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PREFACE 

litis report consists of two parts. Part I , Selsalc and Geologic Investi 
gations of the Sandla Llveraore Laboratory S i te , covers the review and 
Investigation of existing data as well as the acquisition and analysis 
of new data from f i e ld explorations and f i e l d examinations of the s i t e . 
Part I I , Structural Investigations of the T r l t lua Research F a c i l i t y , cov
ers: (a) the structural evaluation of the existing buildings and v i t a l 
systems of the f a c i l i t y , and (b) concept studies of various schemes tc 
strengthen the buildings and systems. 
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INTRODUCTION 

This report describes results of a seismic and geologic Investigation by 
URS/John A. Blurae 6 Associates, Engineers (URS/Blume), in the vicinity of 
Sandia Laboratories {SandIa) property and Sand la's Tritium Building at 
Ltvermors, California. The Investigation was done for Sandia to define any 
selsmlcally capable faults In Che immediate area and to obtain necessary 
Information to support estimates of future possible or probable ground mo
tions. The work Included a variety of geophysical measurements, trenching, 
seismologtc studies, geologic examination, and evaluation of possible 
ground surface rupture at the site. Ground motions due to the maximum po
tential earthquake are estimated, and probability of exceedancc for various 
levels of peak ground acceleration Is calculated. 

Descriptions of the various calculations and investigative techniques used 
and the data obtained are presented. Information obtained from other sources 
relevant to subsurface geology and faulting Is also given. Correlation and 
evaluation of the various lines of evidence and conclusions regarding tiie 
seismic hazard to the Tritium Building are included. 

Location and Site Description 

Sandia Is located in Livermore Valley about 2 mi eabt of the town of Liver-
more and about 38 air ml east of the city of San Francisco. The general 
location is shown In Figure 1. The laboratory property Is located at the 
center of section 13, T.3S., R.2E. in the Altamon*: 7-1/2 min quadrangle. It 
Is located In the east end of Llvermore Valley, which is situated In a por
tion of the coast ranges about midway between the San Francisco Bay Area to 
the west and the San Joaquin Valley to the east. The laboratory area is 
bounded on the south and east by low hills that are a portion of the coast 
ranges, while the level floor of Livermore Valley extends to the west and 
north. Drainage In the area Is to the northwest. 

The section immediately north of Sandia across East Avenue Is occupied by 
Lawrence Llvermore Laboratory (LLL). Surrounding areas to the north and 
east of LLL property consist of open grazing land, and an oil field is sit
uated In the area to the northeast of LLL. South and west of LLL, the lands 
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•re partly In pasture and partly under agricultural cultivation- Some resi
dential development Has taken place In the sections to the west. 

Previous Work 

"The geology of the Tesla quadrangle," a resort by Huey (19118), was the first 
comprehensive study of the area surrounding Sandta. Earlier work that re
lated to the region was reviewed by Huey. In 1966, a study of Che ground
water hydrology In the Liver mo re Valley was published (California Division 
of Water Resources, 1966), and the U.S. Soil Conservation Service published 
a soli survey of the Alameda area (Welch et al., 1J66). 

in 1971, John A. fiiume 6 Associates, Engineers (Blume), prepared a geologic 
and seismotoglc report, which was followed In 1972 by a definitive study of 
faulting in the area for the adjacent LLl. 

Heliey et al., 1972, published a geologic map of late Cenozolc deposits in 
Alameda County, and Wight (1974) authored a seismic evaluation of LU. for 
the University of California. Hore recently, In 1977, the U.S. Geological 
Survey (USGS) released an open file report on faulting In eastern Alameda 
County (Herd, 1977). 

There have been geologic Investigations of the area by oil companies and 
others, but the information has not been made public. 



GEOLOGY 

General Statement 

Sand Ia ts located In the southeast part of Livermore Valley. The valley is 
a structural depression, elongated in an east-west direction but dominated 
by northwest-southeast trending geologic structures* To the west, the val
ley is terminated by the Calaveras fault. On the east, it is bordered by 
the Carnegie fault. Both are extensive, well-documented right iateral faults 
bounding the valley. The southern border of the valley Is determined by 
the plunge of structures that rise to the south, with some faulting possibly 
Involved (Figure 2). 

"The geology of the Tesla quadrangle' {Kuey, 19^8) covers the area of interest 
of this report. It indicates a complex history of tectonic activity with 
repeated episodes of deposition and erosion. This complexity is evident in 
the abrupt appearance and disappearance of surface and subsurface strati-
graphic units, which has led to various and often conflicting geologic in
terpretations. 

Stratigraphy 

Franciscan. The Franciscan is the oldest stratigraphic unit and is the base
ment rock for this region. It is recognized as a subduct ion-derived melange, 
and its very heterogeneous nature has led to its being called a group, for
mation, tectonic unit, and terrane. Sediments predominate, consisting mainly 
of greywackes, shales, <.rg3Hites, and cherts. Also prominent are volcanics 
and low-grade metamorphlcs, especially greenstones, serpentine, and green-
schists- The Franciscan crops out about 3 mi southeast of Sandia. Its sur
face dips about 20° to the northwest, and it is overlapped by Liverroore grav
els. Generally, the age is regarded as Jurassic-Cretaceous. 

Panoche Formation. The Panoche Formation Is composed of indurated sUtstones, 
siifcy shales, an4 dirty ilthic feldspathic sandstones, with lesser amounts 
of conglomerate. Ganetically they are regarded as deep-water marine tor-
bidltes with an eastern source. The sediments are hard and moderately well 
Indurated as a result of their deep deposition and subsequent burial. The 

1-4 



I Qal | Alluvium 
i , Cretaceous 
I K I Deposits 

DE 
Terrace 
Deposits Qui 

, Liveraiore 
I IP | Gra»els 

Jura-Cretaceous 
Franciscan 
Foundation 

Tertiary 
Deposits 

l-^-"^[ Fault 

Syncline 

Scale: Miles 

North 

NOTE; 
Modified after geologic 

map of California, San Jose 
Sheet, California Division 
ot Nines t Geology. 

FIGURE 2 GENERALIZED REGIONAL GEOLOGIC NAP 

I-S 



present surface exposure Is more than 1-1/2 ml northeast of Sandia, but deep 
gas wells have penetrated the Panoche, and data indicate It li present under
ground about 1/2 ml to the northeast. The Panoche Is upper Cretaceous, 65 
to 90 million years old, and depositlonal contacts with all other formations 
are unconformable, tn the Testa quadrangle* ft Is reported to be up to 
10,000 ft thick. 

Tesla Formation. The Tesla Formation consists of friable, mature, quartzose 
sands, clays, shales, and low-grade coal. The lower part was predominantly 
deposited in brackish water, but the upper part was laid down under marine 
conditions. These factors Indicate that the sediments accumulated In shal
low waters during a marine transgression. The low density and lack of In
duration are probably due to the shallow depth of accumulation and lack of 
subsequent deep burial. The distance between Sandis and the nearest out
crop Is k ml; however, a deep well has penetrated Tesla rocks 2 ml to the 
northeast, and It Is probable that Tesla Is present within a mile of Sandia in 
the subsurface. The Tesla Formation Is middle Eocene in age and Is uncon
formable In Its depositional relations with other formations. The formation 
Is up to 2.00C ft thick but is probably not over 1,700 ft thick In the Sandia 
region. 

Clerbo Formation. The Cferbo Formation consists of friable, conglomeratic, 
poorly sorted sands, carbonaceous shales, and tuffs with lignite and petrified 
wood. The sands sre superficially similar to those of the Tesla Formation, 
and thi sediments were apparently deposited tn a shallow transgresslve sea. 
Lack of induration appears to be related to lack of deep burial. The nearest 
outcrop is 1"3A ml to the northeast, but ft Is less than 1/2 ml northeast 
in the subsurface. The Cierbo is up to 1,000 ft thick but probably not more 
than 900 ft in the Sandia region. The age Is upper Miocene and possibly 
MIo-Pliocene. AH depositions! contacts of the Cferbo are unconformable. 

Neroly Fpr.nation. The Neroly Formation can be divided Into lower and upper 
parts. The lower part is composed mainly of blue sandstone with andesltic 
boulder conglomt••« ^s and tuffaceous clay-shales. The vpper part consists 
mainly of clays with some soft sands, gravels, and blue sandstone. The 
Neroly Is of transgressive marine origin with a few brackish water deposits. 
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It underlies Sandia and Is considered Hio-Pllocene In age. In the Tesla 
quadrangle, the lower member Is up to 700 ft thick, and the upper member Is 
up to 2,003 ft thick. Subsurface data Indicate the undivided Neroly Is up 
to 1,800 ft thick below Sandla. Depositions! contacts are unconformable. 

Earlier works have shown an arbitrary stratlgraphlc division along the trends 
of the Corral Hollow fault and/or Ramp Thrust. To the east the beds have 
b'.en called Neroly, and to the west they have been called Orlnda. The Neroly 
and Orlnda are actually contemporaneous fades: the Orlnda Is essentially a 
nonmarlr.e deposit with some marine beds, and the Merely Is essentially marine 
wifh a few brackish water deposits. Both formations *re Hio-Pllocene age 
(Delmontlan Stage of lUeinpell, 193&)- Because the type area for the Orinda 
Is In the Berkeley Hills, and because the bedj in this area are not known to 
be nonmartne, the name Neroly seems most appropriate. 

livermore Gravels. The continental Uvermore gravels make up the low hills 
to the south and east of Sandla. The formation dips beneath recent alluvium 
of Lfvermore Valley and overlaps older rocks. It Is composed chiefly of 
Franciscan detritus with rounded clasts mixed with pebbles, sands, silts, 
and clays in various proportions. Deposition took place on alluvial fans and 
debris cones, with intermixed deposits ranging from thick debris flows to 
thin f 1'-vial mud laminae. Bedding ranges from massive to subparallel, with 
tabular clasts and pebbles showing local imbricate structure. Cut-and-fill 
structures cause abrupt bed terminations. The gravels are generally low 
dipping, but they are locally steeply tilted in the ridge south of Sandla. 
In the vicinity of Sandia, subsurface data Indicate the Livermore to be 
about 1,200 ft thick. Recent studies (Sarna-Wojcikl, 1976) show that a 
tuff bed near the base of the formation is '4-1/2 million years old. This 
age agrees with the PIlo-PIetstccene estimate of Huey (19$8). 

Geologic Structure 

Folding. Two folds are relevant to the Sandla site. They are the Livermore 
synclfne, shown on the geologic map (Figure 3), and a Franciscan basement 
nose adjacent to and southwest of the syncline. Both structures are oriented 
and plunge in a northwesterly direction. The syncline contains Mesozotc, 
lower and upper Tertiary, and Quaternary beds, while only upper Tertiary 
and Quaternary beds overlie the Franciscan nose. These structures have been 
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delineated by drilling data, unpublished oil company geophysical data, and 
a US5S gravity map Otoiden, 1976), 

A lets prominent but possibly Important structure Is exposed on the hill 
south of the Tritium Building where northwesterly dipping beds of the Liver-
wore gravels Indicate that the north slope of the hill Is probably the flank 
of a southwesterly trending anticline. 

Faulting. There Is a clear relationship between the northwesterly folding 
and faulting In the area. The Livermore syncline Is bordered by the Carnegie 
fault on the northeast and the Tesla fault on the southwest. These faults 
have strong thrust components, southv<est on the Carnegie -»nd northeast on 
the Tesla, reflecting the compression associated with folding. The Francis
can nose Is bordered by the Tesla fault on the northeast and the Hocho fault 
on the southwest. The Hocho fault trends In a northerly direction toward 
the Tesla fault and Is upthrown to the east. Its description is based on 
oil company subsurface geology and seismic data (Huey, 1972). 

Two possible faults are pertinent to Sandia: Tesla and Las Posltas. The 
Tesl.a fault trends northwest-southeast and Is the most strongly documented 
fault near Sandia. In this area, It Is composed of two strands, with Tesla 
No. 2 the roost critical and recently active. Tesla No. 2 has been located 
by deep drilling, geomorphtc and geophysical evidence, and by apparently 
related surface rupture. Deep drilling and magnetic data define Tesla No. 
1, which Is apparently Inactive. 

Tesla No. 2 Fault. Geologic Information shows that Tesla No. 2 dips to the 
southwest (Figure h) and has lateral and reverse components, with the south
west side up, In the southeast Ltverraore Valley. Less than a mile southeast 
of Sandia, Tesla No. 2 was found in Hancock Oil Company's Signal-Hanson No. 
*il well, it cuts the well at 2,360 ft and causes a repeat of approximately 
380 ft of Neroly Forraation, demonstrating that there Is a reverse component 
to the fault at this location \flgure *t). 

Relatively recent movement on Tesla No, 2 Is seen In the area midway between 
Sandia and the Hancock well. On Greenville Road is a small surface fault in 
Uvermore gravels. This rupture falls on the trend of Tesla No. 2, strikes 
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H37*£» has a vertical dip, and apparently fits the aodel for an antithetic 
fault associated with a right-lateral wrench fault. Relatively recent right-
lateral wrenching of Tesla Mo. 2 Is also apparent In spurs where Arroyo Seco 
cuts through the ridge Immediately south of Sandla. West-trending spurs, ad
jacent to and northeast of Arroyo Seco, turn abruptly to the northwest. These 
features are consistent with drag associated with right-lateral faulting. 

On June 21, 1377, an earthquake of magnitude 4.6 occurred In the southeast 
llvermore area. The epicenter was plotted on the Tesla fault. a°d selsmologic 
data show both strike and dip components consistent with right-lateral motion 
and relative dip movement up on the southwest. 

