguration uslng the skewed hexahedron elements to more
cLoseLy represent the actual- foundatlon and abutment excavatlon profile.

\
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To preserve reasonable proportlons of J-ength to width to helght in the

elements, the dam was dlvlded into rowe of brlcks, 20 to 30 feet hlgh and

30 to 40 feet long ln the dLrectlon of the arch. The sane general Pattern

is proJected lnto the abutment rock, wlth eLenents added upstream and

downstream to adequately nodel the foundatlon and abutment topography.

Reduction of arch thlckness at the contraction Joints as deecribed ln the

report Structural Analysls of Matlltja Darn dated March 1965 by the

MacNeal-Schwendler Corporation, r{as not modeled since such reduction was

not consLdered necessary.

The horlzontal sllp JoLnt at El.960, between the arch and the foundatlon,
was represented by a physical separatlon of the elements on elther slde

of the Joint. The actual structural effect of the sIlp Jolnt vras

approxlmated by applylng conetraints on the nodal polnts along the ellp
Jotnt, which allowed the elenents above the Joint to have free movenent

in the horizontal plane, whlle rest,ralnlng theLr movement ln the vertlcal-
plane. The weight of the darn above the Joint was applled on the base as

equivalent concentrated nodal point loads ln the domward directlon, while
frictional forces acting along the Joint were fepresented by horizontal
nodal- polnt loads in upstrean and downstream radiaL dlrections on nodal

polnts above and below the Joint, respectlvely.

The mathematical modeL used ln these st,ress studles conslsted of a mesh

of 610 eLements (11-1 of which represented arch dam concrete) connected by

1112 nodal polnts. This layout requLred the computer to solve 2666

equatlons with a "bandwidthrr of 195.

The element l-ayout along a developed proflle of the dam, lncludlng founda-
tlon and abutment elements, Is shown on Exhlbtt II-2. Zones of dlfferent
physlcal propertles, J-n both rock and concrete, are aLso indlcated.
Cross sectlon reference numbers rgfer t,o general-Ly radlal vertlcal
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sectlons, on whlch the nodal polnts were sequentlally numbered in order

to nlninLze the bandwldth. Exhibits II-3 through II-5 show pJ-an vlews

of the element layout at varlous horlzontal Llfte, vLewed from Ehe top

surface of each tler of elements. The concrete and abutment element

numberlng sequence, cross sectlon numbers and nodal polnt boundary

constratnts are also shown. Exhlblts II-6 through II-8 are isometric

views plotted by computer of the 3-D mesh, showlng the element assenbly

Ln the rlght and left sldes of the concrete arch and the crown cantilever

section, respectl-vely. Mesh pLotting ls a qulck, economlcaL method of
verJ-fying the compl-ex 3-D geometric lnput data and provldes useful- vlsual
demonslratlon of the eLement assenbly. The elements ln the foundatlon

and abutment rock have been onltted for cJ"arLty.
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CHAPTER III
CRITERIA DEVELOPMENT

3. ]. PROCEDIIRX

Development of criterla for the stress investlgations of MatlliJa Darn in-
volved prel-irninary studies ueually not required in perfonnance of stress
analyses for an arch dam. Although on1-y tirnlted test data and inforrna-
tion regardlng the physlcal properties of the concrete ln the dam and the
foundatlon and abutment rock were avallabl-e, reasonable property values
could normally have been selected for an arch dam stress analysis and

representative results obtalned. For Matilija Dnm, however, the unknown

influence of ehemical expansion of the concreLe immensely complieated the
problem. Not only were the rat.es of actual expanslon unknor,rm, but lt was

also unresol-ved whether the expanslsn had occurred onJ-y in the obvlously
afflicted region above El.1095 or, t,o a lesser degree, throughout the dan.

It thus became nandatory to isolate the effects of various loadings to
flrst conflrm the prellminary assumptions as to the elastle properties of
both concrete and foundatlon rock. once thls was accompLished, lt was
possLbl-e to determlne, from analyses of the structurers response, the
theoretlcal chenlcal expanslon that had taken pl-ace and reach a qualita-
tive judgmen! as to the effectlve expanslon.

Fleld data, includlng periodJ.c survey measurements of deflectlon pLates
installed on the darn and regular readings of abutment defornatlon meters,
were supplled by the county. Perlods of reeord were carefulLy selected
so that the incremental measured deflection and deforrnation valuee rcsult-
lng frorn identifiable loadlng condltlons could be compared wlth conputed
val-ues fron the mathematical FEM model subjected to these same condltlons.

The resul-tlng displacements of the nodal points of the 3-D FEM mesh for a
partlcular loading case are printed out as three components in global
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dlrections by the computer. Data reduction computer progrrms were written
and used to first interpol-ate betrveen points on the mesh to natch the
location of particular meters or plates and then to resolve the data into
either meter dl-rection or actual radial and tangential dlrectl-ons of
plate deflections.

The proeedure descrlbed was earried out in loglcal sequenee for the step-
by-step deternination of criteria for the modull of rock and concrete and

Parameters to rePresent the effects of the chemical expanslon of the con-
crete, as described ln Sections 3.5 and 3.6.

3.2 STATIC LOADING CONDITIONS

Wlth the spillway crest lowered to E1. 1095, the controlling reservoir
water surface leveLs for stress analysis are fu11 reservolr (E1-. L095)
and maxlmum reservolr (El. 1113.7). survey data supplied by rhe geunly
show the Present sl1t leve1 to be about EL. 1040. Future silt l-evel- has
been estlmated to rise to E1. 1069. In addltlon to the q/aier and silt
load, the present and future structure loadings include those due to
temPerature changes and the chemlcal expansions of concrete due to a1kall-
aggregate reactivity.

Equivalent concentrated l-oads applled at the nodal points along the s1-ip

Joint at El-. 960 to represent the frictional forces were cal-culated usl-ng
a static coeffleient of frlctton of 0.15. These concentrated loads were
applled in an upstream radial dLrection for nodal points on the arch dam,
and equal and opposl_t,e for the foundatlon block.

To provlde a comprehensLve plcture of the static etreaa condltlons pres-
ently prevailing and ltkely to prevall ln the structure due to varlous
probable combinations of loadings ln its service operatlon, loading com-
blnations used ln these studies were as follows:

I

l

I

I
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o Full Reeervolr W.S. El. 1095, Sllt El. 1040 and Dead Load.

a Maximr:rn Reservoir W.S. El. 1113.7, Sllt El. 1040, Dead Load.

o Full- Reservoir W.S. EI. 1095, Sll-t El. 1040, Maximum Temperature

Drop.

Full Reservoir w.s. El. l-095, sllr El. 1040 and Assr:med Effective
Chernlcal Expansion.

In the finite eLement stress analyses these loads were applied as fol-lows:

Hydrostat.ic pressure due to reservotr Level under l-nvestigatLon
appl-ted to darn and to faces of foundation elements exposed to
reservoir.

a Equivalent hydrostatic pressure due to sl-lt accr.rmulatlon Level-

under lnvestigatl-on applied to dam and to faces of foundatlon
elements affected.

r Gravity load of dam.

Temperature change as shown in section 3.4 for each el-ement as-
sumed at its centroid.

chemicaL expanslon applled as equlvalent coeffLcient of thermal
expanslon for 10 tenperature rLse.

3.3 GENERAI CRITERIA

The foll-owlng general- criteria were used in these stress stud.ies:

r Unlt weight of water, 62.5 Lb per cu ft.
o Unlt weight of concrete, 145 l-b per cu ft,.

a

o

a

a

I

"l
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. Equivalent hydrostatlc pressure of silt, 20 1b per cu ft.
o Poissonrs ratio of concrete, 0.20.
r Poissonf s ratlo of rock, 0.25.
r Coefflclent of therrnal expansJ-on, 5.6 x 10-6 per loF.

3.4 TEMPERATIIRE CHANGE

Grouting of the contractlon Joints ln the dam is reported to have been
performed during Decernber 1947 and January L948, following completlon of
concrete p1-acement operations, but actual data on temperatures in the
dam are not availabLe. Data on maxlmun temperature drop from the groutlng
temperature are gLven Ln the Bechtel_ report, "Review of Matll_lJa Damr'
dated February 1965. ltraxl-mr.m temperature drops, based on these data ln-
terpolated to the centerline of each element, are:

l

]

I
j

I
l
I

I

)

Elevation
(feet)

r-Lr_o.0

r-087. 5

1070.0

ro47.5

1022.5

997 .5

972.5

948.0

Temperature Drop
(Degrees F)

- L2.5

- L4.2

- L4.6

- L4.s

- 1_3.0

- L2.6

- 1l_.0

- l_0.0

3.5 MODIILI ASSIfiPTIONS

Prelirninary values for the modulus of el-asticlty of the foundation and
abutment rock were estimated from data on tests on rock cores reported in
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the Bechtel report of February 1965. Etght rock corea wele obtalned from
holes drllled for the foundatl-on deformatl-on metera, four from each abut-
ment.

Prellminary vaLues of modulus of elasticlty for the concrele were selecLed
after reviewing the concrete test data lncluded ln the Bechtel reports.
By far, the majorlty of the data concerns the deteriorated concrete above

El. l-095, and only a llmlted amount ls available for concrete below El.
1095, which represents a major part of the structure,

Study of the deformation meter records (Exhlbit III-2) indicated that nost
of the middle and lower meters behave elastically tn their response to re-
servolr Level changes. rn January, L969, the reservoir fil1ed rapidly
from a low level of EL. 1036 to the splllway rlp, El. 1095, in Less rhan 7

days. Readlngs of the deformatlon meters were made on January L5 with the
Res. w.s. 8L. 1036.37 and agaln on January 22 at Res. w.s. El. ro95.go.
Slnce air temperatures at the tire of the readings hrere ln the same range,
being 50 and 51"F, respectlvel-y, the lncrementaL deforsratlon data between
these dates represent, as nearly as posslble, the el-astLc response of the
dam and foundation to a reservoir rise of over 59 feet.

The mathematicaL model was subjected to the same loading conditions, exclud-
lng temperature change, whtch is not appllcable, and the computed incremen-
tal dispLacements qrere resolved into comparable deformatlon in the direc-
tions of the meter to confirm the selectlon of abutment rock moduli vaLues,
Two trials were required to obtain reasonable agreement between the com-
puted values and actual measured values, as shown on Exhiblt rrr-4.