The 1972 61 time report presented geomorphfc evidence showing that Tesla No. 2 
had captured the drainage of Arroyo Seco and directed It to the northwest, 
through the ridge at the south border of Sandla. This showed relatively re
cent movement on the fault and Indicated the fault to be up on the west. The 
report also presented evidence that Tesla No. 2 may have displaced soil layers 
in a Pacific Gas 6 Electric (PG&E) pipeline trench and was Identifiable by 
discontinuities on gravity profiles. 

Approximately ! mi northwest of the SandEa site, a reflection seismic line 
was obtained from Hershey Oil Company, This line shows a reversal of dip 
across the projected trend of Tesla No. 2 that is consistent with fault data 
to the southeast. 

The Las Positas Fault. The Las Posltas fault was first named by Herd in a 
USrS open file report (Herd, 1977). Many lines of evidence were cited, but 
the Las Pcsltas and other faults mapped are based essentially on air photo 
Hnestnents. A lineament trending southwest-northeast at the base of the 
north slope of the ridge south of Sandla was designated the Las Positas 
fault. This lineament had been recognized earlier (8!time, 1972), but evi
dence did not warrant Its designation as a fault. 

The fault is described by Herd as dip slip, down to the north. A cross section 
shows Las Positas as a vertical fault with minor displacement, down to the 
north, of a contact between the LTvermore gravels and undivided Greenville and 
Tassajara Formations. (The Greenville and Tassajara Formations crop out north 
of Llvermore Valley and are roughly equivalent to the Livermore gravels.) 
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Several types of evidence are presented In the USGS report. They Include 
alluvial stratigraphy, geomorphology, and a postulated groundwater barrier. 

Field Evaluation of Faulting, Las Posltas Trace. In January 1978 t a survey 
of the surface geology In the Sandla area of the Llvermore Valley was car
ried out. The purpose of the survey was to review the local geology with 
special consideration of structure In general and faulting in particular. 
Emphasis was placed on examination of field evidence cited by Herd (1977) 
relevant to the reported Las Posftas fault. 

Previous work has shown several northwest-trending faults southeast of the 
Sandia area. Along the flanks of the southwest-trending ridge bordering 
the southern part of the laboratory area, air photo lineaments were indicated 
as possible fault traces. 

In 1977, an open file report covering the area was released by the USGS. 
This report, 77-689, showed the photo lineaments as definite faults. Fur
ther, it asserted that the easterly trending faults were the dominant struc
tures in the area, a situation virtually unknown in California outside of 
the Transverse Ranges. 

The fault bordering the northwest flank of the ridge was named Las Positas 
fault zone. The fault described along the southeast side of the ridge was 
not named. 

The new fault evidence is preponderantly geomorphlc. Only twe exposures 
are described for the Las Positas fault and only one for the fault along the 
southeast flank of the southwest-trending ridge. 

A great deal of the report is based on a stratigraphlc breakdown of the 
Quaternary sediments. This stratigraphy Is on listed as evidence of faulting 
and sequences of fault movement. Unfortunately, criteria for recognizing 
and differentiating the stratlgraphlc units are not p .ented, making it im
possible to evaluate them, or evidence based on them. In the fteld. 

The first area examined was along Greenville Road, between East Avenue on 
the north, and Tesla Road on the south. Greenville Road transects the south-
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wsst-trendlng ridge to the east of Sandta. T».-o of the reported fault ex
posures occur In road cuts along this road. A transverse along the road 
Indicates that the southwest-trending rfdge Is an apparent anticline. Evi
dence Is not absolute, as the core of the ridge Is composed almost entirely 
of massive sltty clayev sands and sandy* silty clays. However, vertical 
dips on the north flank progressively flatten In a southerly direction un
til they dip only k" to 6° to the north. South of the massive sediments, the 
bedding dips steeply to the south. Imbricate sedimentary structures In a 
road cut indicates a north-to-south current flow during some of the Liver-
more 9raveI deposition. 

An exposure of the Las Positas fault Is given in the report at 80 m south of 
the intersection of East Avenue and Greenville Road, on the east side of the 
road. It is stated that NeroIy sandstone, in a south block. Is faulted 
against colluvium composed of LWermore gravels in a north-facing scarp. 
Investigation found the sediments of the south block to be olive-tan to 
olive-brown clayey sandt and sandy clays with beds of very light gray to 
whitish marl. The sediments are soft and unconsolidated, appear to be flu
vial and/or lacustrine, and not Neroly. At the north end of the road cut, 
there is a change to reddish soil. The nature of the contact is not clear, 
but it appears to be a disconformity or unconformity. There is no overt 
evidence of faulting. An old road or trail cut into the northwest-facing 
slope may have been confused for a fault scarp. 

The southern, unnamed fault is reported as crossing Greenville Road approxi
mately 0-5 km north of the Tesla Road Intersection. This exposure is clear 
cut. A vertical, northwest-facing scarp strikes N37°E into th** east side of 
a cut (N&5*£ in the report). Because the fault is entirely within Liver-
more gravels, and because of a small slide immediately adjacent to the scarp, 
ic is not possible to determine the throw. This fault is described elsewhere 
In this report as s minor antithetic fault associated with a right lateral 
wrench fault (Tesla No. 25- A small gravity anomaly on this feature indi
cates that near-surface displacement has been downward on the north side. 

The only other fault exposure reported In the area is located In the south 
bank of Arroy^ Seco, near the northwest edge of the southwest-trending ridge. 
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Here, a small fault Is exposed, dipping 87*HW. It cuts sands and gravelly 
sands presumed to be part of the LIvermore gravels. The throw appears to be 
up on the northwest, making this a high-angle reverse fault. This Is dia
metrically opposite to the type of fault and direction of throw shown on the 
report map. It Is significant that the fault does not cut the overlying 
alluvium. A poor exposure at the base of the bank appears to be a small 
drag fold. It Is located about 10 ft north of the shear and Is concordant 
with the direction of throw. About 400 ft north of the fault zone, a gravel 
with imbricate structure occurs In alluvium. The Indicated direction of 
flow is slightly west of south, direct!y opposite the present creek. 

Other fault locations shown on the map accompanying the USGS report were 
visited. Evidence of faulting, slope changes, and diffuse contacts of dis
similar lithologles are not persuasive. The variations of slopes may well 
be scarps, but it is most probable they were caused fay erosion or ground 
failure. The contacts appear to be erosional disconformlties or unconform
ities. 

Sorre of the data cited as evidence of the Las Posltas fault, such as linea
ments and a groundwater barrier, could be explained as a depositions! contact 
between two highly contrasting Ifthologlc units within the LIvermore gravels. 
The LIvermore gravels, near Sandla, strike parallel to the Las Positas linea
ment and dip to the northwest. Dense, gravelly beds, appearing to be very 
resistant, compose a dip slope on the hill south of Sandla. In some trenches, 
the strata In the north end away from the base of the hill are predominantly 
fine materials. 

It appears that beds once overlying those on the hill slope were easily 
eroded fine sands and silts which would have lower density and distinctively 
different porosity and permeability than the gravelly beds. 

Gravity data do not support a significant displacement of bedrock along the 
Las Posltas lineament but do indicate a gravity trough along the north side 
of the lineament caused by a density contrast In the upper 200 ft of material. 
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A northeasterly striking deposltlonal contact between coarse and fine sedi
ments of the Uvennore gravels could be responsible for the observed gravity 
anomaly, the lineament, and the groundwater barrier. 

The fault capping of the Sandla area In USGS open file report 77-669 (USGS, 
1977) Is too positive. The field evidence is much too weak to support it. 
Faulting does exist in the area, as shown at two locations, but the magni
tude cannot fc* ascertained by the field evidence. Further, accurate dating 
of fault movenent Is not possible in the field as the two proved fault expo
sures are both confined to the Ltvermore gravels, limiting the most recent 
movement dating to PI lo-Pleistocene. At this time, with the data available. 
It -would seem best to continue to regard the location of the possible fault 
as postulated, based on the two known fault locations and the photo linea
ments. 
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LINEAMENT STUDY 

Several types of imagery were examined for visible evidence of possible ac
tive faulting near Sandfa- Anomalous linear markings and dfscotoratlons 
that did not appear to be man-made (e.g.* plowmarks, buried pipelines, or 
abandoned roads) or by known geologic structure were complied In figure 5. 
Evidence of this kind Is suggestive b;<t not conclusive of faulting and should 
be verified by other geotechnlcal methods. 

Air photos were studied in stereo on a scale of 1:20,000 (flown in Mav 1966) 
and on 1:1,250 enlargement (flown In Ma/ 1976). Several sets of lineaments 
were observed. The most prominent of these were the Tesla No. 2, Tesla No. 3, 
and Las Positas lineaments. The Las Posltas approximately parallels the PGSE 
gas line and oossible old pipeline routes near the base of the gentle hill
side in the southern part of the Sandia property. Distinct 11neat ions were 
observed about 1-1/2 mi to the southwest of Sandfa, trending approximately 
northeast. However, they do not clearly connect as a throughgoing feature. 
Several lineaments were observed trending east-northeast obliquely across 
Tesla Road south cf Sand la. These closely follow old trails and the base of 
the hill. 

infrared (IR) scanner imagery lines were examined. These film strips (flown 
in 1972) Included imagery of heat radiation at three wavelengths, flown both 
in the afternoon and at night and at altitudes of 500 and *»,Q00 ft above the 
ground surface. 

Strong lineations on the nighttime IR imagery were observed corresponding 
to the general trend of the Las Positas about 2 mi southwest of Sand a. 
This lineament trends northeast bounding a dark area on its northwest side. 
Dark areas indicate cooler temperatures on infrared imagery, possibly due to 
higher soil moisture content. One possible interpretation of this linea-
fnent is a groundwater barrier with highe *"*ter levels on the northwest side 
toward the Livermore Valley. However, this explanation does not seem satis
factory because it appears that groundwater recharge would be from the south 
and water drawdown from the north; thus, the lowest water depth should be to 
the north. 
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The Tesla No. 2 and Tesla No. 3 were not observed on night IR However ti.ey 
appeared on afternoon low-alt Itude IR laagery, and the Las Posltas did not. 

High-altitude U2 false-color Infrared Imagery at a scale of 1:120,000 (flown 
In 1971) showed a faint HneatIon roughly corresponding to the Testa No. 3 
and another unrelated trend 1 ml northwest of Sandta. 

Side-looking radar Imagery (SLAR) at a scale of !:%00r000 showed a strong line
ament corresponding to the Las Posltas trend several miles southwest of Sand la-
Diffuse lineaments possibly on line with the Tesla No. 2 and Tesla No. 3 were 
observed to the southeast. 

Lineament data is summarized in Table 1. This comparison shows that the Las 
Posltas Is the most prominent of the llnears that Intersect Sandla. The most 
distinct portions of this trend Me more than a mile to the southwest, but 
do not clearly connect with the Las Posltas lineament Identified at Sandla. 
Several types of photography Indicate a Tesla No. 3 lineament. Evidence 
for the Tesla No. 2 lineament Is weaker but was confirmed on IR Imagery. 
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TABLE 1 
COMPARISON OF LINEAMENTS NEAR SAHOIA 

Imagery 
Approximate 

Scale TesU No. 2 Tesla No. 3 
Las Pos'tas 

North South 

Air Photo 1:1,250 + + «• + 

Stereo Photos 1:20,000 O \ + + 

IR (afternoon) 1:10,000 to 
45,000 + + 0 0 

IR (night) 1:40,000 0 - •+ 0 

IR-Stereo 
(false color) 1:120,000 - - . 
SLAR 1:400,000 c 0 + 

Key: 
++ strong lineament 
+ lineament observed 
0 diffuse lineament or not consistently locatable 
- no lineament observed 



EXPLORATORY TRENCHINS 

General Statement 

A program of exploratory trenching was undertaken on January 25, 1973, at 
Sandta. The purpose of trenching was to expose and evaluate subsurface evi
dence of faulting along the trace of the reported Las Posftas fault. One 
trench was also excavated on the probable location of the Tesla fault. The 
trench locations shown in Figure b* were selected to Intersect lineaments and 
features distinguished by examination of air photos and Imagery, from geo
physical surveys conducted for this study, and from findings of a geotechni
cal Investigation by Blume (1972) and the USGS (Herd, 1977). 

The trenching revealed Inconclusive evidence of faulting along the lineament 
Identified as the Las Posltas fault by Herd and did not reveal any evidence 
of faulting in the trench that was Intended to transect the Tesla fault. 

Field work consisted of visual examination of the soils and logging of trench 
walls on a scale of 5 ft/In. Logs of the soils observed in the trenches 
are compiled In Appendix A. Selected trench w«̂ l 1 details are shown in 
Figures 7a through 7d. A complete color photographic record Is available for 
inspection. 

Trench excavation was accomplished with a Case 580-8 rubber-tired backhoe. 
This machine, which has a maximum depth reach of about 1h ft, was used to ex
cavate eleven trenches totaling 1,0^7 ft In length and ranging up to 13-1/2 
ft In depth. The dimensions of the trenches are listed In Table 2. 