To confLrm the assumptlons regardlng the modulus of elastlclty of the
concreEe throughout the maln body of the dam, lt was necessary to compare
lncremental- defLection of the crest. The most representatl-ve survey
plate ls Plate No. 21 on the spillway crest at E1. 1095, close to the
crown cantilever. Surveys of the deflectlon plates are taken at approxi-
nately quarterly intervals during the year. Fortunately, this lnterval
spanned the tlme of the reservolr rise clted above--one reading was taken
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on Jenuary 3, wlth the reservolr at EL. LO34.44, and the next was tal.,en

on Aprll 8, wlth the reservoir at EL. 1088,48. After adjusting the pre-

liminary values of concrete modull, the computed incremental deflectton of
Plate No. 21 agreed closely with the measured values (0.601 computed, 0.65

measured), as plotted on Exhiblt III-3. Movements of other p1-ates on the
dam shol,red conslderable variation from the theoretlcal computed deflection.
Ilowever, these plates are located at hlgher elevations on the portions of
the dam fLanking the sp1LLway, Movements of plates ln theee areas are not
only lnfluenced to a greater extent by temperature variatlon, but are al-so

strongly affected by chenical expanslon of the concrete. These factors
are slgnificant over the three-month lnterval between survey readlngs.

FinaL crlteria for average effectlve modull of eLasticity of the concrete
and rock rrere:

a Modulus of el-asticity of intact concrete, 210001000 psl.

ModuLus of elasticity of deteriorated concrete (betr^reen Sections
17 and 20 above El. 1095), 25,000 psi.

Modulus of elastlcity of left abutnenE rock, lr00Or0O0 psi.

a Modulus of elastlcity of rlght abutment rock, 1,500,000 pst.

Modulus of eLasticity of foundation rock in the channel section,
500,000 pst.

3.6 CHEMICAL EXPANSION ASSIHPTIONS

A revlew of the defl"ection records of Plate No. 2L, Lnstalled ln May 1967

on the lowered splllway crest at El-. 1095 near the center of the darn, dld
not reveal any dlscernlbLe upstream permanent defl-ectlon durlng the last
5 years, as wouJ.d have been expected if chemical- expansl-on had taken pl-ace

ln the concrete beLow El. 1095. The resul-ts of 3-D FEM analyses for de-
flections due to chemical e:rpansion of the concrete above E1. 1-095, which

I

I

a

a

a

l

l
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are dlscussed in the followlng paragraphe, show that whl-le plates lnstalled
on these higher concrete blocks have moved as much ae 3 Lnches upstream,

the computed and measured values for Plate No. 21 (0.01-3 lnch and 0.08

inch, respectlveJ-y) are very small. The evidence, therefore, conflrms the

conclusion that the chenlcal expansion to date has been conflned to the

concrete above El. 1095.

It follows that expanslon prlor to 1965 was also conflned to thls region,
prinarily to the portion of badly deteriorated concrete that was rernoved

when the splllway crest was lowered. Stresses that may have been distri-
buted to the sound concrete by e:<panslon before 1965 are assumed to have

been rel-ieved when the poor concrete in the splL1way was reuoved.

Studles for determination of the chemlcal expansion of the concrete above

E1. 1095 are based prlrnarlly on the recorded movements of Plates No.3, 7

and. 22 for the upper right sLde and Pl-ates No. 5, 18 and 19 for the upper

left side of the dam. Movements of these plates frorn 1965 to L972 are

shown on Exhibit III-I-.

The displacements due to the chemlcal expansion during the period 1966-

1969 were obtal-ned frorn the measurements rnade on October 3, 1966, and

Oct,ober 14, L969. Values for the period L969-L97I were obtalned from the
measurements made on october 14, L969, and october 6, I97L. The rnissing
reading for October 6, L97L, for Plate No. 22 was approxinated by uslng
the average cycJ.ic movement. The reservoir wat,er surface LeveLs and the

anbient temperature conditions that prevailed on these dates are:

Readlng
Date

October 3, L966

October 14, L969

October 6, L97L

Reservolr
I^I.s. El.

1054. s8

1068.04

1071. 83

Air Temp.
at Readine
Tlme (ori

77

Water
Temo.

(oi'l

60 68

63

IIT-7
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The effect of chemical expansion on the stresses in the dam was lncluded
in the analysis by expresslng the measured dlsplacements attrlbutable to
chemlcal- expansion in teros of equlvalent coefflclents of therrnal expan-

sion for one degree temperature rlse. The criteria values representlng
the theoretlcal chenlcal expansion were estlmated by trial so that the
conputed incremental displacements due to the chemical expanslon were ln
reasonable agreement ltlth the actual-ly measured values for the selected
time intervals. The conputed values lnclude the effects of sJ-lght dif-
ference ln the reservoir loadlng prevaillng on the three selected dates.
A11 the three selected reading dates were l-n the month of October repre-
sentlng almost the same time in the yearly temperature cycle. rt was

therefore, assr:med that the measured lncremental dlsplacement values were
not signifLcantly affected by dlfferences Ln the ambient temperature sLnce

the temperature conditions in most of the interior of the dam would gener-
ally be the sarne during the same month ln successive years.

The theoretical crlterla values overestimate the actual chemlcal expansion
because the measured plate displacements incLuded not onLy the elastic
structural displacements but also the crack openings in the deteriorated
concrete. These values were reduced by judgoent to obt,ain the reffectj.vet

criteria values, which are believed to represent more reallstical-ly the
actual chemlcal expanslon effects in the concret,e.

The criterla values, expressed as the equivalent coefficients of therrnal-

expansion for one degree temperature rl-se, used ln the strees studles are
given below.

A. Theoretical values:

Perlod from October 1969 to October L97I

r ExpansLon coefficlent for upper left abutment, 0.0016.
r Expanslon coeffl.clent for upper right abutment, 0.0007.
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B Effective values:

Perlod from October L966 to October L969

r Expanslon coefflclent for upper left abutment, 0.00L2.

r Expanslon coefficient for upper rlght abutment, 0.0010.

Perlod from October 1966 to October L97L

r Expanslon coeffLclent for upper left abutment, 0.0009.

r Expanslon coefflclent for upper rlght abutment, 0.0005.

I
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CHAPTER IV

STATIC STRESS ANALYSES

4.L GENERAL

Several three-dlmensional finite element static stress analyses were coo-
pleted to determine the state of stress ln the dam for different loadlng
condltlons ustng the crlteria and assumptions dLscussed in Chapter III.
Stresses were determined for the norrnaL full-pool- l-oading condltlon, rtrax-

imum reservolr rtater surface elevatlon, and lncLuding comblnatlons wlth
the stresses caused by maxlmum temperature drop and assumed chemical ex-
pansLon. Incremental- stresges resulting from increase ln the silt Level
and those from posslble yleld of the rlght abutment were also computed.

Results of stress studies are presented graphically in terms of norrnal

areh and cantilever stresses at both faces of the dam. Principal stress
values at the upstream and dorrnstream faces are shown for the study made

for the ful-l-reservolr loadlng condltlon to glve an indication of the mag-

nit,ude of princlPal stresses, compared to correspondlng norrnaL stress
values and the directlon and pattern of the principal stresses. Maximum

val-ues of the stresses reported in the subsequent sections are those occur-
rlng ln the main body of the arch dam. Stresses for the thrust blocks and
foundatlon bLock are also shown on the exhlblts. Tenslon areas lndicated
by each study are identlfied on the exhlblts by distincrive shading. Max-
imum stress values are also lndlcated for reference.

4.2 STRESS STUDY I - FULL RESERVOIR AND EXISTING SILT LEVEL

The obJective of this study was to determine the state of stresses in the
dan with the reservoir at the level of the spll-lway 1-1p (EL. l-095) for the
normal loading and the exlsting stlt level (81. 1040). Results of thls
study are sunmatized on Exhlbits IV-l through IV-3. Horizontal norrnal
arch (thrust) stresses at the upstream and downstream faces are shown on

I
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I;xhlbit IV-L. Vert,ical normal cantilever stresses at the upstream and

downstream faces are shown on Exhlblt IV-2. Prlnclpal st,resses at the

upstream and downstrean faces are shown graphical-Ly on Exhiblt IV-3.

lr"aximum values of the stresses in the arch dan under Study I J.oadlng

conditlons are as follows:

Arch Stress

Upstream face:

Downstrepm face:

Cant,ll-ever Stress

Upstream face:

Downstream face:

Princlpal Stresses

Upstream face:

Downstream face:

Compresslon

Tenslon

Conpresslon

Tenslon

Compresslon

Tenslon

Compresslon

Tension

Compresslon

Tenslon

Compression

Tenslon

554 psl

-38 psl

693 psi

147 psi

-47 psj-

1-52 psi

-45 pst

554 psl

-51- psi

732 psL

-46 psl

J

I

I

,J

Zones of slgnificant arch conpresslon occur near the lower haLf of the

dam in the central portlon on the upstrean face and near the abutments on

the downstrean face. Minor arch tenslon occurs at the upstream face near

the top of the rlght abutment at El. 1131.5. CantlLever stresses are
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generally low wlth maxfunum compreselon at the uPstrean face at about 81.

L070 near the right half of the dam and maxlmr.rm tenslon near the left
abutment at El.997.5. On the downstream face, maxlmum cantll-ever com-

pressl-on occurs near the right abutment at El. 972.51 and naxlmum tenslon

occurs near the center at E1. 1-070.

4.3 STRESS STIIDY II - MN(I]'{IIM RESERVOIR AI{D EXISTING SILT LEVET

The maximum reservoir water surface for passage of the probable maximum

fLood flow of 70,000 CFS ls reported as EL. 1l-L3.7 ln the report, "Revlew

of l,IatlllJa Dam, " dated 1967. Study II was made to predlct the stress

condltions Ln the dam for this water loadlng condttion and sl1t 1evel at
EL. 1040. Horlzontal norrnal- arch stresses for Study II at the upstream

and downstream faces are shonm on Exhlblt IV-4. Exhlbit IV-5 shows the

vertlcal normal cantiLever stresses at the upstream and downstream faces.