Elevation control was provided by a topographic survey conducted by Sandla 
during late January 1978. 

general Description of Soils 

The subsurface soils exposed In trench excavations were found to consist 
primarily of dense brown sandy grave! with fines of about 5& cobbles and 
boulders (GM). Sand and clay content varied so that smaller Interffnge Tng 
lenses of clayey gravel (GC) and gravelly sand (SW) were common. Distinctive 
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FIGURE 6 SITE PLAN MOWING EXPLORATORY TRENCH LOCATIONS 
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TABLE 2 
EXPLORATORY TRENCH DIMENSIONS 

Trench No. 
Length 
(ft) 

Average Depth 
(ft) Date 

Tl 204 12 1/26/78 
T2 171 12-1/2 1/27/78 
T3 71 7-1/2 1/30/78 
T4 104 12-1/2 1/31/78 
T5 111 12-1/2 1/31/78 
T6 115 12 3/29/78 
T6a 35 * -
T7 40 11-1/2 4/05/78 
T8 37 11 3/30/78 
T9 72 12-1/2 4/01/78 
no 87 12-1/2 4/05/78 

Trench caved before 1t could be secured for logging. 
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lenses of light yellow-brown cohesive fine sand (SK-SC) were also found In 
some of the trenches. 

A soil layer varying from about 1 to k ft thick unconfornably overlies these 
gravelly materials. The unconformity surface at the base of the soil horizon 
was found to be undulating and generally deeper and less distinct toward the 
north. At the northern ends of some of the trenches, the change with depth 
from soil to underlying gravel was gradatlonal. 

Exploratory Trenching, Testa Fault 

Trench T1 was excavated to explore the most probable location for the Tesla 
fault as determined In prior studies by URS/Blume and from the results of 
the gravity survey performed during this Investigation. The gravity data, 
described elsewhere In this report, arc compatible with a fault striking 
along Arroyo Seco Creek, along which the south side had moved upward. The 
trench was located so as to transect this gravity anomaly. 

The Tesla fault was not exposed In this trench; however, a great deal of evl-
dence, discussed elsewhere In this report. Indicates that the fault Is present 
In the subsurface. 

Trench T1 was begun about 150 ft east of the Tritium Building and extended 
204 ft in a northeasterly direction (see Figure 6). Horizontally stratified 
alluvial sediments were revealed, and there was no visible evidence indicat
ing the presence of a fault. 

Exploratory Trenching, Las Posltas Alignment 

The possible trace of the Las Posltas fault was explored by excavating four 
trenches 300 to 400 ft southeast of the Tritium Building and oriented south
eastward across the projected alignment (see Figure 6). Trenches T2, T4, and 
T5 exposed suggestive but Inconclusive evidence Indicating the presence of a 
possible fault zone approximately paralleling the 675wft elevation contour. 

Trench T3 was excavated across a slight topographic depression. This trench 
was a short distance south of Trench T2 and revealed normally stratified 
alluvial sediments only. 
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A second series of trenches was excavated across the Las Posltas lineament 
In the area about 400 ft due south of the Tritium Building. No evidence to 
suggest faulting was found In four of these trenches (T6, T7, T9, and T10). 
Some features suggestive of faulting were found In trench T9- However, these 
were Inconclusive and less pronounced thar- the features observed In trenches 
T2, Tkt and T5. 

The lineament approximately coincides with the location of a burled PG6E 
gas main in the vicinity of trench T7 and It therefore could not be extended 
far enough to the south to Be certain of Intersecting the desired alignment. 

Trench Features Indicative of Possible Faulting 

Visible evidence suggestive but not conclusive of faulting was found in four 
of the eight trenches across the Las Posltas alignment. The evidence is 
categorized below: 

1. Sllty fine sand strata were found to terminate ab
ruptly against gravelly beds In three trenches — T2, 
\'k, and T5 (see trench logs). 

2. Thin clayey lenses with near-vertical orientation 
were found In trench T9 in the vicinity of the 
lineament. Bedding planes In T9 were approximately 
horizontal. 

3. Tabular gravel cla&ts were found with their long 
axes oriented approximately vertical near the pos
sible fault zone, whereas elsewhere they were found 
lying essentially horizontal. Clusters of these 
vertical clasts were found In four trenches (T2, T4, 
T5, and T9). 

k. Downward-curving contacts and faint dtscolorattons 
oriented In such a way that the curvature could be 
explained as being due to drag on a fault were ob
served in two trenches (T*t and T5). 

5- Small water seeps were found within the possible 
fault zone In trench T2. However, seepage unrelated 
to possible faulting was found In other trenches 
(e.g., T7). 

6. There was a tendency for the trench walls to cave 
within the possible fault zone In three trenches 
(T2, T4, and T5). However, troublesome caving un
related to disruption also affected trenches T6, 
T6a, T8, and T9, apparently due to a local lack of 
cohesive binder In the soils. 
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7. The topsoll layer was found to be notably thinner 
and more abundant In gravel and cobbles upslope of 
the possible fault alignment. Soli variations of 
this kind were found In trenches T2, Tk, T5, and T9. 
Similar concentrations of cobbles occurred In tren
ches T6 and T10 with no apparent relationship to a 
possible fault. 

Observations Arguing Against Significant Faulting 

No conclusive evidence of a fault motion was found along the Las Posltas 
alignment. Nowhere within the depths explored were there features normally 
associated with a fault plane, such as a fault gouge or sllckenslded mate
rial. Vertical clasts did not show signs of post-deposit tonal rotation. 
Close inspection of the contacts bounding abruptly terminated beds revealed 
that the contacts were not sharply defined or sheared. 

An apparently unbroken and conformable sequence of northward-dipping beds 
was found In four of the eight trenches across the lineament (T6, T7, T8, 
and Tio). In these trenches, there was a fairly distinct contact between 
the topsoil and the underlying gravel beds. No offset was observed on this 
apparent unconformity surface. 

These observations indicate that If the Las Positas fault exists, its trace 
Is discontinuous at least In the near-surface soils. The anomalous features 
observed In some of the trenches suggest but do not require a fault explana
tion. Other processes could be called upon — for example, basin subsidence 
or progressive folding and fracturing of the bedrock along an axis parallel 
to the valley margin. 

Water Line Trench 

A shallow trench was dug for placement of a water main along the entire 
western margin of the Sand la property. Most of the trench was 6 ft In depth 
and ranged up to 8 ft deep In some locations. The excavation between sta
tions 700 and 3^00 was Inspected during construction and photographed for 
latp/ examination. No signs of faulting were observed. 

The area crossing the Las Posttas alignment was of particular Interest. Near 
station 3,320, about 150 ft south of the PG&E gas line, the trench revealed 
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a light brown gravelly unit dipping gently northward beneath dark brown top-
soil. This dipping contact was observable and continuous over a length of 
about 40 ft. No signs of faulting were observed. 

Conclusions 

Tesla Fault. No evidence of faulting was found within the depths explored; 
therefore, the hazard of surface fault rupture Is considered to be very re
mote. 

las PosStas Fault. Although positive evidence of a fault (such as a fault 
gouge, a zone of sllckenstded material, or a clear-cut line of separation) 
was not found within the depths explored, other features seen In trenches TZ, 
lUt and T5 suggest the presence of a fault zone, and the potential hazard 
of surface fault rupture along the fault trace must be regarded as a real 
possibility. 

However, the trend of this possible fault as determined by the exposures In 
trenches T2, T**f and T5 Indicates that It lies some distance south of the 
Sandia Tritium Building. Empirical data relating total fault length and 
rupture length Indicate that surface rupture on a fault such as the reported 
tas Posltas, whose total length has been shown to be only 10 ml. Is highly 
unlikely. However, if surface rupture should take place along this possible 
fault trace, It would not affect the Tritium Building. 

The hazard due to vibratory motion associated with such an event Is dis
cussed elsewhere In this report (see pages I**95, I~98, 1-99). 
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GRAVITY SURVEY 

Field Procedures 

A gravity survey was carried out near SandIa in the southeastern portion of 
LIvermore Valley during two periods: November 12 to 16, 1977. and March 3 
to 14, 1978. The purpose of this survey was to determine whether evidence 
of faulting could be discovered by means of variations of gravity along the 
Las Posltas trace proposed by Herd (1377) as well as along projections of 
the Tesla fault traces in the vicinity of the Tritium Building (Blume, 
1972). The second survey was carried out to augment data from the first, 
as well as to look for small-scale gravity anomalies along that part of the 
possible Las Posltas fault In the vicinity of the Tritium Building and 
where It intersects Sand la's restricted area. 

The first phase of the survey was composed of measurements taken on a 13" 
by-13-statIon grid, encompassing a 1/2-mlz area centered on the Tritium 
Building, and four traverse lines along roads east and west of the Sandia 
property. Stations along the traverse lines were spaced at intervals of 
50 ft. The second phase consisted of confirming some earlier measurements 
and taking gravity measurements along one traverse adjacent to a trench and 
four traverses within the Sandia security area. The traverses were Intended 
to determine, if possible, the exact location of the possible fault by em
ploy, ng close station spacing of 10 to 20 ft and by comparing measurement* 
with features revealed in the trenches. The locations of the road traverse 
lines and grid are shown In Figure 8, and the locations of the traverse 
lines internal to the Sandia property are shown In Figure 9. 

The data were obtained using a La Coste Romberg gravlmeter In both surveys. 
In the first survey (November 1977). the instrument drift rate was determined 
by using closure on three separate road lines (j, E, and 0), and a computer 
program ••'as used to remove tidal gravity variations due to the moon and sun. 

In the second survey (Harch 1978), the lines were close sufficiently often 
to reference or base stations to allow for a correction Involving both in
strumental drift rate and tidal variations. In both surveys, the instru
mental accuracy on hard surface (e.g., asphalt) was found to be ±0.01 mgals, 
and ±0.03 mgals on softer surfaces (e.g., soil and grassy surfaces) and 
In areas where there was a large noise component (wind, cars, etc.). 
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Elevations of stations where flea foremen ts were Made were determined to an 
accuracy of ±0.01 ft for both surveys, using a Zeiss level and Philadelphia 
rod. 

Data Reduction 

Oata reduction consisted of the following procedures: 

1. Removal of Instrumental drift rate and tidal 
variations. 

2. Calculation of the free-air and Bouguer plate cor
rections to obtain the simple Bouguer anomaly. 

3. Removal of the best-fitting linear regional trend 
from the data (by a least-squares computer program) 
to obtain the residual anomaly. 

4. Graphical portrayal of the residual anomalies and 
station elevations to determine the Importance of 
terrain effects, as well as to Identify and des
cribe any significant gravity anomalies. 

5. Graphical portrayal and inspection of the residual 
anomaly data to determine whether any correlation 
exists with locations of possible fault traces. 

Description of Data 

Following Is a description of residual anomalies and their locations for 
each of the traverse lines and for the SandIa grid. Residual anomaly plots 
are shown In Figures 10a through lOj. The layout of the gravity grid and 
trie anomaly patterns observed are shown In Figure? 11 and 12. 

1. J-Llne: length - 1,600 ft; station spacing * 50 ft; 
rms deviation of residuals • 0.061 wgals. 
Observations: Bouguer gravity shows 3 decrease to 
the north of approximately 1.05 mrjals, with a modest 
downward curvature. The best-fitting linear grad
ient was found to be approximately 6.8 x 10"3 mgals/ft. 
The residual anomaly plot shows no significant ano
maly patterns. 

2- E-L1ne: length " 2,*»00 ft; station spacing - 50 ft; 
rms deviation of residuals • 0.066 mgals. 
Observations: Bouguer gravity shows a decrease to 
the north of approximately 2.2 rogals, with a slight 
downward curvature. The best-fitting linear grad
ient was found to be approximately 1.02 x 10~* mgals/ 
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ft. There Is a significant anomaly located approxi
mately 1,100 ft north of Tesla Road on Vasco Road. 
The anomaly has a maximum variation of approximately 
0.20 mgals and a wavelength of approximately 200 ft and 
Indicates a substantial decrease In g towards the 
Aorth; It appears to be the only significant ano
maly on this Une. 
South D-Une: length - 1,900 ft; station spacing -
50 ft; ruts deviation of residuals - 0.141 mgals. 
Observations: Bouguer gravity shows a decrease to 
the north of approximately 2.$5 mgals, with a slight 
downward curvature. The best-fitting linear gra
dient was found to be approximately 1.68 x 10~3 

mgals/ft. There is a significant anomaly located 
approximately 550 ft liorth of the crossing of Ar
royo Seco and Greenville Road. The anomaly has a 
maximum variation of approximately 0.38 mgals and 3 
wavelength of approximately 250 ft and indicates 
a moderate decrease In g toward the north. The min
imum in g at Arroyc Seco Is most likely a terrain 
effect associated with the creek, as the measure
ment was ta*;n on the highway bridge, approximate
ly 12 ft above the creek bed. The anomaly described 
above appears to be the only significant anomaly on 
this portion of the D-Line. 
North D-Llne: length » 1,200 ft; station spacing -
50 ft; rms deviation of residuals « 0.044 mgals. 
Observations: Bouguer gravity shows a decrease to 
the 'north'"of approximately 1.2 mgals, with little 
curvature. The best-fitting linear gradient was 
found to be approximately 1.02 x 10"3 mgals/ft. 
There is a moderately large anomaly. In the form 
of a minimum in g, located approximately 350 ft 
south of East Avenue on Greenville Road. The 
anomaly has a maximum variat'on of approximately 
0.06 mgals and a wavelength of approximately 250 ft 
and indicates a minimum in g, as noted above. This 
anomaly appears to be the only significant anomaly 
on th-ts portion of the D-Line. 