Maxlmum stress values for thls study are as fol-l-ows:

Arch Stress

Upstream face:

Downstream face:

Cantilever Stress

Upstrearn face:

Compresslon

Tenslon

Compresslon

Tension

Conpression

Tenslon

Conpresslon

Tension

660 psi

-26 psi

855 pst

119 pst

-110 psi

235 psl

-56 psl

J

Downstream face:
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Maximum arch compresslon on the upstream face occurs near the crown at

El. 972.5, whlle tenslon occurs near the top of the rlght abutment at 81.

113L.5. On the downstrean face, maximum arch conpression occurs at E1.

972.5 near the rlght abutment. No arch tension occurs on the dolrnstrealr

face. Ma:cinr:m cantLlever compresslve stress on the upstream face occurs

at El. 1087.5 near the rlght abutment, whlLe tension occurs at El. 972.5

near the left abutment. 0n the dormstream face, maxlmr:m canttlever com-

presslon occurs at El . 997.5 near the left abutrnent, whl-l-e maxlmr:m tension

occurs at El. l-1t-0.0 near the right abutment. Stress distrlbutl-on pat-
terns and locations where maxl-mum arch and cantllever stressea occur are

sl-mllar to those for Study I, except that the nagnltudes of correeponding

stresses are about L0 to 202 htgher because of the lncreased water l-oad.

.4 STRSSS STUDY rrr - FULL RESERVOTR, EXTSTTNG SILT LEVEL WITH MAXTMI'M

TruPEMTURE DROP

The purpose of Study III was essentlally to evaluate the effect of the

rnqxirmrm temperature drop shor,rn on page III-4 on the stress conditlons ln
the structure. Normal arch stresses at both faces are sunmarized on Ex-

hiblt IV-6, and normal cantilever stresses at the upstream and downstream

faces are shown on Exhtbit IV-7.

MaxLmum stress val-ues for thls study are as foll-owe:

Arch Stress

Upstream face:

4

I

I

]

Dorrnstream face:

Compresslon

Tenslon

Compresslon

Tension

623 psL

-1-1-3 psl

844 pst

-64 psi
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Cantllever Stress

Upstream face:

Downstream face:

Conpression

Tenslon

Conpresslon

Tenslon

118 psi

-1-05 psi

176 psi

-189 psi

Maximum arch compression occurs near the clown on the upstream face and

near the right abutrnent at E1.972.5 on the downstream face. Maximuru

arch tenslon occurs on the upstreprn face near the right abutment at EL.

997.5 and on the downstrean face at the left abutment at El. L047.5.

Maxlmum cantiLever compresslon occurs at El-. l-070 near the right thlrd
of the arch on the upstream face and at 8L.972.5 close to the s1lp Jolnt
near the left abutment. Maxlmum cant,Llever tenslon occurs at El-. 972.5

at the Left abutment on the upstream face and at El. L047.5 at the lefc
abutment on the downstream face. Sl-nce the effects of drop ln tempera-

ture of the dam are essentially sinLl-ar to those of reservoLr pressure,

locatlons where maximr:m streases occur for this loading condition are the

same as those in Studles I and II.

The stress resul-ts lndicate that the maximun temperature drop would cause

a 15 to 207" Lnetease over Study I values for arch compresslon ln the

cent.raL region on the upstrean face and near the abutments on the down-

stretm face. Arch tension occurs near the abutnents on the upstrean face.
Maximum temperature drop causes development of arch tension areas on the

downstream face, wLth a maxlmrrr value of about 64 psi in the arch dam.

Cantilever compression ls lower on the upstream face and somewhat hlgher

on the downstreem face than ln Study I. CantlLever tenslon ls slgnifl-
cantly hlgher on both the upstream and downstrean faceg, corqpared with Ehe

values found ln Study I. On the upstrean face, tension zones with t,ension

values ranglng from about 50 to 105 cccur 1n the l-ower half, extending
from each abutment for about one-thlrd the length of the arch. On the
downstream face, a continuous zone of teneion occurs in the upper part of
the arch, extending fron the rlght abutment for two-thirds the J-ength of
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the arch at that leveL. Tenelon values range frosr -40 to -100 pei. The

maxlmun tensl.le vaLue of -189 psl, however, occurs near the left abutment
at El. LO47.5.

4,5 srposs sTUDY rv - TNcRE"IEt'ttAL sTREssES FoR cIIEMTcAL ExpAusroN

Thls study was made to estlmate the stresses lndlcated ln the dam due to
chemlcal- expanslon of the concrete, caused by the alkali-aggregate re-
actlon that has occurred Ln the upper part of the dam. The effect of
chentcal- expanslon on stresses \ras lncLuded ln the stress anal-ysis by
expresslng the chemicaL expansion assumed to have occurred durlng a

selected tlne lnterval l-n terms of the equ{valent coefflcLent of thermal
expanslon. The values of the theoretlcal egulvaLent coefflclents of
therrnal expanslon used as crlterla for chemical- expansion in the analysle
were estimated as descrl.bed ln Chapter III. The results of thls study
are sunnarized on Exhl.bLts IV-8 and IV-9.

The upper val-ues of stress shown on these exhiblts represent the incre-
mental stresses, assr:mlng a rate of expanslon that theoretlcally matches
the defl-ection of the dem recorded from l-965 to L972. The lower values
are based on an assumed effective rate of expansion, whlch coul-d have
Lnduced stress ln the arch dam beLos E1. 1095. Maxlmun incremental stress
values for both cases are:

Theoretical
Assumption

(psi)

3681_

-LLz4

2736

-L977

Effectl-ve
Assr:mption

(psi )

Arch Stress

Upstream face: Compresslon

Tension

Compresslon

Tension

1183

- 331_

805

- 635

J

j

I

I

.J

Downstream face:
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Cantilever Stress

Upstream face:

Downstreem face:

Compression

Tension

Gompresslon

Tenslon

Theoretlcal
Aesrmption

(psi)

L352

- 309

513

-LL67

Effectlve
Assumption

(psr)

435

-l_00

165

-343

The summary cLearly lndlcates that the theoretical- expanslon rate produces

an unreallstic pJ.cture of the resulting stresses. Thls is true for two
reasons: first, the excesslve tensll-e stresses in the area between the
upPer expandlng portlon of the dam and the maln body be]-ow El-. l-095 are
rel-l-eved by cracking in the upper part of the dam, and second, the
openlng of these cracks accounts for a portlon of the measured defl-ectlons
and, consequently, results ln overestLmatlon of the theoreglcal- expanslon
rate. The assuned effective expansion rate was selected to take these
lndeterninate factors into account, and the results glve an indication of
the range of stresses that have probabl-y been dlstributed to the darn,

due to the contlnued expanslon of the boncrete in the upper blocks. rt
can be seen that' except in the boundary regLon between the upper bLocks
and maln arch, arch and cantll-ever stress values throughout the dam are
generally low.

Extrapolatlon of expanslon rates for Study IV to reflect future chemical
expanslon of the dan ls not meanlngfuL for the following reasons:

a As long as the expanslon ls confLned to the concrete in the 1lfts
above El. 1095, the stresses lnduced tn the main portion of the
arch dam depend on the tenslle atresaes bull-t up at the interface
betr,teen these areas. When the tensile stress exeeeds the concrete
strength, the crack that develops reJ-leves the stress transmltted
to the dam. sLnce the tenslle stress val-ues with the effectlve

I

I

.i
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expanslon assumed to have already occurred are close to the

uLtlmate tenslLe strength of concrete, further stress buildup ln
the portlon of the dan below E1. L095 ls unlikeJ-y.

o It is not possible to predlct whether chemicaL expanslon wlJ-1

begin ln the body of the dan below 81. 1095.

4.6 STRESS STUDY V - FT]LL RESERVOIR AND SILT T{ITH ASSIJMED EFFECTIVE

CHEMIC.AL EXPAI.ISION

The incremental stresses due to chemical er<pansion, as determined by Study
IV, were added to the streaaes due to full reservolr and exl-sting sl1-t levelsr.
and the conbined stresses are presented as Study V. No:maL arch stresses
on the upstrerm and dorrnstrerrn faces are shown on Exhibit IV-10, while
cantil-ever stresses on both faces are shown on E:fiibit IV-11. Maximtrm

stress val-ues are indicated by arrow heads, .and tenslon areas are shaded.

Maxlmum values of normal stresses ln the arch da'n are:

Arch Stress

Upstrean face:

Donrnstream face:

Cantilever Stress

Upstream face:

Compression

Tenslon

Compression

Tensl.on

Coupresslon

TensLon

Compression

TensLon

1223 psL

-254 psi

J.0J-1- psi

-591 psi

503 psl

- 77 psL

194 pst

-375 psl

.l

J

Dorunstream face:
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Arch streaaes are rualnly compreeslve throughout the dam, ranging frorn

about L00 to 513 psl, with lsolated maxlmrn values located above the
splll-way crest at El-. 113L.5 on the upstream face and EL. l-l-10 on the
downstream face near the right abutment. Local arch tensions are indi-
cated near the abutments wlth stress val-ues ranging fron -114 to -266 psl,
wl-th maximum values at 81. l-087.5 near the left abutment, Cantilever
compressions range from 5 to 503 psi on the upstream face and fron l-0 to
J-53 psl on the downstream face. Maxlmr.rn values on both faces occur at
81. 1-1L0 at the right abutment,. On the downstream face, a tenslon zone

is indicated, which generally extends from the right abutnent to the left
abutment above El-. Lo22.5 wlth tensions ranglng from -9 to -375 psL, wlth
a maxlmum at 81. 1070 near the rlght abutment. No signlficant cantilever
tensions are lndlcated on the upstream face.

The zones of high stresses, compression as well as tension, ln the arch
and the thrust blocks occur above El-. L085 near the interface wlth or in
the areas of al-kal-1-aggregate react,ivlty. consequentl-y, they are not
considered representatlve of stress condltlons in most of the dan below
that el-evation.

4.7 STRESS STUDY VI . MISCELLAI{EOUS INCREMEMAL STRESS CONDITIONS

A. IncrementaL Stresses for Future Increased Sl1t Load - The sll-t load-
ing assumed for the anal-yses in Studles I, II, III and V is the existing
level, 81. l-040. It is antlclpated that the sll-t level may rise to about
El. 1069 ln the future. Therefore, thls study was conducted to indicate
the order of lncremental stresses that woul-d result from the anticipated
lncrease ln silt level-. The lncrernental stresses for arch and cantilever
stresses on both faee are shorvn as the upper val-ues on Exhlblts IV-12 and
rv-13,

Maxlmum lncremental arch conpression stress ts 67 psI. It occurs near the
rtght abutment at E1.972.5 on the downstream face, while the maxlmum arch
tension increment amounts to -3 psl. Maxlmum cantll-ever stress lncreases
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are smel-l-, the compresslon value belng about 15 psi on the upstream face
in the upper part of the dam, and the tenslon value being about -17 psi
near the Left abutment at El. 972.5.

B. Incremental Stress for PossLble Abutnent Deforma tion - The purpose of
thls study was to determlne the order of dlsplacements and lncrenental
stresses that would result from asstlned yieldlng of a portlon of the lower
rigltt abutment. Ttrls Lnfornatlon was used prinarlly to check the valldlty
of measurements of an apparent defornation of the lmrer rlght abutment,
whlch were lndlcated by foundatlon defornatlon meter DH-3R, as discussed
below and in Chapter VII. The resuLts of the study also provide a useful
lndicatlon of the Lncremental stresses J-ikely to develop lf yleld were
actually to occur.

Ttre deformatlon meter l-ndlcated that a compression of 0.137L lnches
occurred between October 1969 and October L977, Stresses resulting from
such deformatlon, assrnlng that the lndl-cated measurement was valld, could
not be dlrectly computed by the computer progrrm. Therefore, a trlal
analysls run was made assumtng a greatly reduced value for modul-us of
eJ-asticlty (300,000 psl) for the lower right abutrnent zone between rhe
dam and the backflLled shear zone shown on Extrlbtt II-1. For this condi-
tion the computed displaceurent ln the vlclnlty of the meter l-oeatlonr re-
solved in the direction of meter al-lgnnent, rras 0.0854 lnchesrand the re-
sultlng incremental- stress values are shor,rn as the lower numbers on Extrl-
birs IV-12 and IV-l_3.

Slnee the study showed defornatlons inconsistent wlth measurements at other
foundation deformation meter locations, lt was concluded that abutment
yleld l"s not responslbLe for the questlonabLe readings produced by rneter
DH-3R. This is discussed ln detail in Chapter VII. The 6tres6 resulrs
are of interest, however, ln Lndicatlng the response of the dam in the
event of smal-l differential yield of the abutment. The results clearly
lndicate transfer of dam load from the assumed weak zone to the more com-
petent foundatlons. Ttris resuLts in concentration of stresses in the dam

near the interface of the zones. However, the effect of the weak zone ls

Ij
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quite l-ocal and confined generally to the rtght half of the dam predoml-

nantly near the abutment area. The maxlmun lncrementaL arch compreselon

of. L27 pel occurs at the rlght abutment at El. 1047.5, and rnaxlmurn tension
of -70 psi occurs at EL. 997.5; both are on the downstrearn face. The

lncremental cantilever streaaea are low, with maxlnum valuee of about 40

Psl.

J
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CHAPTER V

DYNAI-{IC SIRESS AMLYSIS

5.1. GENERAI

Matilija Dam lies in a seismically active area. It is located within 2

miles of the Santa Ynez fault, 5 miles of the Santa Ana fault and 25 mil-es
of the San Andreas fault. No earthquake epicenters have been reported in
the lmmediate vicinity, and none with a magnitude greater than 4 on

Richter scaLe have been reported within 5 miLes of the dam. However,
earthquakes havlng a magnltude of 6* on the Richter Scale and having epi-
centers wlthin 20 to 30 miLes of the dam have been reported.

Because of the location of the dam ln relation t,o these seismically ac-
tive faults, stress analyses were made uslng the 3-D FEM mathematicaL
modeL to determine the dynamic response of the dam to ground motions dur-
ing earthquakes originating on these faults.

5,2 THREE-DTMENSTOML FrNrrE ELEMEM DyNA}fic pRocRA}{

The computer Program used for the dynamic analyses of the dam described
in this chapter was developed at the University of California under the
direction of Professors E.L. WiLson and R.W. Cl-ough. It performs Linear
eLastic dynamic anaLysls of three-dimensional structures. The 3-D FEM

program ls organized to determine the naturat frequencies of vibrations
and related vibration mode shapes by solving the generalized eigenval.ue
problems using subspace iteration. The program derives and uses the
consistent-mass matrix approach as compared to the lumped-mass approach
for the mass of the structure.

water pressure durlng earthquake has significant infLuence on the vibra-
tion characteristics of a dam and acts on the dam as an external force.
The magnitude of the influence of the hydrodynamic pressure can be evalu-
ated reaListlcally only by conducting fieLd vibration tests on the dam
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for different reservolr water levels and measurlng the reeuLtlng change.

ln the vlbration characterletlce.

The hydrodynamlc effects of the reservoLr are approxlmated by conputlng

an effectlve water mass rthich moves horizontally with the dam, in accord-
ance wlth the Westergaard equation, derLved by neglectlng the compressi-

blllty of water. Thls rnass ls proportLonateLy distrLbuted and appJ-led as

a J-umped nass to the adJacent upstream nodal polnts. It ls recognlzed

that the lumped-nass approach ueed ln thls program has llmltatlons slnce
it cannot realtstlcally repreeent the actual hydrodynamlc effects due to
the three-dlmenslonal dynamLc Lnteractlon between dam and reservolr, in-
cluding the effects of the compresslbil-lty of water. Research is current-
l-y ln progress to develop mathematlcal reLatlonshlps to modeL the actual
three-dimenslonal hydrodynamlc effects for use in the computer program.

However, no operational 3-D FEM program for dpramic analysis with such

capabiLity is currentLy availabLe.

The flrst step in predicting the dynami-c response of a dam is to determine

the rnode shapes and the natural frequencies for undamped free vibrations
of the structure, using an appropriate number of vibration modes. Dy-

namic resPonse analyses are then perforned for speclfied ground motion

accelerograms, using the computed frequencies and the mode shapes and

appJ-icabl-e values of the danptng factor. The response of the dam for
each mode is computed at each time lnterval- used to specify the tnput
ground motion. The total response at any tlme is obtalned by superlm-
posing the modal responses occurring at that time. Accelerograms repre-
sentlng the two horizontal components and one vertical component of the
sel-ected earthquake are read in, and dlsplacement and stress hlstories
due to thls excltatlon are computed for selected nodal polnts and eleuents.
Tine-displacement and tlme-stress historl-es may then be pJ-otted by the
computer.

5.3 EVALUATION OF SEISMIC PARAI'{ETERS FOR ANALYSIS

For these anal-yses, earthquake accel-erograms representing the maxlmum

credlble ground shaking that might occur at the site of MaLilija Dam were

recommended by Dr. G.hl. Housner, who served as consultant to IEco. His

I

I

il

V=2





reconmendatlons are contalned ln two Letter rePorts (dated June 2, L972,

and June 22, L972), which are lncluded as appendixes to thl-s rePort.

The two selsmic ground motlons agssrnmended by Dr. Housner are deslgnated

as Design Earthquakee No.l and 2; they rePresentr respectl-vely' the

followlng selsmlc events:

1) A najor earthquake on the San Andreas Fault of magnltude &l- on

the Rlchter scale (Flgure v-L) wtth eplcenter approximately 25

ml-les from the dam.

2) an earthquake slmilar to the 1940 E1 Centro earthquake (magnitude

6.5 to 7.0 on the Rlchter scale) occurring on the Santa Ynez Fault

with epicenter close to the damslte.

The anal-yses included the accelerograms of the two horizontal and one

vertlcaL component of the reconrmended events wlth the arnpJ-ltudes and

duratlons scaLed aceording to Dr. Housnerts recommendatlons. Accelero-

grams for three components of the Design Earthquakes No.l and 2 ate shown

on Exhlbits V-2 and V-3, respectlvely.

Response spectra for the ground motions of Design Earthquake No.1 are

shown on Flgures V-2 through V-5 and those for Design Earthquake No.2 on

Flgures V-6 and V-7.

Earthquake response sPectra provlde a direct measure of the marimum

response of any single-degree-of-freedom system to the earthquake motlon

they represent; the response belng in the form of velocity, aceel-eratlon

or displacements of the system. These conslst of a set of curves, each

curve representing relatlonshj-p between the response quantity and the

natural perlods of vibration of Lhe system for specifled damping ratlo.
Figures V-2 and V-4 represent the veloelty (wsd) response spectta whiLe

V-3 and V-5 represent the combined earthquake response (trlpartlte
logarithmlc plot) spectra for the three resPonse quantitles namel-y

acceleratlon, veloclty, and displacement for the uPstream-downstrean and

)
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cross-canyon conponents resPectively of the Design Earthquake No.1.

Figure V-6 and V-7 represent velocity and combl-ned resPonse spectra

respectivel-y for the Deslgn Earthquake No.2. The period of vibration
for which the acceleratlon response value for a speclfled damplng ratio
is a maximum ls deslgnated as the predomJ.nant perlod.

5.4 DYNAMIC 3-D FEM ANAIYSIS CRITERIA

The flnlte elenent mesh J-ayout used for the statlc analyses descrlbed ln
Chapter II was used for the dynamLc analyees, wJ-th mlnor revislons to
input data to make them compatible wlth the dynanic progran lnput. The

sllp Jolnt was represented by a row of elements of low-strength naterLal
to model the dynamic response of the sllp Jolnt more accurateLy. General

criterla and naterial propertles hrere assumed to be the same as those

used ln the static stress studl.es, except that the modulus of elastlclty
of concrete lras lncreased from 2r000r000 to 3r0001000 psl to reflect the

lncreased resistance of the concrete when subjected to instantaneous

translent loadlngs. Addltlonal crlteria used ln the dynamlc analyses

ate:

Damping - Inherent damplng of vlbrations by the daxo has a slgnlficant
effect on the dynalrlc response of the structure. The effects of damping

are included ln the dynanlc analysls by using a damplng constant, which

expresses the ratlo of the actual to the critical darnping as a percent.
The danplng present in the structure ls dlfferent for each mode of vlbra-
tlon, dependJ-ng on the order of dlsplacement. The actual value of thls
damping constant can be determlned by forced vibration tests on the dam

ltself. Extensive field vLbratlon tests on various arch dans have been

carried out in the Unlted States and Japan. Also, several vibratlon
studles have been made on arch dam urodels. A revlew of available data on

such field and model tests shows that equlval-ent damping of about 57" of
the crltlcal reasonably represent,s the damplng in thin-areh dams. For

these dynamlc analyses a danplng constant of 57" of the critlcal dannping

was sel-ected.
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Modee - D.rrlng earthquakes, arch darns vlbrate 1n translatlonal and

torsional modes because of the random nature of eelsmlc ground motlon.