K-Line: length* 1,200 ft; station spacing - 50 
ft; rms deviation of residuals - 0.085 mgals. 
Observations: Bouguer gravity shows a nonuniform 
decrease to the north of approximately 1.3 mgals, 
with little curvature. The best-fitting linear 
gradient was found to be approximately 1.34 x 10"3 

mgals/ft. There are no significant anomaly patterns 
that have amplitudes differing significantly from 
the overall variation In g along this line. The 
modest gravity minimum In the vicinity of Arroyo 
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Seco Is roost likely a terrain effect associated 
with the depressed stream bed. 

*>- l-LIne: length " 400 ft; station spacing - 10 ft; 
rms dev!alien of residuals - 0.031 mgals. 
Observations: Bouguer gravity shows a uniform de
crease to the north of approximately 0.40 mgals, 
with little evidence of curvature. The best-
fitting linear gradient was found to be approxi
mately 1.0 x 10~3 mgats/ft. There Is a small an
omaly, In the form of a minimum In g, located ap
proximately 75 ft north of the PG&E gas pipeline. 
The anomaly has a maximum variation of approximately 
0.14 mgals and a wavelength of approximately 60 ft. 
There are no other significant anomalies on this 
line. 

7. M-Line: length - 340 ft; station spacing - 10 ft; 
rms deviation of residuals - 0.019 mgals. 
Observations: Bouguer gravity shows a systematic 
decrease to the north of approximately 0.29 mgals. 
The best-fitting linear gradient was found to be 
approximately 8 x 10"1* mgals/ft. There are no sig
nificant anomalies on this line. 

8. H-Ltne: length =• 380 ft; station spacing - 10 ft; 
rms deviation of residuals = 0.023 mgals. 
Observations: Bouguer gravity shows a systematic 
decrease to the north of approximately 0.39 mgals. 
The best-fitting linear gradient was found to be 
approximately 1.1 x 10'3 mgals/ft. There appears 
to be a small anomaly, In the form of a maximum 
In g, located near the midpoint of this line; how
ever, there appears to be a modest downward curva
ture In the residual anomaly data, so that the de
parture of the anomalous maximum from the mean may 
not be significant. There are no other significant 
anomalies on this line. 

9. 0-Line: length - 600 ft; station spacing * 10 ft; 
rms deviation of residuals = 0.029 mgals. 
Observations: Bouguer gravity shows a fairly unl-
form decrease to the north of approximately 0.67 
mgals. The best-fitting linear gradient was found 
to be approximately 1.2 x 10"3 mgals/ft. There are 
no obvious anomaly patterns along this line, al
though there may be some indication of a feature 
approximately 80 ft north of the PGeE gas pipeline. 

10. P-Line: length = 300 ft; station spacing <= 10 ft; 
rms deviation of residuals = 0.0^7 mgals. 
Observations: Bouguer gravity shows a fairly uni
form decrease to the north of approximately 0.41 
mgals. The best-fitting linear gradient was found 
to be approximately 1.4 x 10~3 mgals/ft. There 
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appears to be an anomalous Step-increase In g to
wards the south, approximately 120 ft south of the 
beginning of this line, with fnaxlmum variation and 
wavelength of approximately 0.09 mgals and 40 ft, 
respectively. The location of this anomaly appears 
to coincide closely with a vertical contact between 
sand and denser gravels found In trench T2 (see dis
cussion on exploratory trenching tn previous chapter). 
There are no other sign!flean' anomalies on this 
line. 

1 1 • SandIa Grid: dimensions - 2,WO ft x 2,kQQ ft; 
station spacing • 200 ft; rms deviation of residu
als * 0.130 mgals. 
Observations: Bouguer gravity shows a general de
crease from southeast to northwest across the grid, 
with some downward curvature In both the southeast-
northwest and southwest-northeast directions. The 
best-fitting linear gradient was found to be approx
imately 3-8 x 10"* mgais/ft (north-south) and 6.18 x 
10"1* mgals/ft (east-west). The residual anomaly 
map (Figure 12) shows several distinct features: 

a. There are local gravity "highs" In the 
northwest and southeast portions of the 
grid area, and gravity "lows" In the south
west and northeast portions, reflecting 
the fact that the gravity surface possess
es curvature of second, and possibly 
higher, order. The decrease in g to the 
northeast may be a reflection of the 
"Uvermore syncllne" which is located 
to the northeast of the grid area, with 
an axis striking west-northwest. The de
crease could also be related to possible 
density contrasts caused by the Tesla 
fault, the major strand of which ap
proximately coincides with Arroyo Seco 
In this area. The significance of the * 
and - residuals Is due partly to the man
ner in which the best-fitting plane was 
found, and partly to real lateral density 
1nhomogeneIties. 

b. The most prominent feature on the map Is 
an east-northeast trending linear feature 
running through the southern portion of 
the grid area. This feature is charac
terized by an abrupt decrease In gravity 
from southeast to northwest of approximately 
0,10 rogals over a horizontal distance of 
roughly 200 ft. There Is a strong corre
lation between the gravity contours asso
ciated with this feature and the topographic 
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contour lines associated with the range 
of low hills bordering the southern por
tion of the SandIa property. 

c. The linear feature described In (b) ter
minates abruptly at its northeast end, 
being Intersected by a north-northwest 
striking feature that Is characterized 
by gravity decreasing from southwest to 
northeast. Once again, the southeast-
trending gravity contour lines closely 
parallel the topography of the eastern 
part of the SandI a grid area. 

d. The linear feature described in (b) 
strikes almost due south of Its south
west end at the southwest corner of the 
grid area. This trend does not correlate 
srrcngly with local topography, which 
strikes to the southwest beyond the grid 
area. 

e. There is a general gravity low, In the 
rough shape of a trough, which trends 
northeast, just north c-f the linear 
feature described In (b). 

Regional Gravity Model 

Regional variations of gravity are shown on the USGS open-file Bouguer 
anomaly map of the Llvermore Valley area (Holden, 1976)» which is reproduced 
in part in Figure 13. Mean gravity gradients were calculated from this map 
and compared with gradients determined from the URS/Blurne survey for corre-
spondirg locations. The results of this comparison are shown in Table 3. 
Examination of this table shows that the mean gradients determined from the 
URS/Blume survey by means of linear least-squares fitting to the data are 
within approximately 10% to \$% of the corresponding gradients obtained from 
the USGS map except for the K-Line, In whi'h the discrepancy Is =30%. The 
overall southeast-northwest linear regional gradient determined from both 
sources lies between 5 x lO"1* mgals/ft and 8 x 10 - 1* mgals/ft. 

An attempt was made to account for the overall regional trend in the gravity 
by means of simple density contrast models. The first model along with the 
computed gravity associated with it is shown in Figures \ha and l4b. The 
model assumes a hasement of Franciscan rock dipping to the northwest at 
20°. The basement is assumed to outcrop approximately k km southeast of 
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Reproduced from U.S. 
Geological Survey Open 
File Hap 76-761 
(Holden, 1976) 

1 0 1 2 3 kilometers 
Contour interval 2 milligals, dashed where uncertain 

Reduction density 2.67 g/cm3 

Las Positas trace !H»rd, 1977) 

FIGURE 13 COMPLETE BOUGUER ANOMALY MAP OF THE LIVERMORE VALI.EV AREA 
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TABLE 3 
OATA FROM URS/P1 HME GRAVITY SURVEY (NOVEMBER 1977. MARCH 1978) 

Mean 6ravity 
Gradients 

Data Taken from USGS Bouguer 
Anomaly Map (1976) 

E-Line l.OZ x 10- 3 mgals/ft *1 x 10" 3 mgals/ft 
South D-line 1.68 x 10' 3 mgals/ft *1.9 x lO'3 mgats/ft 
North D-Line 1.02 x 10" 3 mgals/ft =•1 x lO- 3 mgals/ft 
K-line 1.34 x 10" 3 mgals/ft •1.8 x 10" 3 mgals/ft 
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Basement Outcrop 

Basement (p = 2.5 gm/cm3) 

FIGURE 14a DIPPING BASEMENT MODEL FOR SOUTHEAST LIVERMQRE VALLEY 
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Mean Slope = 7.29 x 10"'' mgal/ft 

1 2 4 3 2 1 
Distance (to) 

FIGURE 14b DIPPING BASEMENT MODEL FOR THE SOUTHEAST LIVERMORE VALLEY 



Sandla, and a density contrast of 0.20 gm/cm3 Is assumed between the base
ment rock and the overlying gravels and alluvium. The dfp angle was deter-

- mined from Btume (1972)* and the density contrast was determined from well 
data In the area between the Franciscan outcrop and the Sandla property. 
The mean gradient determined from the graph In Figure lAb at a position U km 
to the northwest of the outcrop (x » 0) Is approximately 7 x lO - 4 mgal/ft. 

Thus, the regional gradient near the Blume survey can be reasonably well 
explained In terms of a simple dipping basement, as described In Figure Ha. 

Fault Models 

Pita from the 1972 Blume report also Indicated the possibility of a reverse 
fault (see plate 4, Appendix A) located along the reported Las Positas fault 
trace. This possibility stemmed from the observation that an exploratory 
well called the Pestana well, located north of the trace, showed the base
ment rock to be nearly 1,000 ft (1/3 km) closer to the surface than the 
corresponding basement horizon determined from wells approximately 1-1/2 mi 
to the south of the trace. 

A model was assumed, consisting of a vertical offset In the basement rock 
(with the north side about 1,000 ft (1/3 km) higher than the south side), 
once again In the presence of a dipping basement. The model and calculated 
gravity *re shown In Figures 15a and 15b. The calculations Imply that the 
regional gravity In the vicinity of the Las Positas trace would be Increas
ing to the north, exactly the opposite of what Is actually observed. Thus, 
with the structure assumed from the well data, along with the density con
trast quoted above, a reverse fault below the Las Positas lineament seems 
extremely unlikely. Further examination of the well data indicates that 
Identification of features In the Pestana well was based strictly upon cut
tings brought to the surface. Our review of the well log Indicates that 
Identification of Franciscan bedrock near the bottom of the hole is ques
tionable at best and probably erroneous. 
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FIGURE 15a REVERSE FAULT MODEL FOR SOUTHEAST LIVERMOr.J VALLEY 
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FIGURE 15b CALCULATED GRAVITY FOR REVERSE FAULT MODEL 



An analysis was made to consider whether or not a normal fault might exist 
beneath the Las Posltas lineament In the Franciscan basement assemblage. 
for this model, a 1.0-km offset was assumed to have displaced the bedrock 
surface downward to the north. Again, a bedrock surface dipping 20 s north
ward and a 0.20-gei/om3 density contrast were used. As shown In Figures 15c 
and !5d. for a depth of 1.46 km {6790 ft) to an assumed offset of 1.0 fan 
(328! ft), the mean gravity slope above the fault Is changed from 6.84 x 10"' 
mgal/ft for the unfaulteJ surface to a value of 7-98 x 10"*̂  mgal/ft for the 
faulted surface. 

The measured gravity data are compatible with the model for an unfaulted 
bedrock surface. However, because of probable Irregularities In the bedrock 
surface as well as uncertainty In Its average slope and density contrast, 
the possibility of bedrock displacement cannot be ruled out on the basis of 
this particular model. 

Near-Surface Anomalies 

The anomalies that were located In the course of the Btume survey, with 
their smaller amplitudes (tenths of a mllllgal) and wavelengths (hundreds 
of feet) would generally reflect variations In structure and density con
siderably closer to the surface than the depths assumed for the basement 
rock. In the case of an active fault, offsets will exist In the medium 
above the basement Irocks of Tertiary age) as well as In the basement it
self. Density contrasts within and between the tertiary formations older 
than the livermore gravels appear to be minimal, and the likelihood that 
they would generate large gravity anomalies at the surface is low. Thus, 
it is hypothesized that the anomalies located are representative of near-
surface density variations within 200 ft. 

The large anomaly on the E-line together with the smaller anomaly on the 
north D-LIne both fall within 50 ft of the Las Posltas trace proposed by 
Herd (1977). In addition, the linear feature running through the Sandfa 
grid coincides closely with the reported Las Positas fault trace. 

The three separate gravity anomalies along the reported Las Posltas faulf 
trace, on the E-Une, the 0-Line, and across the grid suggest that there 
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FIGURE 15c NORMAL OFFSET MODEL 
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may be a more or less continuous anomaly along the trace. Interrupted 
locally where crossing Arroyo Seco And perhaps elsewhere. This line also 
coincides with a break to slope whe.-e the alluvial floor of Llvermore Valley 
meets hills rising to the south. Even on the E-Ltnc, where the topography 
Is very subdued, a break In slope Is evident at the location of the anomaly. 

The geologic structure of the atrta also parallels the northeast trends. 
Geologic mapping Indicates that the Llvermore gravels making up the Mil to 
the south strike parallel to the hill and to the gravity anomaly. Beds 
along the north side of the Mil have a dip slope, and the hill comprises 
the north flank of an anticline. The area within a few hundred feet of the 
base of the hills would probably be underlain by north-dipping strata of the 
Liverrwre gravels, which have been eroded off and covered by a thin blanket 
of alluvium. Because these strata have been eroded away leaving resistant 
gravels on the hill in place. It appears that there Is a contrast in resis
tance to erosion. This contrast Is also probably accompanied by contrasting 
densities. 

Evidence supporting this hypothesis Is seen In some of the trenches in 
which northwesterly dipping strata consist of more gravelly materials at the 
south end of the trench (e.g. .Trench T10} and strata at the north end ares 
predominantly fine grained. This feature cannot be observed In trenches 
exhibiting sub-horizontal stratification. There is elaarly a significant 
density contrast between strata of the Llvermore gravels, which range from 
dense sandy gravel to fine sandy slit. 

Deposltional contacts between such contrasting beds coinciding In strike 
and location with the gravity anomaly could have produced the observed 
anomaly. This rood^l — Figure >6 (a and b) — Is compatible with the am
plitude and wavelength of the observed anomaly. 

The large anomaly on the south 0-Une falls close to both the Tesla No. 2 
{Blume, 1972) and an unnamed southern fault proposed by Herd (1977). In the 
absence of additional evidence, the significance of this anomaly cannot be 
addressed. However, the decrease in g from south to north Is consistent 
with the sense of motion that has been assumed for the Tesla No. 2 fault but 
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FIGURE 16 GRAVITY PROFILE FOR ANTICLINAL STRUCTURE 
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Is Inconsistent with movement downward to the south as suggested by Herd 
(1977). 

While the anomaly located on the P-Llne did coincide with the contact found 
In Trench T2, the absence of any significant anomalies along the Las Posltas 
trace on lines L through 0 would seen to Imply that If there Is near-surface 
faulting In the Sandfa restricted area* ft Is discontinuous. 

Conclusion 

The results of the recent gravity survey carried out by URS/BIume coincide 
quite closely on a Urge scale with the regional pFcture supplied by the 
USGS Bouguer anomaly nap of the area. The mean regional gradients from both 
sources agree to within 10% to 15*. These regional gradients can be ade
quately explained In terms of a basement rock of the Franciscan assemblage 
dipping at approximately 20° to the northwest beneath younger sedimentary 
rocks and alluvium. 

The USGS Bouguer anomaly map Implies that there Is a high-density region 
extending northwest Into the southeastern corner of Livermore Valley. Such 
an interpretation is consistent with the existence of a northwest-plunging 
anticlinal structure. In which the Franciscan basement has been uplifted in 
this region through the action of northwest-striking folding and possibly 
faulting. 

The Las PosUas trace cuts across the Bouguer anomaly contours (see Figure 
13) throughout most of the segments designated A and P. Along Segment A, 
the trace passes through a region In which the gravity gradient Is very 
small, so that a normal offset In basement rock would have to be quite small 
to be consistent with the regional gravity slope In this area. At the south
west and northeast ends of Segment 8, the Las Posltas trace cuts sharply 
across the gravity contour lines. Such behavior Is not consistent with a 
single normal fault below the Las Positas trace through Segments A and 8. 

In addition, examination of the gravity contour lines associated with the 
Calaveras and Greenville faults at the west and east sides of the Livermore 
Valley, respectively, Indicates a much more consistent correlation between 
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the strike of these faults and associated gravity contour lines than is 
apparent In the vicinity of the U s Posltas trace. 

On the basts of bo*.(i the URS/Blume and US6S gravity surveys, It Is our opin
ion that the most straightforward, consistent view of the gravity data In 
the southern Uvermore Valley does not Include faulting along the U s Posl
tas trace as a likely feature. 

There fs no conclusive evidence from these gravity surveys for the existence 
of either the Tesla No. 2 or Tesla Ho. 3 fault traces In the limned I ate 
vicinity of the Sandla restricted area. The decrease In gravity In the 
northeast portion of the grid and the anomaly located on the south D-LIne 
could belong to the Tesla No. 2 trace, but In the absence of other anomalous 
features, no definite conclusions can be drawn on the basis of the gravity 
survey alone. 
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MAGNETIC AND RESISTIVITY SURVEYS 

General Statement 

Magnetometer and electrical resistivity measurements were made along tra
verses located near SandIa (see Figure 1?) as part of the investigation cf 
faulting. 

The traverses were selected to cross possible northwesterly trending fault 
traces as well as the reported Las Posltas fault trace. 

Field Procedures 

In the case of the magnetometer surveys, both the total field strength and 
vertical gradient of the Earth's magnetic field were recorded at each sta
tion, using a Geometries model G-816 proton-precession type magnetometer. 
The vertical gradient was obtained by taking two readings at each station, 
one with the sensing head 5 ft above the ground and the other with t*~' sens
ing head 12 ft above the ground. The difference between these two readings 
was then divided by the appropriate scale factor to obtain the vertical 
gradient. The vertical gradient was used as a discriminant against shallow 
magnetic sources (burled pipes, etc.). All readings were taken at 50-ft 
Intervals. All lines were sufficiently short that diurnal variations In the 
main field were not taken into account. 

The electrical resistivity surveys were carried out using a Bison model 
2350-B resistivity meter. Readings were taken at Intervals of 75 ft using 
a fixed electrode spacing of 75 ft. This technique results In a continuous 
profile of ground conductivity at a depth of the same order as the electrode 
spacing. The purpose of this survey was to detect significant vertical off
sets in the groundwater level as a possible Indicator of impermeable barriers 
associated with near-surface faulting. 

The locations of both the magnetic and resistivity survey lines are shown In 
Figure 17-
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RCSultS 

Plot* of mgnetlc and resistivity data are given In figures 18a through I8e 
and 19a through 19c, respectively. 

In general, the area In which the surveys were conducted is contaminated by 
the presence of many sources of magnetic noise, specifically pipelines, power 
tines, structures, debris, fencing, etc. In particular, the Las Posltas 
lineament Is locally nearly coincident with the PGtE high-pressure gas pipe
line. This pipeline caused magnetic Interference at distances up to approxi
mately 300 ft. Hagnetlc profiles on relatively quiet traverses showed no 
evidence of anomalies significantly larger than normally expected background 
fluctuations. In conclusion, there is no strong evidence of faulting as 
determined from the magnetic surveys. 

The resistivity surveys failed to show any anomalies along suspected traces 
of the Tesla fault. Anomalous features aligned with the Las Posltas linea
ment (see Figure 19b) failed to show any consistent correlation between 
adjacent traverse lines. The results of the resistivity surveys must be 
considered Inconclusive with respect to fault location. 
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SEISMOLOGY 

Seismic History 

The coastal portion of central California (s one of cn« most selsmlcslly ac
tive regions of the United States. Recorded seismic history goes back to 
1800. The Important earthquakes that have been documented since that time 
begin with observations recorded by Spanish missionaries. Some crude in
strumentation t«as introduced Into the area in the late JSOOs at Chabot Ob
servatory and Ht. Hamilton; however, before the 1906 San Francisco earthquake, 
the sensitivity and location of these seismographs were of little value In 
locating the smaller earthquakes In the area. Instrumentation for accurately 
recording and measuring large earthquakes has been available since the early 
1930s. Sufficient instrumental coverage for locating and measuring small 
earthquakes has been available since the early 1940s and continues to be im
proved up to the present time. 

Earthquake epicenters for the coastal central California area are plotted on 
a map (Figure 20) showing the major active faults In the area. It Is Im
portant to remember that many of the older earthquake locations are based on, 
or influenced by, historical personal accounts. Population density influenced 
the epicenter locations toward the centers of population, thus making many 
of the estimated epicenter locations Inexact. 

Seismic History Related to Active Faulting. The historic earthquake record 
indicates that the San Andreas fault was the probable source of destructive 
earthquakes in June 1838; October 8, 1665; April Ik, 1890; April 18, 1906; 
and, most recently, Piarch 22, 1957. The April 18, 1906, earthquake, perhaps 
the most thoroughly studied seismic event until the recent 1971 San Fernando 
earthquake, had a Richter magnitude of 8.25. Visible surface faulting ex
tended for more than 200 mi from San Juan flautista on the south to Point 
Arena on the north, where the fault enters the ocean. Surface faulting was 
noted at Shelter Cove, 75 mi north of Point Arena along what is probably an 
extension of the San Andreas fault. A total surface rupture in excess of 
270 mi could therefore have resulted from this earthquake. Maximum horizon
tal movement was 21 ft In the vicinity of Olema, some 26 ml northwest of 
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FIGURE 20 EARTHQUAKE EPICENTER AND MAJOR ACTIVE FAULT MAP 
FOR THE COASTAL CENTRAL CALIFORNIA AREA 
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San Francisco. North of the Golden Gate, the horizontal movement was ac
companied by 3 ft of vertical displacement, and as much as 6 ft of vertical 
displacement took place at Shelter Cove further to the north. Both the 
horizontal and vertical movement decreased In magnitude to the south toward 
San Juan Bautlsta. Damage from this earthquake has been estimated at be
tween $350 million and $1 billion. About 700 persons were killed. Host of 
the loss was due to fires in San Francisco. This earthquake resulted in an 
estimated Intensity of between VII and VIII In the Llvermore Valley. How
ever, few structures existed at the time and the Intensity estimates are 
probably inexact. 

Destructive earthquakes occurred on the Wayward fault on June 10, 1836, and 
October 21, 1868. Approximately *t0 mi of surface rupture between Mission 
San Jose and San Pablo accompanied the 1836 earthquake. Surface rupture 
along a 20-mi length accompanied the 1868 earthquake between Warm Springs 
and San Leandro, Right-lateral movement accompanied both earthquakes, with 
3 ft of offset associated with the 1868 earthquake and an unknown amount 
associated with the 1836 earthquake. No reliable estimates are available 
on the dollar value of damage from the earthquakes; however, almost every 
building was destroyed or damaged along the areas of surface rupture, and 
approximately 30 deaths were attributed to the 1868 earthquake. Both of 
these earthquakes are estimated to have had a magnitude of somewhere be
tween 7 and 7.5. 

Destructive earthquakes on the Calaveras fault have not been wall documented,. 
If indeed any at all have occurred. The Calaveras fault has been considered 
active for many years because of small earthquakes that are locally felt in 
the Livermore Valley-Amador Valley area. Possible destructive earthquakes 
associated with the Calaveras fault occurred on July 3i 1861, and appear to 
have been most severe in the San Ramon Valley, which Is situated on the 
mapped zone of the fault traces. One of these events is reported to have 
caused damage in the Amador and Livermore valleys, but no damage is reported 
from other nearby locations such as Hayward, San Leandro, or Mission San 
Jose. 6p[centrat intensity for this earthquake has been estimated at VIII 
and possibly might have been as high as IX. Ground surface 4?sp!acement is 
reported to have occurred. The magnitude for this earthquake could be as 
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low as ft because of the apparent local area of damage or as hfgh as 7.5 If 
the most conservative Interpretation is placed on the sketchy observations 
of this event. 

Another large shock that might have been associated with the Calaveras fault 
occurred on March 30, 1898. Damage was greatest at Hare Island, which, If 
this Is assumed to be the approximate position of the epicenter, could be 
on the northward projection of the Calaveras fault across the Carqulnez 
Straits. 

Closer to Sandla in the Livermore Valley area are several epicenters of 
microeartbquakes. Historically, there have been no earthquakes larger than 
4.6 magnitude recorded in the Uvermore Valley area, and most of these micro-
earthquakes are less than magnitude 3.5- Although nothing indicates that 
these small events have occurred on faults, they tend to substantiate con
clusions based on other evidence that some of the faults nea• Sandia are 
active. 

Tor engineering purposes, the following table summarizes the recommended de
sign earthquakes to be considered for the Sandia site. The location of i 
possible earthquake on the Tesla fault is based primarily on geologic evi
dence and Is discussed elsewhere in this report. 

Minimum 
Epicentral Distance 

Zone (mi) (km) Magnitude 

Tesla fault 2 3 5.7 
San Andreas fault 35 56 8.3 
Hayward fault 17 27 7.5 
Calaveras fault 10 |6 7.5 

tivermore Valley Seismiciiy 

Earthquake^ Relocation. The seismicity of the -ivermore Valley was reviewed 
to select specific earthquakes of interest to redetermine the hypoeentral 
parameters. Almost kQ events were relocated from the time period 19*10 to 
1277, which are listed in Table *t. The method of relocation employed the 
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TABLE 4 
HVPOCENTRAl PARAMETERS OF SEISMIC EVERTS 

W THE UVERMORE VALLEY, 1943 TO 1977 

Event 
Ml Number Date hr min sec U t ( t f ) Long{if) Depth (km) Ml 

1 03/2)/1943 11 45 45.6 37° 38.6' 121° 49.7* R(5.0) 4.2 
2 03/30/1943 23 06 08,6 37° 4 1 . 1 ' 121° 48.8' R 5.0) 

R(5.0) 
3.6 

3 04/15/1943 15 23 02.6 37" 40.4 ' 121° 45.9" 
R 5.0) 
R(5.0) 4 .0 

4 04/15/1943 15 31 01.4 27° 42.2' 121° 42.3' R(5.0) 4.2 
5 04/21/1943 23 39 42.9 37° 40.4 ' 121° 43.5 ' R(5.0) 4.2 
6 04/26/19*3 11 53 59.3 37° 39 .1 ' 121° 47.5" R(S.O) 4.1 
7 05/29/1943 17 04 08.0 37° 36.8" 121° 50.0 ' R(5.0) 3.7 
8 05/02/1946 01 26 12.0 37° 41.0 ' 121° 35 .7 ' R(5.0) 4.6 
9 05/02/1946 02 11 36.6 37° 40.7' 121° 36. T R(5.0) 3.2 

10 08/29/1949 01 56 01.1 37° 39.8' 121° 30.8' R(5.0} 3.4 
11 10/07/1956 02 38 17.2 37° 52.7' 121° 43.9' R(5.0) 3.6 
12 10/31/1958 00 26 14.6 37° 26.8' 121° 48.0 ' R(S.O) 4.2 
13 03/07/1962 17 52 49.5 37° 30.3 ' 121° 47.7 ' R(5.0) 2.9 
14 03/17/1962 21 38 44.4 37° 50.6' 121° 50.7' R(5.0) 4.1 
15 05/30/1963 19 57 51.9 37° 39.8' 121° 48.2 ' R(5.0) 3.4 
16 01/12/1964 07 48 13.7 37° 39.3' 121° 38.6 ' R{5.0) 2.6 
17 06/25/1965 01 01 02.0 37° 39.7' 121° 41.8' R{5.0) 