All the mode shapes and natural frequencles of free vlbrations of an arch

dam can be obtalned from the cornplete solution of the elgenvalue problem,

which would, however, entail considerabJ-e computer effort and cost. Mode

shapes assoclated wtth lower frequencles of vlbration contrLbute most Lo

the totaL response of the structure. The flrst slx modes of vlbratlon
rrere consldered adequateJ-y representatlve for these dynamlc studies of

MatlltJa Dan.

Tlme Interval - Response hlstorles of the darn were computed for tlme

lntervals of 0.025 and 0.02 seconds for Deeign Earthquakes No.l and 2'

respectlvel-y. These values correspond to the tlme lntervals for the

ordinates of the respectlve accelerograms used as lnput. For satisfactory
accuracy of results, an lnterval of 0.10 seconds ltas sel-ected for printlng
and plottlng the deflectl-on and stress resPonse histories.

Length of Record - Inspectlon of the design earthquake accel-erograms

indicated that morfunum response values would be obtalned lf onJ-y the

portlon of the accel-erogram record for the signiflcant rnotion were used,

maklng it unnecessary to use the entlre record. Lengths of record selected

for the analyses were 60 seconds for DesLgn Earthquake No.l and 30 seconds

for Deslgn Earthquake No.2.

5.5 DYNAMIC RSSPONSE A}IALYSIS RESTILTS

ResuLts of the dynanlc response analyses of MatlllJa Dam, expressed in
terms of node shapes and frequencles of vibratlons, tlrne-dlsplacement

and time-stress histories, are glven below:

l'lode Shapes and Frequencles - The slx mode shapes for the slx related
vibration frequencles plotted by the computer are shown on Exhlbit V-1.

The natural frequencles of vlbration, expressed in cycles per second,

and corresponding perlods of vibration ln seconds are also shown on
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Exhiblt V-1. The rnode shapes are plotted isometricalJ-y to Present the

integrated reLatlve defo:med shape of the total structure ln various

modes. The mode shapee and frequencles are computed for full- reservoir
W.S. El.1095. The slmymetrLcal and uns]rnmetrlcal mode shapes occur

alternately, the flrst mode belng s)rmmetricaL, corresPondi-ng to the

fundamental- (lowest) frequency of vlbratlon. The frequencles of vibratlon
range fron 3.096 cycJ.es per second for the first mode to 6.26 eycLes per

second for the slxth mode; the correspondlng periods of vlbratlon are

0.323 seconds and 0.1-6 seconds, respectlveJ-y. The fundamentaL frequency

of vibratlon of liatllija Dam is withln the general frequency range of
thin-arch dams. It shoul-d be noted that the mode shapes shown on

Exhibit V-l indlcate onJ-y the relative deformed configuratlons of the

structure for the lndlcated modes and do not represent the magnitude of

the actual displacement contributions of each mode to the total dls-
placement response of the structure.

Reference to response spectra shown on Figures V-3, V-5 and V-7, would

lndicate that for the fundanental perlod of the dam, narnely 0.323 seconds,

acceleratlon response values for 5 percent damping rat,lo are close to
Lhe maximum values llkely to be produced by the ground motl-ons representing
the two design earthguakes.

The node point nearest the left abutment on the top arch Ln the sketches

represents the Junctlon of the arch with the thrust block. This point

experienced a much larger movement than Ehe correspondlng polnt on the

rlght abutment where the dan ls much Less flexlbl-e.

Time-DispLacement Hlstories - Dynamlc tfune-dleplacement htstorles of
selected nodal potnts lrere computed at specj.fied tlme lntervals for ttre

first 60 seconds of the record for Desi.gn Earthquake No. l- and 30 seconds

for Deslgn Earthquake No. 2. Total- dynarnlc dlepl-acements of the nodal
points were computed ln the three orthogonal globaL coordinate-axes dl-
rections, representlng the upstream-downstream, cross-canyon and vertical
dlspLacements of the structure. TJ-ne-dlspLacement hlstorles for the up-
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stream-do\rnstream directions for both Design Earthquake No. 1 and Design

Earthquake No. 2, as plotted by the computer, are shown on Exhiblt
Y-4 for nodal polnt 461--the downstream crest point of the crorf,n canti-
lever (Cross Sectlon Reference No. 12). The computer pJ-ot of the tlne-
displ-acements for the flrst 40 seconds of Deslgn Earthquake No. 1 (the

slgniflcant portlon of the 50-second period studted) is reproduced on,

Exhlbit V-4. The maxlnr:m deflection of the crest of the crown cantllever
for Deslgn Earthquake No. 1 ls L.7 Lnches and occurs at 31.8 seconds of
the record, whLle for DesLgn Earthquake No. 2 the maxlmum defl-ectlon ls
1.2 lnches and occurs at 3.7 seconds of the record. Ar lndicatlon of the

nagnJ.tude of the contrlbutions of modal- displacements to the total dls-
placement response can be obtalned by lnspection of the maxl-num displace-
ment response l-n the upstreardownstreFm directlon for each node. These

maximum responses do not necessarily occur at the same instant. The

maxLmum modal responses of node polnt 461- for both design earthguakes are:

Maxlmum Response Displ-acenent (lnches)

Mode No.
Design Earthquake

No. 1

1. 45s

0.386

0.0r_8

0.209

0.011

0.l_90

Deslgn Earthquake
No. 2

0,972

0.328

0.015

o.247

0.01_0

0.L97

l_

2

3

4

5

6

I
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Thls tabLe shows that for poLnts near the center of the arch the funda-
mental- mode contrLbutes most of the total response dleplacement. For
polnts on the crest near the quarter polnts, the 2nd, 3rd and 4th nodes

are the most signlflcant.

Tine-Stress Hlstories - Arch and cantil-ever dynarnlc stresses were
coFPuted at speclfled tl-rne lnterval-s at the upstream and downstream faces

L
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of the selected el-ements. The seLected elements represent locations
where slgnlficant stressea were lndicated by the statlc stress anal-yses

and regions where the structure was expected to experience maxlmum res-
ponse. These elements are l"ocated at arch levels, representing locations
near the crest (ff. 1087.5), rntd-helght (EL. L047.5), and the base (E1.

972.5), .ld at three cantllever sections located near the Left nid-half,
center and right nld-half of the darn. The locatlon of the selected
element centerLlnes both ln the three arch levels and ln the cantLlever
sectlons deslgnated as rlght, center and left cantLlevers, are shor^rn on

Exhlbits V-7 through V-L2, whlch graphlcal-J-y present the dynanlc and com-

blned (static plue dynarnlc) arch and cant,Llever stresses at selected
instants of tlme.

Tlme-stress hlstory pJ-ots for Deslgn Earthquakes No. I and 2 ate shown on

Exhlblts V-5 and V-6, respectively, for the arch stress at the upstream

and doqrnstream faces of element No. 240, l-ocated at the central cantllever
at E1. 1087.5. Sinee the maxfunum response values for Design Earthquake

No. 1 occur within the flrst 40 seconds of the response, stress plots are

shown only for that duratlon.

Dynamlc arch and cantllever stresses at the upstream and donnstrean faces

of the seLected elements for three instants of the record are shown on

ExhlbLts V-7 through V-9 for Study I-EQL and on Exhlbtts V-J-O through
V-12 for Study I-EQ2. The three instants of the earthquake record were

at 23.0, 31.8 and 32.0 seconds for Deslgn Earthquake No. 1 and at 2.6,
4.3 and 9.0 seconds for Design Earthquake No. 2. These lnstants, which

were selected after a close study of the tlme-stress historles of the
selected elements, rePresent lnstants when maximum stress values occurred.

Maxlmum values of the dynamlc arch and cant,ilever stresses lndlcated at
the three selected lnstants for both deslgn earthquakes are tabulated
below.

I

l
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Deslgn Earthquake No. l-

Tlne of Occurrence

(seconds)

23.O 3L.8 32.O 2.6

871

Design Earthquake No. 2

Tlme of Occurrence

econde

9.04.3

Arch Stress (ln psi)

Upstream face

Compresslon

Tension

Donrnstream face

CompressLon

Tension

-33

52L

-82

39i-

-l-002

103

- 905

351_

-737

245

-576

300

-2L8

309

-684

290

-L04

311

-7L2

2L2

-111

L20

-L20

6L9

-155

]-64

-234

],24

-119

500

]-74 2L3 316

-s49 -23L -L57

CantLlver Stress (in psi)

Upstream face

Compresslon

Tenslon

Downstream face

Compression

Tenslon

zLO I_3 85 4L

-155 - 258 -29L -254

341

-r_88

)

I

)

The dynanic arch and cantlLever stresses tabulated above are the rnaximun

lnstantaneous stresses llkely to develop in the structure at the indicated
tLme, when the dam would be subJected to the design earthquake ground mo-

tions. Higher maxlmum response stresses are indicated for Deslgn Earth-
quake No. 1 than for No. 2. The envelope (naximum range of stress
found in ttre dam for record studied) a!"h dynarnic stresses are 871 psl
conpression and -L002 psi tenslon for Deslgn Earthquake No. l- and 6J-9 pst
compression and -7L2 psL tenslon for Deslgn Earthquake No. 2. The enve-
lope cantllever dynamic stresses are 351- psi compression and -291 psi

\
lr
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tension for Deslgn Earthquake No. I and 290 psi conpresslon and -254 psl

tension for Deslgn Earthquake No. 2.

The maxlmum arch stress vaLues for Design Earthquake No. 1 are about 40

to 60t htgher than for No. 2. CantlLever compresslons are about 20"1

hlgher for No. 1 than for No. 2, whlle tensions are approxloately of the

same magnltude for both. Maxlmum arch stresges are found at Element No.

240 for all cases, while the locatlons of maxlmr:m cantllever stress vary
(El-enents 245, 173 and 310).