R(7.0) 
3.4 

ISA 06/28/1965 11 15 11.5 37° 33.2 ' 121° 38 .9 ' 
R{5.0) 
R(7.0) 3.6 

19 07/30/1965 18 13 30.8 37° 38.6' 121° 5 3 . 1 ' R(7.0) 2.9 
20 08/19/1965 11 04 05.7 37° 39.3' 121° 41.4' R(7.0) 2.5 
21 02/10/1966 14 19 47.3 3/° 49.3' 121° 45.3' R(2.7) 3.3 
?2 02/10/1966 14 21 08.5 37° 48. T 121° 47 .3 ' R(2.0) 3.9 
23 07/17/1966 02 33 25.9 37° 39.9' 121° 3 6 . 1 ' R 7.3) 

R(5.2) 
3.6 

24 07/19/1966 12 57 41.4 37° 38.8' 121° 37.4' 
R 7.3) 
R(5.2) 3.3 

25 08/29/1966 17 30 11.8 37° 48.3' 121° 59.8' R(7.0) 3.0 
26 09/29/1966 17 32 43.0 37° 4 8 . 1 ' 121° 58.9" R(5.0) 2.6 
27 03/11/1968 23 18 36.0 37° 26.9' 121° 33.6' R(6.8) 3.2 
28B 12/29/1969 19 31 11.4 37° 4 6 . 1 ' 121° 42.8" R(7.0) 3.8 
29 01/05/1970 17 31 12.4 37° 31.3' 121° 50.3" R(6.7) 3.3 
30 01/06/1970 08 34 55.8 37° 32.6- 121° 51.2 ' R(7.0) 2.8 
31 02/28/1970 02 05 00.2 37° 47.9- 121° 56.7" R(2.0) 2.9 
32 08/06/1971 C9 38 39.9 37° 45.6' 121° 48.6' R(5.0) 

R(5.0) 
2.7 

33 05/30/1972 02 54 46.4 37° 33. f 121° 48 .2 ' 
R(5.0) 
R(5.0) 2.6 

34 06/29/1972 05 05 54.0 37° 53.5' 1?1* 39.7' R(4.7) 2.5 
35 10/07/1973 17 45 12.3 37° 33.8' Ul° 51.3* R(5.4) 2.7 
36C 08/31/1976 12 29 28.8 37° 37.9' 121° 40.4' R(6.9) 3.3 
370 06/21/1977 02 43 06.9 37° 38.2- 121° 39.6 ' R(9.8) 4.6 
38 06/28/1977 12 46 40.4 37° 38.5' 121° 40.3 ' R(9.2) 1 

1 
3.2 
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master event technique. The June 1977 (#>- " 4.6) earthquake was selected as 
the master event to determine selsmographic station time adjustments to be 
applied to the data from the University of California, Berkeley, network. 
Unfortunately, two earlier stations, Fresno and Palo Alto, had been discon
tinued. The remaining stations, Berkeley and Ht. Hamilton (Lick), had time 
adjustments of £0.1 sec. Thus, this relocation method proved unsatisfactory 
du& to the Incomplete station adjustments and was not applied to the data 
set. The earthquake relocations were determined from the raw data obtained 
from the University of California, Berkeley, and USGS (NCER) data files. 
Particular seismograms were reread for the 1343 sequence. The hypocenters 
were determined by a least-squares program by Bolt and Turcotte (1963). Both 
P and S wave phases were used. The velocity model of Byerly for central 
California was adopted. This model is: 

pep t h TkmT" 
0 

V <= .6 km/sec V - 3-3 km/sec 

12 
V * 6.6 km/sec F = 3.8 km/sec 
V s 

30 
V - 7.8 km/sec Va = 4.5 km/sec 
P 8 

The relocated epicenters are shown in Figure 21 and listed In Table 4. The 
magnitude range Is from 2.5 to 4.9. The accuracy of the epicenters varies 
from approximately ±5 km for 19*0 to 1968 and ±3 km for 1969 to 1977- Also, 
the depth control parameters are poorly determined for the earlier events. 

The results for an earthquake of a magnitude equal to or greater than 4 are: 

1. The 1943 sequence, which included five events of 
magnitude between 4.0 and 4.2, shows an east-west 
alignment In the central Llvermore Valley region. 

2. Ths 1946 event, with a magnitude of 4.6, appears to 
have been associated with the northwest-striking 
Greenville fault. 
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3. The 1958 earthquake, with a magnitude of 4.2, Is 
associated with the Calaveras fault. 

U. The 1977 event, with a magnitude of 4.6, is located 
along the northern section of the Tesla fault system. 

5. The additional earthquakes are generally associated 
with the Calaveras fault and the various faults to 
the north and south of the Livermore Valley. 

Fault Plane Solutions. The fault plane solutions were determined for a few 
selected events. The method used a linear velocity gradient technique to 
approximate the Byerly velocity model. The first motions of the P waves are 
plotted on an equal-area, lower-hemisphere project i-.n. The Individual so
lutions are shown in Figure 22a through 22d. The focal mechanisms have been 
plotted In Figure 21. The results Indicate mainly strike-slip faulting 
with a northeast-southwest congressional stress system. Unfortunately, the 
earlier events have fewer first motion data, and the focal mechanism inter
pretation Is more ambiguous. The June 1977 event clearly Indicates a re
verse motion on the northwest-striking Tesla fault system. The dip angle of 
this selected fault plane solution is 56*NE (Figure 22d); however, examina
tion of the figure Indicates that, although the dtp Is most likely north
east, its value !s not well constrained and could be more nearly vertical. 

Surface geologic mapping shows the Tesla fault to be dipping southwest. 
However, the 1977 event occurred at an estimated focal depth of 9.7 km 
(6.0 ml), and the possibility exists that the dip angle associated with this 
reverse thrust fault may well be a function of depth, in which case there is 
not necessarily a conflict between the two Interpretations. 

Probabilistic Assessment of the Exposure to Strong Motion 
In order to describe the seismic exposure of the SandIa site, a probabilis
tic calculation was conducted to estimate the rate of exceedance as a func
tion of peak horizontal ground acceleration at the site. Two basic sets of 
Information are required for such a calculation. The first Is a description 
of earthquakes In space, time, and magnitude. The second set of Information 
consists of an empirical relation expressing the dependence of peak ground 
acceleration on earthquake magnitude an. distance to the earthquake rupture. 
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FIGURE 22c FAULT PLANE SOLUTION FOR MAGNITUDE 3.3 EVENT 8/31/76 
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ff Che Las Posftas fault were Co be substantiated by future studies as a 
structure capable of generating moderate earthquakes, It would not have any 
significant effect on the results of this statistical analysis. 

The seismic!ty data used In the calculation are summarized In Table 5. The 
main constraint used In constructing the sefsmiclty model was the historic 
record of large earthquakes that have occurred within about 100 km {60 ml) of 
the site since the l830s. Large earthquakes (magnitude 6 or more) have oc
curred In this region at the rate of approximately one per decade. The seis
mic! ty of the region has been documented extensively by Townley and Allen 
(1938), Tocher (1958), and Bolt and HMler (1975). The major part of the re
gional seismic activity that could produce strong motion at the site is concen
trated along weII-recognI zed active faults of the San Andreas fault system. 
Although large earthquakes (magnitude 6 or more) in northern California 
usually occur along recognized active faults, events of small and moderate 
magnitude (magnitude 5 or less) are distributed more diffusely and cannot 
always be clearly associated with mapped active faults: this applies to the 
seismicity of the LIvermore Valley region as registered over the past century. 
Presumably, the apparently diffuse seismfcity is concentrated along numerous 
minor active faults in a manner that Is not presently determined. 

In the calculation, the seismicity of the Livermors Valley region was rep
resented schematically by two seismic sources: an area source and a line 
source representing a minor active fault whose trace passes within close 
range of the site. For all of the seismic sources, It was assumed that 
earthquake occurrence is randomly distributed in space and time. 

In Table 5. parameters A and B are coefficients in the recurrence relation 

log * = A - BM 

where 19 is the number of events per year of magnitude M or greater. The 
aggregate B value for all sources combined Is approximately 0.3- For the 
San Andreas fault, the value given for A applies to a 500-km (300-mi) seg
ment rather than the entire length of the fault. 

1-88 



TABLE 5 
SEISMICITY MODEL 

Earthquake Source 

Recurrence 
Parameters 
A B 

Maximal 
Magnitude 

Shortest 
Distance 
To Site 

(km) 
Radius 

(km) 

San Andreas Fault 3.65 0.8 8-1/4 55 -
Hayward Fault 4.33 1.0 7-1/2 30 -
Calaveras Fault 4.X5 1.0 7-1/2 20 -
Antioch Fault 3.55 1.0 6-1/2 20 -
Concord Fault 3.55 1.0 6-1/2 30 -
Livernore Valley 

Area Source 3.30 1.0 5-3/4 — 20 

Possible Nearby 
Active Fault 2.40 1.0 5-3/4 0.1 — 
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The relation between peak ground acceleration ami earthquake Magnitude and 
distance that was employed In the calculation was based on the work of Guten
berg and Rlchter 0956). The Gutenberg-Rlenter relation was amended for 
small distances In accordance with recent observations Indicating that peak 
ground accelerations In the near field depend less strongly on magnitude 
than In the far field (see Hanks and Johnson, 1976). Relatively high 
local peak accelerations may be experienced during earthquakes of moderate 
size. Peak ground acceleration was treated In the calculation as a log-
normally distributed quantity* with a geometric standard deviation of ap
proximately two. 

The results of the calculation are Illustrated in Figure 23, which shows 
the probability of exceedance In any period of 30 years versus peak hori
zontal ground acceleration at the site. The calculation Indicates that the 
local seismic activity In the Llvermore Valley region accounts for roughly 
one half of the overall rate of occurrence of strong ground motion. For 
peak ground accelerations of a few percent of the gravitational acceleration, 
this conclusion Is supported (although not confirmed) by the accelerograph 
data recorded In the Llvermore Valley since mid-19^3. Most of the accelero
grams to date have been recorded during local earthquakes, and, in partic
ular, aftershocks of the 19^3 Uvermore earthquake sequence and the Liver-
more earthquake of June 22, 1977 (USGS, 1977). However, the Livermore ac
celerograph record Is too brief to afford a meaningful check of this cal
culation. 

From Figure 23 we find that, at the median-plus-one-standard-devlatlon level 
of confidence (6^.2%), the most severe acceleration experienced at the site 
in any 30-year Interval should not exceed 0.25g. At the medlan-plus-two-
standard-devlatfon level of confidence (97.7%), the largest acceleration In 
30 years should not exceed about 0.5g. The probabilities of exceedance of 
these two levels are 15-8% and 2.3%, and are usually characterized as 
"small" and "negligible," respectively. 

Finite probabilities of large accelerations (>0.5g) In this calculation re
flect the assumption that oeak acceleration Is a lognormally distributed 
quantity. Because the actual distribution is not well determined. It Is 
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FIGURE 23 PEAK HORIZONTAL GROUHO ACCELERATION, PROBABILITY OF 
EXCEEDANCE, SANOIA TRITIUM BUILDING 
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difficult to attach great con* I donee to the estimated probabilities of ex-
ceedanca of large accelerations. Thus, it Is not appropriate to use this 
calculation to estimate the Maximum potential ground acceleration. 

The response spectrun shape chosen for the analysis of the Tritium Build
ing Is that developed by Kewmark-Blume-Kapur. A statistical procedure 
was used for deriving response spectra based on a mean-plus-one-standard-
devlatlon statistical level for all spectra examined. At this confidence 
level these response spectra should not be exceeded 85X of the tine. The 
response spectra shown In Figure Ik are for 2% and St critical damping 
and are normalized to a peak ground acceleration of I.Og. 

Assessment of the HaxliMim Potential Ground Motion Amplitude 

Evaluation Based on Earthquake Source Theory and Observational Data. As 
noted above, a probabilistic calculation Is not Informative as to the maxi
mum potential ground motion. A deterministic approach to this question is 
also problematical, first because the livermore Valley seismiclty Is not 
well understood, and second because not enough is known about earthquake 
sources in general* and about elastic wave propagation In crustal geologic 
formations in particular, to penult strictly quantitative calculations of 
strong grcund motion. The following assessment of the maximum potential 
ground motion at the site Is based on available strong ground motion obser
vations, and where these are lacking (In the near field of major earth
quakes) , on some results of earthquake source theory. 

According to the seismiclty model given In Table 5, events of magnitude up 
to 5-3/4 may occur within close range of the site. Large earthquakes (mag
nitude 6 or more) are confined to major active faults that pass within 20 
km (12ml) of the site. Major events of magnitude 7 to 7i may occur on 
the Calaveras and Hayward faults, which pass within about 20 km (12 ml) and 
30 km 08 mi), respectively. Earthquake magnitudes given in Table 5 refer 
to the Richter magnitude scale, which was developed to compare the sizes of 
earthquakes In California. For this scale, magnitude is determined from 
the logarithm of the maximum response of standard torsion displacement seis
mographs (natural period of 0.8 sec; 0.8* critical damping), which record an 
earthquake at eplcentral distances within 600 km (370 ml). Definition of 
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the size of an earthquake in terms of the local Rlchter magnitude scale Is 
not directly descriptive of the maximum ground accelerations to be expected 
within close range of the event. 

While far-field ground displacement scales logarithmically with magnitude 
(by definition of the magnitude scale), high-frequency ground acceleration 
In the near field does not appear to scale In ths same way. For example. 
Hanks and Johnson (1976) reported acceleration to be "essentially Independent 
of magnitude" In the magnitude range from k.$ to 7.1 for a set of accelero-
graph data recorded at source-site distances within 10 km (6 ml). The data 
set used In this study, consisting of 40 accelerograms obtained from events 
of magnitude between 3.2 and 7.1. is biased toward unusually large accelera
tions for the smaller-magnitude events. A more complete set of accelero-
graph data might indicate more magnitude dependence of near-field accelera
tion than indicated by this study, but It does appear that the magnitude 
dependence is rather weak. 

The results of recent studies in which the dislocation theory of earthquake 
sources is adopted suggest an explanation for the apparent weak dependence 
of near-field acceleration on magnitude, it is found that magnitude Is 
closely related to the seismic moment, which is given as the product of the 
rupture surface area, the average dislocation amplitude, and the rigidity 
of the medium wherein elastic strain energy Is stored prior to seismic 
release. Kanamorl and Anderson (1975) analyzed the source parameters of »1 
large shallow-focus earthquakes and found that the static stress drop, which 
is proportional to the ratio of the average dislocation to the rupture dimen
sion, is practically independent of seismic moment. Kanamorl ani Anderson 
found that the static stress drop depends more on the tectonic environment 
than on seismic moment, and gave average figures of 30 bars for Interplate 
earthquakes occurring along, or parallel to, major plate boundaries, and 
100 bars for Intraplate earthquakes (1 bar - «5 psl). The 1952 Kern County 
and 1971 San Fernando earthquakes were classified In the latter category, 
while earthquakes of the San Andreas fault, and parallel or subparallel 
faults such as the Hayward and Calaveras, fal< In the first category. 

If It is presumed that the dynamic stresses that determine near-field accel
eration amplitudes during faulting are proportional to the static stress 
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drop, then the weak dependence of near-field acceleration on magnitude can 
be seen as a reflection of the moment (or, aqulvalently, Magnitude) Indepen
dence of static stress drop. This model is undoubtedly a simplification of 
reality: for example, the Earth's crust Is not a homogeneous elastic medium, 
and actual rupture surfaces ma/ have considerable geometric complexity, so 
dynamic stresses may vary considerably along the length of a rapture. The 
similarity of static stress drops for events differing vastly In moment 
suggests that the same physical processes are Involved in small and large 
earthquake ruptures. 

Three pertinent conclusions can be drawn from the foregoing considerations. 
First, moderate earthquakes occurring in the Llvermore Valley may produce 
locally severe ground accelerations, although accelerations recorded during 
such events In the Live more Valley since Instruments were first Installed 
in !9<t3 have not exceeded O.lg. Second, although no accelerograph data have 
been recorded to date within 20 or 30 km (12 to 18 ml) of earthquakes as 
large as the magnitude 7& events postulated for the Hayward and Calaveras 
faults, It Is most probable that peak ground accelerations would not differ 
appreciably from those observed for events one magnitude unit smaller In the 
same distance range. Third, the appropriate accelerograph data to consider 
in assessing the maximum potential ground acceleration at the site are data 
recorded in the near field of earthquakes of the San Andreas fault and asso
ciated subparallel subsidiary faults. Data for three such events are listed 
in Table 6. Our best estimates of the largest accelerations that would occur 
at the site due to the earthquake sources listed in Table 5 are 0.5g (hori
zontal) and 0.3g (vertical). 

Evaluation Based on Fault Characteristics and Observational Data. An alter
native procedure for estimating maximum potential earthquake motions at a 
site based on capability of the causative fault Is In use for evaluation 
of nuclear power plant sites and Is also used In general engineering practice. 

In tin:, method, the fault capable of producing the greatest motion at :he 
site Is first determined. Then the maximum potential earthquake for the fault 
Is placed on the fault at its nearest point to the site. The resulting ground 
motions at the site are calculated as a function of magnitude and distance 
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TABLE 6 
NEAR-FIELD ACCELEROSRAPH DATA FOR STRIKE-

SLIP EARTHQUAKES OF THE SAN ANDREAS FAULT SYSTEM 

?vent Date Magnitude 
Recording 
Station 

Closest 
Distance 
to Fault 

(km) Horizontal 

Peak Ground 
Acceleration 

(cm/sec2) 
Horizontal Vertical 

Long Beach 3/10/33 6.3 Long Beach 5 193 156 280 
Imperial 
Valley 5/18/40 7.1 El Centro 10.8 342 210 206 

Parkfleld 6/28/66 5.6 
Cholame-
Shandon 2 0.1 480 — 202 

Parkfleld 6/28/66 5.6 
Cholame-
Shandon 5 5.5 425 348 111 

Parkfleld 6/28/66 5.6 
Cholame-
Shandon 8 9.6 270 233 78 

Parkfleld 6/20/66 5.6 Temblor 10.6 341 264 T30 



(site properties are sometimes also taken Into account). In this case, site 
properties are average and are not given special consideration. The basic step 
In this procedure Is to assign a maximum potential earthquake to each fault 
of Interest. This can he done by referring to the historic earthquake record 
or by estimating the earthquake magnitude based on total length of the fault, 
length of surface rupture, or other factors, such as amount of displacement 
for the event If that should be known from geologic studies of past earth
quakes on the fault. Such analysis has been carried out for a nearby facil
ity {Blunts, 1972). Our current findings tend to substantiate our earlier 
evaluation, which placed major emphasis on capability of the Tesla fault. 
The following discussion has been adapted, with minor modifications, from 
the 1972 Blume evaluation. 

Host of the known faults near Sandla and the Tritium Building are limited In 
their total length and are therefore not potential locations for the maxi
mum event; one fault Is not considered because It Is Inactive. The lesser 
faults are Strand No. 1 of the Tesla (inactive), Strand No. 3 of the Tesla, 
the Corral Hollow fault, the Ramp Thrust fault, and the Doutherty fault. 

The two larger faults, which will govern for considerations of vibratory 
motion, are the Tesla, passing near the site, and the Carnegie fault, 
also passing northeast. A th^rd faul :, called the Greenville, ends In the 
hills east of the Carnegie fault and extends northwestward from there. Huey 
(19̂ *8) states that the Greenville fault does not join the Carnegie and that 
Its possible connection with other faults to the northwest Is very doubtful. 
He estimates displacement on the Greenville to be about 100 to 300 ft In the 
vertical direction. The horizontal component Is unknown but is probably not 
large. ThereFore, It Is concluded that the fault Is not a major structure. 
The Carnegie fault Is about 16 ml long from a point at Its Junction with 
the Tesla fault to an estimated point extending k ml across the alluvium of 
LIvermore Valley. Its surface trace Is about H mi from the Tritium Build
ing. 

The Tesla fault Is the largest fault with the nearest location to Sandla, 
and evidence of Its recent activity is more conclusive than In the case of 
the other faults. The Tesla fault strikes S80oE and continues to the 
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southeast a distance of II al froa Sandla, where it Intersects e major fault 
trending HkS'V. This Is considered to be the southeasterly end of the Tesla 
fault because It Is highly unlikely that two faults such as these Intersec
ting at an angle of 35* would act as one fault in case of su.-face rupture or 
fault displacement. The northwesterly Unit of the Tesla fault Is not known 
but appears to be well beyond the area that was Investigated as part of this 
study. A conservative estimate for the northwesterly extent of the Tesla 
fault Is 5 oil across Llvermore Valley beyond Sandla. The total length of 
the Tesla fault is therefore estimated to be approximately 16 al. 

The reported Las Posltas fault passes very close to the Tritium Building, 
as does the Tesla fault, and its total length is about 10 mi. If the Las 
Positas fault were to be substantiated by future studies as a structure 
capable of generating moderate earthquakes, the maximum credible earthquake 
based on this length and the resulting ground motion at the site would be 
less than Is estimated for the Tesla fault. 

In order to estimate the probable magnitude of an earthquake that might occur 
on the Tesla fault, It Is necessary to estimate the length of a surface rup
ture that could occur on such a fault. The distance over which the Tesla 
fault has controlled the course of Arroyo Seco Creek Is about It ml. This 
might bb considered Indicative of the length of surface rupture for a single 
displacement. It would be unreasonable to presume that surface rupture 
might take place along the entire ivngth of the fault simultaneously. A 
surface rupture length of 6 ml Is considered to be a conservative estimate 
because It equals more than one-third of the total fault length. Data pub
lished by Qonllla (1967), relating length of surface rupture on the main 
fault to earthquake magnitude, show that an earthquake magnitude of 5.7 
would be a conservative estimate for a 6-m! length of surface rupture on a 
reverse fault. 

This event of magnitude 5.7 Is selected as ".he maximum potential earthquake. 
It Is located on the Tesla fault at its nearest point to the Tritium Build
ing. Allowing for an 80* south dip on the Testa fault and a focal depth of 
5 mi for the earthquake, the eplcentrai distance would be about 2 ml from 
the Tritium Building. Because this is a very close earthquake, it is 
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necessary to estlaate the peak ground acceleration by comparison with avail
able records of peak acceleration at very saall distances fron the epicenter. 
A publication by Psora and Page (1972) reviews data relating to accelerations 
near faults that have aoved during aoderate-stzed earthquakes. 

For an earthquake magnitude of 5.7 *nd epicentre! distance of 2 ail, a con
servative estimate of peak ground acceleration based on the data of Boo re 
and Page Is 0.5g, a value that Is In good agi<senent with other methods of 
analysis described above. 
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SUMHAftV AND CONCH'S IOHS 

Seismic and geologic studies have provided ground motion parameters for m e 
In earthquake resistive design and analysis of the Tritium Building, as well 
as evaluating possible fault rupture hazard. The studies have also eval
uated a linear feature, the Las Posltas llneanent, original!* Identified by 
Bluee (1972) as a possible fault and more recently described In a USES Open 
File Report (Herd, 1?77). Work consisted of r«vtaw of existing data, and of 
acquisition and analysis ef new data from field exploration and field exam
inations. It Included a eompllnUon of available aerial photographs and 
Imagery, accompanied by an examination of this data to determine prominent 
lineaments relevant to the study. A gravity survey was conducted in the 
area to delineate possible density contrasts that might be related tc fault 
displacements. Magnetic and resistivity surveys were also conducted to de
termine any possible magnetic rr resistivity anomalies that might be help
ful In Identifying and locating fault traces. Also, seismic refraction 
techniques were tried, but these did not appear to be promising for existing 
conditions and for the particular requirement, of this project. Selsmologic 
studies which were carried out included a review of the seismic history of 
the region, consideration of the selsmotectonlc regime In the area, a prob
abilistic assessment of exposure to strong ground motion, anu an assess
ment of the maximum potential ground motion amplitude. The hypocentral pa
rameters of nearly $0 earthquakes selected from the historic reco-ds were 
redetermined, and fault mechanisms were determined for many of these events 
as an aid in defining the selsmotectonic regime. A final phase of the 
fif.d studies for this project consisted of trenching along the probable 
locations of the Tesla fault and the Las Posltas lineament in the vicinity 
of the Tritium Building. 

Based upon the geologic studies conducted during this survey. It is con
cluded that the northwesterly striking Tesla fault Is the best documented 
active fault In the vicinity of Sandia. It Is also our opin'on that field 
geologic evidence Is not sufficiently conclusive to confirm the existence 
of the Las Posltas fault. 

1-100 



Study of lineaments from available photography and Imagery showed that the 
Las Posltas Is the most prominent linear passing near the Tritium Culldlng. 
Lineaments related to the main strand and one Minor strand of the Tesla 
fault were also observed. 

The gravity survey revealed a significant residual anomaly coinciding with 
the location of the Las Posltas lineament. It appears that this trough
like anomaly shown In contours of the Bouguer gravity data Is related to 
relatively shallow density contrasts within the LIvermore gravels. This 
anomaly could be produced by a northwesterly dipping contact surface be
tween low-density stlt beds and high-density gravel beds of the Lfvermore 
gravels. On the basis of results of a regional gravity survey by the U5G5 
and of the URS/Blume survey, we conclude that the most straightforward, 
consistent view of the gravity uata In the southern LIvermore Valley does 
not Include faulting along the Las Posltas trace. The gravity data obtained 
during this survey are compatible with the presence of the northwesterly 
trending Tesla fault, but are not conclusive in Indicating Its presence. 
The magnetic and resistivity surveys provided evidence that there are no 
significant magnetic or resistivity anomaly In the area covered, but they 
are not dlagnosltc as to the presence or absence of faulting. 

Sefsmotectonic studies of historic events In the region did not provide 
evidence of active fault locations, but they did show that a sequence of 
small earthquakes which took place In 1943. oriented In an east-westerly 
direction, could be related to an east-westerly fault such as the reported 
Las Posltas fault. However, the epicenters were located near the center of 
LIvermore Valley, well north of the Sandla area. The studies also reveal 
that a 1946 event with a magnitude of 4.6 appears to have been associated 
with the Greenville fault, and a 1958 earthquake with a magnitude of 4.2 
was associated with the Calaveras fault. An earthquake on June 21, 1977, 
which had a magnitude of 4.6 and was felt In the LIvermore area, was lo
cated along the Tesla fault system. 