The combined (statle plus dynanfc) arch stressea correspondlng to the

envelope values are LI92 psi'compression and -681 psi tenslon, whlle
cornblned cantllever stresses are 416 psl compression and -276 psL tenston

for Deslgn Earthquake No. l-. Because of the reverslbl-e character of the

dynanic stresses, it would be posslble to obtaln a dynanic arch compres-

slon of 1002 psi, corresponding to the maximrm tenslon vaLue formd for
Study I-EQI. The maximum conblned arch stress conslderlng the reversi-
ble character of the oscl-llatlng dynarnlc stress woui-d therefore be 1323

psi compression and -681 psi tension, whl1e the combined cantil-ever
stresses would be 4L6 psl compression and -295 psi tension for Design

Earthquake No, 1.

These results demonstrate concluslvely that the ground motion generated

by an earthquake of magnltude 8* orlgtnatlng on the San Andreas fault
would affect the dam more severel-y than the 1940 El- Centro earthquake.

5.6 EVALUATION OF DYNAMIC STRESSES

Stresses conputed in arch da'ns under dynamlc response to strong earth-
quake ground mot,lons are invarlabJ.y hlgher than those for the sustained

or static loading conditlon. I,lhen evaLuatlng the overal-l- stablllty and

safety of an arch dam for the ruaxLmum credlbLe ground shaklng llkely to
occur at the site, the following shoul-d be considered:
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a For dynanlc loading of a rapdily osclllating nature, the resistance
of concrete to fail-ure ls signiflcantl-y greater than Lts ultirnate
strength under a sustained statLc loading. Testlng of concrete
specirnens under lmpact loadlng has lndlcated that the dyna:nic

strength could be as much as l-.85 tlrnes the static strength, de-
pendlng on the qual.lty of the concrete and the rate of loadlng.

r Ttre most slgnificant arch streases are indlcated ln the upper
central- part. of a dam. rf tenslle stresses in the dam exceed the
dynanlc tenslle strength of the concrete, this translent tenslon
would be rel-leved by a sllght momentary opening of the vertical
contraction Joints l-n the dam. These openings would close as the
structure went into the opposlte phase of the oscil_lating cycle
and would be permanently cl-osed when shaking ceased and the
structure regained lts equll_ibrlun posltion.

a rf compressive stresses reach the yleJ-d poj.nt tn any part of the
structure, plastlc defornatl-on and friction will dlssipate con-
siderable energy, lncreasLng the danrping effect and offsettlng
further lncreases in stress.

a rf extensive Joint openlngs due to tensile stresses shoul_d occur,
cantilever osclllatlon will greatly change the dynanlc character-
istics of the dam. Ttre friction between adJacent cantilevers
would conslderabJ-y danpen the vlbrations.
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FIGURE V - 3
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FIGURE Y - 5
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CIIAPTER VI

EVALUATION OF CREST FOOTBRIDGE STABILIM

6.1 GENERAL

At the crest of the dan, service access ls provliled by a concrete foot-
brldge, following the centerline of the top arch. I^lhen the crest of the

central spl1lway was Lowered, the correspondlng portion of the footbridge
was al-so removed and replace by a two-span, 1lght, steel truss st,ructure.
Contlnued chemical expansJ.on of the dam concrete above El-. l-095 adJoining
the left side of the lowered spl11way sectlon, severely cracked even in
L965, has caused considerabLe displacement at the top of the remaining
piers and made bearing conditions inadequate for the bridge superstructure.
Furthermore, the expansion cracks extending through the entire clepth of
BLocks "Lt' and t'Mtt have reduced the safety of the brldge structure to an

unacceptabLe 1eve1 in the case of an earthquake or high flood loading.
The cracked condition of the concrete ls shown ln Plate VI-l.

6.2 STABILITY DETERMINATION

The anal-ysls was based on the assumptj.on of a continuous crack at E1 .

1095.0 in BLock rrl.rr and at E1. 1l-10.0 ln Block "M'r. The structure above

these elevations is safe ln the case of a hlgh flood with water level at
81. 1Ll-3.7. The safety factor against overturnlng ls 2.5 for this case.

Considering earthquake loading, the structure could stand horlzontal ac-
celeratlon up to 0.1g applled at E1. 1095.0. The safety facror agalnst
overtrrrning for this case i.s sllghtly less than 2.0. However, accelera-
tion of more than 0.1g at the splllway level would result from a consider-
ably snal-l-er val-ue of ground motion acceleratlon at the foundation of the
dam. Thls fact, coupled with the high probabiJ-lty of sma11 earthquakes

at the slte, clearly lndicates the necessity of some safety measures lf
service access is to be maintained.
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6.3 ALTERNATIVE REHABILITATION SCIIEMES

The three al-ternatlves descrlbed below rlere considered as possible rneans

of rehabiLltation.

A. The first alternative involves removal- of deterlorated concrete at
the top of Blocks t'Ltt, ttM" and, posslbly, "Ntt. This would also rnean the
removal of Plers 2, 3 and, 4, the consLructlon of a new pier at the l-oca-

tion of present Pier 4 and the repl-acement of the bridge structure be-
Eween Piers 1 and 4. Becauee of the high costs of concrete removal, the
total constructlon costs are expected to be well above $100r000, naking
thls alternatlve questionable fron the economlc point of view. Further-
more, renoval- of the horizontal restraint from the remaining blocks would

undoubtedly accelerate the deterioration of these blocks due to chemical
expanslon. In addltlon, the removaL of the concrete ln Blocks trMrr and trNrr

would also lntroduce the danger of eroslon damage Ln the event of high
floods because of the weak downstrean apron in this region.

B. Ihe second alternatlve lnvolves repJ-acement of the brldge structure
between Piers 2 an:d 4 by a one-span, llght, steel truss, removal of piers
3 and 4 and pattLal removal of Block "L" from 81. 1095.0 to accormodate

the construction of a new pter at the l-ocatLon of present prer 4. The

construction costs of thls aLternatlve would be about 502 l-ower than in
the case of Alternatlve A, avoldlng at the same time lts technical dis-
advantages. It must be emphaslzed, however, that this solution does not
excl,ude the possLbility of earthquake damage ln the dam. It onJ-y ensures
the safety of the brldge, by eliminating lts dependence on the stabll-ity
of the deteriorated blocks.

C. The last alternative studled lnci-udes provlsions to rnake the exieting
structure safer against earthquake loadings by anchorlng the top of Bl-ocks
t'Lt'and "M" Lnto the sound concrete. Ttre constructlon costs of thls alter-
natlve would be about the same as or sJ.lghtly lower than those of Alter-
natlve B. The use of prestressed anchors would not be effectlve because

of the extenslve cracking in the concrete. One disadvantage of thls
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soLutlon le that lt does not stop the creet novement cauaed by the expan-

sl-on of the concrete and thus could result ln probleme regarding the
bearLng condLtions at the brldge supports.

5.4 RECOM}MNDATION

Based on the above explanatlons, we recomend ALternative B for rehablll-
tation of the footbrldge. Ttris alternatlve would Lnvolve removal of about
300 cu yd of concrete and construction of a light, steel-truss footbrldge
with a span of 92 feet simiLar to the existlng structure over the l-owered

spillway section. The safety of the new bridge could be further improved
by repl'aclng three spans (between Piers l- and 4) instead of two (between

Piers 2 to 4) of the existing bridge. The addltlonal costs due to the
42-foot increase in the span of the new bridge nay weJ-1 be Justifled,
since the effects of expansion of the concrete in Block t'Ntt woul-d be ex-
cluded, and Pler J-, belng further from the affected area, could provide
safe support for the structure.

Cracking can be seen ln the concrete above El. 1095 adJacent to the right
sLde of the present splllway notch, although it is not as extensive there
as on the left sLde. If deterloration of this concrete contlnues, reha-
bLlltatlon of thLs section of the footbridge, similar to that reconmended
for the left side, wiJ-l eventual-ly be necessary to ensure continued safe
servlce access.
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See Detail
Below
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Deterioration of Concrete Above El.
1095 at Sta 1 * 75 Due to Alkali-
Aggregate Reaction

Detail of Open Cracks Shown in Top photo. Note
Penny in Crack for Scale.
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CHAPTER VII
PERFORMANCE AND RELIABILITY

OF FOI]NDATION DEFORMATION METERS

.i.L 
GENERAI,

Elght Carlson-type foundation defornation meters were instal-led in 1965,

four in each abutment, to monitor the abutment deformations under service
loading conditions. Locations of these meters are shown on Exhlblt II-L.
Details of installation of these meters are described ln the Bechtel re-
port 'rReview of MatillJa Dan", dated February 1965. Since January, L}TL
the met,ers have been read at fortnightly intervals. A11 the meters have

been operabl-e except Met,er 1-L which ceased functloning in Jury L972.

Ttre abutnent deformations indicated by these meters have generally been

consistent and as normalJ-y expected, except for readings from Meter 3-R.
In December 1969, this rneter lndicated a change in trend and the lndlcated
foundation yieJ-d has since gradually i-ncreased ln magnitude.

The indicated large change ln abutment deformatlon caused considerable
concern about the competence of the abutment and condition of the dan,
sLnce Meter 3-R is located in the lower right abutment reglon between the
dam and the rnaJor shear zone which had been partial-J-y excavated and back-
ftl1ed wtth concrete during constructLon. It was not known if the indi-
cated large deformations actually resulted from physicaL movement of the
right abutment or trrere due to possible erratic functloning of the meter.
No such sudden and slgnificantly large defonnation changes were indicated
by any of the other meters. Investigatlons were conducted to eval-uate
the performance and reliabillty of these foundatton deformation meters.
This was done by careful detaiLed review of the observed data, theoretical-
ly determlned abutment displacements and ln-sltu and l-aboratory physical
checks of selected meters. Dr. Roy I,l . carlson, consultant, lnspected
these meters in the fiel-d and conducted a physlcal check of the calibra-

I
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tlon and performance of sel-ected meters ln hls l-aboratory, Carlson Instrtr-
menta, Campbell, Callfornla. Hle report dated September 1, L972 te Ln-
cluded ln the appendlxes to thls report.

7.2 CONSISTENCY OF DATA

A. Review of Observed Data - It was recognized that conslstency of
trends in the variation of deformations indlcated by the meters for cor-
responding load changes would provide some lndications of the performance
reliability of the meters. To evaluate consistency of observed data, the
tlme-deformation hlstories lndicated by all the neters for the entire
period of observations and the correspondl-ng reservolr water surface
LeveLs were plotted graphical_ly as shown on Extribit II}-2.

The following conclusions were drawn fron the detail-ed revlew of the ob-
served time-deformatlon hlstories :

Deformations indicated by Meters 3-R, 3-L, 2-R and 2-L consistently re-
flect elastic behavlor of the respectLve abutments in response to the
related changes in reservoir water level. Thls is rnarkedly evident when
l'eservoir levels changed in short periods of tirne during which the effects
of other l-oads; namely, temperature change, chemlcal expansion, etc., on
the deformatlons would be reLatively insignlficant. Peaks in the deforrna,
tion plots corresPond with the peaks in reservoir water level- at the same

tirne (E:rtrlblt III-2) .

The measured deformations indlcate that al-l meters, except Meter 3-R,
have functioned consistentl-y since instal-lation. Some unsteadiness
characterized the responae of the Meter 3-L ln the inltial stages after
which lt has contLnued to indrcate consistent response.

The deformatlons indicated by Meters l-L and l--R do not shonr close corre-
lation and easLly discernibl-e movement in response to sudden reservoir
load changes as the l-ower meters do. This ls due to the fact that both

I
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these meters, nameJ-y DH-IR (E1. 1113) and DH-IL (El-. 11L2.5) are located

above the nor:mal maxlmuur pool El. 1095 outside the reglon of lnfluence of
the main body of the dam, and are thus less responsive to reservoir 1oad.

Ttrey are however, more susceptible to temperature change, slnce the

relatively thin concrete darn ln thls reglon ls exposed to air on both
sldes. The deforuration plots show the response of these meters to be

generally conslstent wtth the annual cycllc temperature varlatl-on; ex'
panslon of the dam durlng warm months causlng inward abutnent movement is
indlcated by compressive deformation of the meters, with reversed move-

nent lndicated for cold nonths.

The plots for these two meters show that thelr readings \ilere also affect,ed
by the contlnuing expansion of the concrete fl-anking the present sptllway
above E1. l-095. This ls lndicated by the progressive lncrease in the

anplltude of the abutment yleld indicated by these metera l-n successive
years, the increase being slgnlflcantly greater for Meter DH-I-L than for
Meter DH-IR. This is consistent with the field measurements whlch shor,r

Sreater expanslon of the left side concret,e and ls evldenced by the
extensive crackLng of the concrete ln thls region. Deformation plots of
other meters do not exhibit any such obvlous J-ong-terur movements which
could be attributed to the effects of chemical expansion of concrete ln
reglons of their locations. Thls observatlon also generai-ly confirms
that expansion due to alkali-aggregate reaction l-s confined to the con-
crete above EL. 1095. The pl-ots of Meters DH-2aR and DH-2aL exhlbit con-
sistent resPonse of these meters t.o load changes even though the smaLl

nagnLtudes of indtcated deforurations make it dlfflcult to ldentlfy the
response peaks corresponding to the reservoir l-eveJ- peaks. The srnall
resPonse vaLues are due to the fact that these two meters are oriented
at 45o to the dl-rection of arch thrust.

Meter DH-3R had been indicating conslstent response until Decernber 1969

when lt started showing the conslderably large than normal abutment yield
which apparently lncreased progressively in subsequent years. Correspond-
ing large increases have not been shown by Meter 3-L which ls Located in
the left abutment at the same 1evel as Meter 3R, nor have any of the re-
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malnlng meters indlcated proportlonately large deformatlons. A total of
0.137f lnches of abutment yleld wae lndlcated by Meter 3-R ln the two

years from October 1969 to October 1971. The trend of progresslve in-
crease ln the abutment yleld indLcated by thls meter fron 1969 thru 1971,

seensi.to have ceased tn 1972. Notwithstanding the apparent large abut-
ment yield over the 2 year perlod lndicated by Meter 3-R, the change in
response of thls meter to rapid rlse of the reservoir $rater 1eve1 was

found to be aLmost equal-ly llnear1y elastic both before and after December

L969, as shown on Figure VII-I. This does not seem to be the case for rapld
drop of the reservoir level- where readlngs before 1969 appear to agree

with the values for corresponding reservoir rise while those taken after
1969 show less deformation change.

Revlew of the fieLd readings of thls meter showed that all the observed

values have been well wlthin the useful elastic range of the meter supplled
by the manufacturer.

B. 3-D FEI,I Analvses Results - Consistency of the response of the meters

was also verified by comparing the measured deformation changes with those
theoretical-l-y conputed by the 3-D FEM analyses for appl-1cabLe load changes.

These val-ues were computed using assumed values for the rnodulus of elas-
ticity of rock and concrete. Ihe measured incremental deformations due to
particular rise in the reservoir water surface agreed reasonably close
with the computed values, attestlng to the valldity of the observed per-
formance of the meters.

As descrlbed in Chapter III chenical expanslon due to alkall-aggregate
reaction was found to be confined to the eoncrete in the upper regl-ons
above El-. 1095, where lt caused slgniflcant measurabl-e movement. However,

thLs expansLon caused only very minor move-ments at Lower reglons, so small
as t'o be indiscernibLe in the pJ-ots of deformations lndlcated by the meters
in these reglons. This insignlflcant effect of chemlcal e:<panelon on the
deformations at lower regions was generally confirmed by the vaLues theo-
retically computed by 3-D FEM analyses deserlbed in Chapters III and IV.

I
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The large abutment yleJ-d lndlcated by Meter 3-R slnce December l-969 has

been shown to be inconsistent ritlth the related reservoir l-oad changes.

The possiblllty that the lndlcated deforrnatlon nLght be due to chenlcal

expansion caused by the onset ln 1969 of alkaLi-aggregate reaction ln the

lower intact concrete was investlgated and found untenable. 3-D FB'{

analyses were made using reasonable assurned values to represent chemical

expansion ln the right hal-f of lntact concrete in the region of Meter

3-R. The resuLting dispLacement values in the region of this meter in-
dLcated that the chemicaL expanslon would cause pulllng away of the

downstream arch concrete from the right abutment, which ls contrary to

the trend of abutment yle1d, indlcated by Meter 3-R. This conflrms that
chemleal- expanslon to date has been conflned to concrete above El. 1095

and that the indicated large abutment yield does not refl-ect the response

of Meter 3-R to the structural load effects.

Another posslble explanatLon for abutnent yleJ.d lndicated by Meter 3-R is
actual yielding of a portion of the l-oqrer right abutment. To examlne this
posslbility, a 3-D FEM analysis was rnade assumlng a greatly reduced val-ue

for nodulus of elasticity (3001000 psl) ln the lower right abutment zone,
ln order to model the yield response of the abutment due elther t,o struc-
tural deforuratl-on or slip. For thls assuned condition the computed dis-
pJ-acement in the vicinity of this meter location resolved ln the dlrection
of meter allgnment, Itas 0.0854 inches. Ttris computed compressLon of the
right abutment, however, is accompanled by a corresponding movement out of
the left abutment because of the sl-ip joint at El-. 960. Meter 3-L Located
in the l-eft abutment at loruer level does not indlcat.e such movement out of
the left abutment.

No dlscernible permanent abutment ylelding over the two year period is
indicated by either Meter 2-R or survey marker No. 8 which are located on

the right abutnent Just about 67 feet above Meter 3-R. No apparent cracks
indicative of the effects of chemlcal- expanslon due to alkall-aggregate
reacti-on are vislbl-e in this lower reglon nor can any cracks whlch mlght
be due to dlfferential abutment yleldlng be seen in the concrete structure.
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Slnce the studies show defotmations inconsist,ent with rneasurements at
other meter Locations, l-t is concluded that the nelther water load nor

chenical- e:<pansion nor abutment yleldfng ls responsible for the questlon-
able readlngs lndlcated by Meter 3-R. It is therefore concluded that
these readings are erroneous and reeult fron elther some physical- nal-
functionlng of the meter or some deterioratl.on in the physlcal condlt,ton

of the meter and the flxtures.

7.3 PHYSICAL CIIECK OF METERS

In order to ascertal-n whether or not the large abutment yield indicated
by lleter 3-R was posslbl-y due to any physlcal defects l-n the meter ltself
or its mountlngs, inspectlon of the ln-sltu physical condltlons of the
deforrnation meters was made on August 2, L972 by Dr. Roy W. Carlson,
consultant who vlsited Matilija Dam acconpanied by R. P. shama of rECo.

Deformation readings of a1L the meters were taken before rnaklng the
physical check.

A11 the meters lndicated readLnge conslstent wlth the earlier trends,
except that Meter l--L dld not show any readlng. physical check of the
meter after lt was removed fron the mounting indlcated that meter had an

open ci.rcuit with one conductor separated frorn the terminal_.

Meter 3-R and lts mountlngs, accesslbLe by boat, were inspected ln its tn-
sltu condLtion before the meter was dlsmantled from its mounting. No

sign of any dlstress or damage to the l-nstall-ation was vislbl-e. Inspec-
tion of the meter when recovered from its mounting indicated that lts
flexlble bellons sectlon has been fll1ed up wlth drLed nud. Both Meters
3-R and l-L recovered on August 2, L972 were personalJ-y carrled by Dr.
Carlson whlLe three more If,ere rernoved later and shipped to his laboratory.
Callbratlons and performance testlng of the five neters were conducted by
Dr. Carlson and the results summarized in his letter dated September J-,

L972, whlch is included in the appendlxes to thls report.
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Physical- check of the recovered meters ln the laboratory showed that all
meters were in excellent condltlon lnternally ancl lt was only severe

exposure conditLons whlch caused some lack in perfect performance of the

meters after over six years. Inspectlon in the laboratory revealed that
dried mud in the flexlble bellows sectlons of Meter 3-R restralned the

free movement of the flexlble section of the meter.

ThLs restralnt is probably responslble for the inconsLstent large and

progresslvely lncreaslng compresslon of the rlght abutment lndlcated by

this rneter since Decenber L969. The restraint did not seem to signl-ficant-
ly affect the response of the meter under compresslve loads corresponding
to lncrease ln the reservoir water levels, but was conslderably effectlve
l-n preventing elastic recovery of such induced compressLon, during the

subsequent falling of the reservolr level. This resul-ted ln residual
compression at the end of each successive J-oadlng and unloading cycle
correspondlng to rlslng and fal-Ling reservoLr water J-evel-, and annual

temperature cycles. Successive accumulatlon of such residual- compression

caused indlcations of the progressively lncreasLng yield of the rtght
abutment by thts meter.

Dr. Carl-son recomnended repJ-acement of the five recovered meters by new

ones with lmproved ceranic-lnsuLated termlnals because the ol-d ones have

some surface det,erioration. Extra care ln instal-l-ing the new ones is
advLsed to prevent access of mud to the be11ows. This protection can be

provided by wrapping the meter with soft fabric, taped at the ends. A

flexible schedule of readlng these meters was recommended by Dr. Carlson
in his report.

7,4 coNcT,usloNs

Conclusions from detailed revlew of the observed data, theoretically
determlned deforurations and physlcal check of meters are as follows:

A11 meters r^rere in excellent condLtlon internally except for
Meter l-L whlch had developed an open circuit.

a
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Al-1 neters indlcated consistent response to the operating load

changes except for Meter 3-R which has shown erratlcall-y increas-
ing abutment yiel-d since the end of. 1969.

Meters at upper locations are susceptibl-e to signlficant tempera-

ture effects due to thelr e:<posed locatlon, and are J-ess respon-

sive to reservoir level- changes.

The questLonable abutment yield lndLcated by Meter 3-R eince
Decedber 1969, is not consistent wlth either the readings of the
other neters or deforpations determlned analytically for corres-
ponding condltions. The lnconsistent defornation readLngs were

evldently caused by restraint and soLidification of the flexible
bel-Lows by drled nud.

Meters at Lower locations, (namely Meters 3-R and 3-L), which

have been subJected to submergence for long perlods did not have

adequate prot,ection.
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EXHIBIT E- 5

UN OF VENTURA
DEPARTMENT OF PUBLIC WORKS

MATILIJA DAM

3.D FEM STRESS ANALYSIS
STUDY I

Su mmo Sheet 3 of 3
T NAL GINEERtNG CO,, lNC.

LIF
RN

SAN

cK. p.Ps.on. GN
APPROVED

HR - ll- ot5DArE: AUGUST 3,1972
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LOOKING UPSTREAM
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EXH BIT

DEPARTME T OF PUELIC
COUNTY OF VENTURA

ummo r he of

MATILIJA DAM
3-D FEM STRESS ANALYSIS

STUDY II
INTE , lNc.c

NCTSCO CA
ERIN

DR oL
DnrE: AUGUSI 3t 1972 HR-il-Ot6
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997.5---

97 2.5 -

.@

{s-.D 553

.Ga

t9

U PSTREAM ARCH (Oxu) STRESSES
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STUDY tr
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EXHIBIT

COUNTY OF VENTURA
DEPARTMENT OF PUBLIC WORKS

MATILIJA DAM
3.D FEM STRESS ANALYSIS

STUDY M
Summory Sheet I of ?
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SAN FRANCISCO, CALIF,
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EXH IBIT

COUNTY OF VENTURA
DEPARTMENT OF PUELIC WORKS

M DAMILIJ

Summo r Shecl I ot 2

3-D FEM STRESS ANALYSIS
STUDY N

IN ATIONAL ENGTNEERING CO., lNC.
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XH I BIT -9

DEPARTMENT OF PUBLIC WORKS
OUNTY OF VENTURA

MATILIJA DAM

3.0 FEM STRESS ANALYSIS
STUDY E
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G. W. HOUSNER
1201 East California Blvd.
Puradenr, Crlifonria glt00

2 .Irrn<. 1972

Mr. E ric t]. Kollgaard
International Engineering Cornpany
220 Montgomery Street
San Francisco, California 94104

Subject: Matilija .Parr, Seisrnic Criteria

Dear Mr. Kollgaard:

This is in reply to your letter of.25 May regarding the stress
investigation of Matilija Darn. The darn, I note, is approxirnately
25 rniles frorn the san Andreas fault, hence, one of the seisrnic cri-
teria would be a rnagnitude B* earthquake on the san Andreas. The
corresponding ground shaking on firm rock at the site that I would
recomnlend for stress analysis is the sarrre as was recorntrrended for
Pacoima Dam, narnely, the 50ToE maxirnurn horizontal ground accelera-
tion with duration of approxirnately 60 seconds, reduced- by the factor
9.67 (this give s 33Tog max acceleration). You have a set of punch cards
for this ground acceleration.

I trote that both the Santa Ynez and the Santa Ana faults are within
a few rnilcs of the site. I cannot rnake recorrrrrrendations for seisrnic
design requirernents for earthquakes originating on these faults as I do
not have the requisite geological and seisrnological inforrnation. I
would need to know the tolto-wing:

a) what are the largest earthquakes likely to occur on these
faults (or any other faults) in the vicinity of the site?

b) How are these faults located and oriented with respect to
the s ite?

To provide the requisite information there should be geological
investigation of the faults in the general vicinity of the sitE. pErhaps this
l'ras already been done. If not, you coulcl phone rne and I could give yourrlor(\ specific rccon'trrrendations on what is needed.

Yours truly,

t---+2 ,-t/
,/.:. - - ilj -- -- -)-7f, r < a^-----__

g€oncb-w. HoUSNE R
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G. W. HOUSNER
1201 East California Blvd.

Prradena, Califomla 91109

2? June 1972

Mr. E. B. Kollgaard
International Engineering Company
220 MontgomerY Street
San Francisco, California 94104

subject: Recomrnended accelerograrns for Matilija Dam

Dear Mr. Kollgaard:

Mr. Wade of your organization has given rne the following geologic
inforrnation with reference to Matilija Darn:

a) The eurface trace of the Santa Yt:ez Fault is approxirnately
2 rniles frorn the site.

b) Although essentially vertical near the surface, the fault plane
appears to incline toward the eite with increasing depth and at
considerable depth rnay underly the site.

c) The most recent movetnents on the fault are judged to have
been es sentially strike - sIiP.

d) The Santa Ynez fault extends approxirnately 25 milee east of
the site and dies out before intersecting the San Gabriel fault.

e) The fault extends sorne 40 to 50 rniles west of the site.

f) The 1925 Santa Barbara earthquake probably originated about
l0 miles west of Santa Barbara City, perhaps on the Santa Ynez
fault. It had a rnagnihrde of 5. 3.

It is my opinion that the largest credible earthquake that rnight
occur on the eastern portion of the Santa Ynez fault would have a rnagni-
hrde in the range of 6.5 to ?.0. This would rnake it sirnilar to the 1940
EI Centro earthquake. The ground rnotion of the EI Centro earthquake
was recorded in El Centro, approxirnately 5 rniles frorn the causative
fault (strike-slip).

The geology of the Matilija darn site differs from that at EI Ccntro'
and the Santa Ynez fault is closer to the site than the Irnperial fault is to
El Centro. A conservative approach would dictate a sorrlewhat stronger
rnaxirnum credible ground shaking at Matilija than was recorded at
El Centro. Accordingly, I recornmend for purPoses of checking the
seisrnic safety of the Matilija darn, ground shaking i.25 tirnes as intense
as was recorded at El Centro in 1940. This would corresPond to the
rnaxirnum credible ground shaking at the site, originating on the

I
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ROY W. CARLSON
CIVIL ENGINEER

!' MARYLAND AVENUE

BERKELEY. CALIFORNIA
e4707

1 I;eptember' L972

It'rr. Erlc Collgaar'd
ProJect }ianager
fnternatlonal Enqlneer'ln5r Comoany
i:,?O I'lontgonery Street
iian Franclsco 941,01+

Dear I1:r. Collgaarci I

On August, 2,I lnspected the }latlllJa Dam ln Ventur'a County
f or the express prlr'pose of lnspectlns the instr r.rnrentatlon of the
abutments, I was accompanled by Mr. Bam $harma of your offlce.

fn L965, elqht elght Jolnt meters were lnstallecl to measure
abutnent yleld.lng,, four ln each abutment. The scheme wa.s to ctrl1l
ho.les lnto the abutments, lnstall a plpe In each hole whlch corrld.
be flr'mly grouted. at 1ts deep end. and attachecl to the concrete of
the dam at lts exposed. end. The Jolnt metet was lnserted at the
dan end,, ln serles wlth the plpe ln such a. way that lf the d.am
wer'e to nush lnto the abutment the amount of the movenent could.
be measured by the meter, All of the Jolnt meters showed. r'eason-
able movements, fluctuatd-ng wlth the seasons unt11 recently.
one of the meters d.evel-oped. an open clrcult, whlle another gave
erratl c read.lngs .

Trvo of the jolnt meters '..{ere recoveri' ,._i-}.ir-f the 2 August
lnspectlon, and three more were recovered later. and shlppecl totlre laboratory of Carlson Instrrrments ln Campbell, CaIlfornla.
The lnspectlon of the lnstruments showed. that one ha.cl lls flexlble-bellows sectlon solld.lf1ed- wlth d.rLed. mucl so that lts flee move-
ment was restralned.. Thls was the one whlch hacl shown err,atlc reacllngs.'fhe one wlth open clrcult had. one cond,uctor separatecl fr.om the
ter'mlnal. i{owever', all were ln excellent conctltlon inbelnally, 1t
wes only severe conci,ltlons exter'nally whlch had caused. rome lackof perfect operatlon after seven years.

It was' reconmend.ed. that the ftve Jolnt neters bc replaceclwlth nen onesr €Ven though they could- have been reclalmecl. The
nraln r'eason for'aclvlslng new meters was that the new ones have
ceramlc-lnsulated. termlnals and the old ones ha.ve some surface
d'eterloratlon. But when the new meters ar.e lnstaIlecl, extra car e
shoul<1 be taken to prevent muci fronn access to the bellows;. Thlscan be clone fuy wrapplng wrth soft fabrlc, tapecl" at the r-'nds;.

The frequency of r'ead.lng the jolnt neters shoulcl. \tax'y wlththe conclltlons. Durlng fl}llng of the reservolr or u'hen the res-er'volr 1s fulI, readlngs once weekly ar.e suggested..

Very tr uly
/

your's,

fu00 AA2'-
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