The probabilistic asssssment of strong ground motion at the site shows that 
at the medIan-plus-one-sta,;Jard-devlatlon level of confidence (84.2%), the 
most severe acceleration experienced at the site In any 30-year Interval 
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should not exceed Z.2$$. At the medlan-plus-two-standard-devlation level 
of confidence (97.7%)» the largest acceleration In 30 years should not ex
ceed about 0.5g* The probabilities of exceedance of these two levels are 
15.fit and 2.3t, respectively. The full ranges of probability and ground 
motion are presented In a curve showing probability of exceedance versus 
peak horizontal acceleration. 

In assessing strong ground notions due to the maximum potential earthquake. 
It Is shown that recent studies cast serious doubt on past procedures of 
scaling near-field peak ground accelerations by earthquake magnitude. It 
further appears that the stress drop accompanying earthquakes provides a 
better method of estimating near-field acceleration amplitudes. The max-
Imit' peak horizontal ground acceleration Is estimated to be 0.5g based upon 
stress drop considerations. This Is In good agreement with the same value 
estimated by methods currently In use and prescribed by the NRC for nuclear 
power plants. 

Evidence of faulting revealed In the trenches was conflicting and, although 
i't part suggestive of a fault along the trace Indicated by Herd (1977)» ' t 
is not sufficiently conclusive to substantiate the presence of a fault. 

No evidence was found by trenching or 'urir,g the surface geologic exami
nations or in any other phase of the Investigation to Indicate a possible 
hazard to the facility due to surface fault rupture along an active fault. 

To summarize results of the various Investigative techniques relevant to 
the reported Las Posttas fault (see Table 7), the structure could not be 
substantiated as an active fault. Although It Is considered possible that 
a minor fault might be present along the Las Posltas trace, existing evi
dence available for review, as well as new evidence developed during this 
study, can be explained by a simple primary (oppositional) juxtaposition 
of contrasting lithologlc units within the Live more gravels which strike 
parallel to the lineament and dip to the northwest. Some additional i-
vesttgattons have been proposed which would provide more evidence concerning 
the significance of this feature. 
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TABLE 7 
SUMMARY OF PREVIOUS LAS POSITAS FAULT EVIDENCE 

Las Posltas 
Trace 

Lineations 

+ 

Trenching 

+ 

Deep Drilling 

0 

Gravity Magnetics Resistivity 

0 

Selsmldty 

+ Positive correlation but not conclusive. 
0 Evidence weighs neither for nor against. 
- Evidence against presence of fault but not conclusive. 
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APPENDIX B 
GRAVITY DATA 



GRAVITY DATA 

The Bouguer anomalies for both survey periods were calculated using an ef
fective Bouguer density of 2.2 gm/cm3. Terrain effects were found to be 
negligible, except In the vicinity of Arroyo Seco on the south O-Llne and 
on the K-Ltne. 

Pages I-B.2 to 1-8.14 of this appendix are from the November 1977 survey, and 
give station Identification code (1-6), coordinates, elevation (both In 
feet), Bouguer gravity at mean sea level, the Bouguer Anomaly, and the Re
sidual Anomaly (all In mllllgals). 

Pages I-B.15 to I-B.19 list the station, elevation (In feet), raw gravity from 
the gravity memter, Bouguer Anomaly (In mllllgals) relative to the smallest 
elevation for each line, and the Residual Anwaly (in mllllgals). 
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L-L1ne 3/14/78 1057 + 1158 

Station Elevation Raw Gravity 
Bouguer 
Anomaly 

Residual 
Anomaly 

L-00 659.11 3.514.24 0.00 + .01 
L-20 660.15 3,514.17 -0.001 -.02 
L-40 661.09 3,514.14 +.03 0.0 
L-60 662.09 3,514.11 +.07 +.02 
L-80 663.11 3,514.04 +.06 -.01 
1.-100 664.63 3,514.02 +.15 +.06 
L-120 665.15 3,513.93 +.09 -.03 
L-140 666.05 3,513.91 +.06 -.08 
L-160 666.89 3,513.90 + .17 + .02 
L-180 667.95 3,513.86 + .20 +.03 
L-200 669.09 3,513.80 +.22 +.02 
L-220 670.24 3,513.70 +.20 -.02 
L-240 671.38 3,513.67 +.24 0.0 
L-260 672.82 3,513.57 + .24 -.02 
L-2B0 674.48 3,513.52 +.30 + .02 
L-300 676.55 3,513.40 +.31 +.01 
L-320 678.92 3,513.28 + .35 + .03 
L-340 681.75 3,513.05 +.31 -.04 
L-360 684.64 3,512.93 +.38 +.02 
L-380 687.72 3,512.78 +.43 + .05 
L-400 690.77 3,512.55 +.40 -.01 
L-00 659.09 3,514.22 

Note: 
Instrument Correction Negligible 
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H-L1ne 3/10/78 0925 + U42 

Station Elevation Raw Gravity 
Bouguer 
Anomaly 

Residual 
Anomaly 

M-00 659.68 3,514.53 0.00 +.01 
H-20 661.28 3,514.42 -0.00 -.01 
M-40 662.53 3,514.36 +.03 + .01 
H-60 663.60 3,514.33 + .06 +.02 
H-80 664.34 3,514.25 + .04 -.02 
M-IOO 664.69 3,514.28 + .09 +.02 
H-120 665.33 3,514.23 + .08 -.01 
M-140 665.75 3.S14.23 + .10 -.01 
M-160 666.26 3,514.23 +.14 + ,02 
H-180 666.79 3,514.22 + .16 + .02 
H-200 667.34 3,514.17 + .16 0.0 
M-220 668.26 3,514.11 +.15 -.03 
H-240 668.88 3,514.13 + .22 + .03 
H-260 669.35 3,514.08 + .19 -.02 
M-280 669.50 3,514.08 + .21 -.02 
M-300 669.63 3,514.10 + .23 -.01 
H-320 669.75 3,514.14 +.29 + .03 
H-340 669.85 3,514.15 +.29 + .01 
M-IOO 664.91 3,514.20 

Note.: 
Tidal Correction = +.005 mgal/statlon 

I-B.16 



N-L1ne 3/10/78 1216 + 1427 

Station Elevation Raw Gravity 
Souguer 
Anomaly 

Residual 
Anomaly 

N-00 663.45 3,514.11 0.00 -.04 
N-20 663.74 3,514.14 +.06 0.0 
N-40 664.09 3,514.15 +.08 0.0 
N-60 664.38 3,514.13 +.09 -.01 
N-80 664.63 3,514.14 +.11 -.01 
N-100 664.90 3,514.18 +.18 +.03 
N-120 665.34 3,514.14 + .15 -.02 
N-140 665.89 3,514.14 + .20 +.01 
N-160 566.02 3,514.16 +.22 +.01 
N-180 666.20 3,514.15 +.23 0.0 
N-200 667.03 3,514.18 +.31 + .06 
N-220 668.39 3,514.07 + .30 + .03 
N-240 669.15 3,514.02 +.29 -.01 
N-260 669.38 3,514.04 +.33 + .01 
N-280 669.75 3,514.02 +.33 -.01 
N-300 670.06 3,514.00 +.34 -.02 
N-320 670.12 3,514.05 + .38 0.0 
N-340 669.80 3,514.10 + .42 +.02 
N-360 669.71 3,514.11 +.41 -.01 
N-380 669.72 3,514.11 +.41 -.04 
H-100 664.92 3,514.08 

Note: 
Instrument Correction = +0.006 mgal/statlon 
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O-lli* 3/10/78 1441 -• 160B 

Station Elevation Raw Gravity 
Bouguer 
Anomaly 

Residual 
Anonaly 

0-00 660.55 3,514.26 0.00 +.03 
0-20 660.67 3,514.30 +.04 +.04 
0-40 660.81 3,514.27 >.03 +.01 
0-60 661.04 3,514.30 • .06 +.02 
0-80 661.28 3,514.26 +.05 -.02 
0-100 661.56 3,514.25 +.05 -.04 
0-120 661.94 3,514.29 +.12 0.0 
0-140 662.37 3,514.28 +.13 -.01 
0-160 662.81 3,514.28 +.17 +.01 
0-180 663.49 3,514.22 +.14 -.05 
0-200 664.15 3,514.19 + .17 -.04 
0-220 664.87 3,514.18 +.20 -.06 
0-240 665.69 3,514.20 + .28 +.02 
0-260 666.63 3,514.18 + .31 +.03 
0-280 667.64 3,514.12 + .33 + .02 
0-300 668.81 3,514.02 +.30 -.03 
0-320 669.78 3,514.01 +.36 0.0 
0-340 670.95 3,513.95 + .37 -.01 
0-360 672.29 3,513.90 + .42 + .02 
0-380 673.70 3,513.80 +.40 -.03 
0-400 675.13 3,513.74 +.44 -.01 
0-420 676.43 3,513.75 +.53 + .05 
0-440 677.51 3,513.69 +.55 +.05 
0-460 678.29 3,513.62 +.52 -.01 
0-480 679.09 3,513.62 +.59 +.04 
0-500 679.90 3,513.55 + .56 -.01 
0-520 680.72 3,513.51 +.58 -.02 
0-540 681.71 3,513.47 +.60 -.02 
0-560 682.82 3.513.46 + .67 + .02 
0-580 684.08 3,513.39 +.68 + .01 
0-600 685.72 3,513.26 +.66 -.03 
H-100 664.90 3,514.20 

Note: 
Instrument Correction = -.004 mgal/statton 
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P-L1ne 3/14/78 1224 * 1431 

Station Elevation Raw Gravity 
Bouguer 
Anomaly 

Residual 
Anonaly 

P-00 666.19 3,513.89 0.0 .14 
P-20 66S.46 3,513.75 -.13 -.02 
P-40 666.75 3,513.78 -.08 0.0 
P-60 666.64 3,513.79 -.08 -.03 
P-80 667.29 3,513.75 -.08 -.05 
P-100 668.50 3,513.71 -.04 -.04 
P-120 670.01 3,513.60 -.05 -.08 
P-140 671.62 3,513.59 + .07 + .01 
P-160 673.96 3,513.44 + .08 -.01 
P-180 677.55 3,513.26 + .13 + .02 
P-200 680.27 3,513.07 +.12 -.02 
P-220 682.02 3,513.04 + .21 +.04 
P-240 683.31 3,512.97 +.22 +.02 
P-260 684.41 3,512.90 +.22 0.0 
P-280 685.30 3,512.90 +.28 + .03 
P-300 685.64 3,512.86 +.27 -.01 
8M-117 3,515.14 

Note: 
Instrument Correction • +.01 mgal/station 
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1. INTROOUCTION 

This report summarizes the results of the structural Investigation of 
the Tritium Research Facility, Building 968, at the Sandia laboratories' 
Llvermore site, including the steel stack and those components and systems 
within the facility that are Important to its safe operation. 
Building 968, originally named the Aerostatics Laboratory Building, consists 
of two separate structures: the laboratory building and a small building 
known as the equipment room, which is located 22 ft. north of the laboratory 
building and 1s connected by beams that support a canopy. 
The components and systems to be Included in this investigation were agreed 
upon after a site visit by personnel of URS/John A. Blume S Associates, 
Engineers (URS/Blume), accompanied by Sandia personnel, on December 14, 1976. 
These items are as follows: 

1. Piping and supports for the gas purification system 
supply and return (GPSS and GPSR) systems and the 
vacuum effluent recovery system (VERS) 

2. Roof hold.ng tank supports and connecting piping 
3. Glove boxes and connecting piping 
4. Exhaust duct system 
5. Decontamination equipment supports (skids) and 

connecting piping 
An additional item of work in the investigation of the laboratory building 
was the request by Sandia to study the effect on the structural strength of 
the building of enlarging the door opening on the south wall of Room 115A, 
where the decontamination skids are housed. 
The general objective of the work reported here was to determine the ability 
of the existing structures and systems to withstand the seismic forces 
predicted from the geological investigations contained in the first part of 
this report. In addition, Building 968 and the stack were analyzed for 
compliance with the lateral force provisionr of the 1976 Uniform Building 
Code (UBC). Remedial concepts or schemes for strengthening the structures 
and systems were developed. The structures and systems were then analyzed in 
their condition as modified according to the remedial schemes. 
Each structure or system was investigated with methods that included mathematical 
modeling and computer analysis, as well as conventional hand calculations. 
In each analysis, the strength or capacity was calculated and compared with 
the expected demand of the postulated ground motion and the UBC. 
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2. SEISMIC CONSIDERATIONS AND STRUCTURAL EVALUATION CRITERIA 

2.1 Seismic Considerations 
The Tritium Research Laboratory was evaluated for compliance with the 1976 
UBC. Concurrently, geologic and seismicity investigations were performed to 
determine the seismic exposure of the site (see Part I of this report). From 
these Investigations, probability curves were developed that Indicate the 
probability of exceeding any level of ground notion up to the maximum 
credible level for a given period of time. Parametric structural evaluations 
were then performed by dynamic analysis of a mathematical structural model of 
the facility. These analyses were performed for a level of ground motion 
with a reasonable probability of being exceeded. The maximum ground acceleration 
of 0.2?5g* selected for these analyses represents a 84J probability of not being 
exceeded In 30 years or 758 in 50 years. The spectral shape selected for the 
analyses was that developed by URS/Blume from a study of 38 earthquake 
records. The structures were analyzed for the mean or median spectrum. A 
comparison of structural responses of the existing structures to the 1976 UBC 
and the spectra for the postulated ground motion is given in a following 
section. 

Chapter 0531 of the DOE manual covering the safety of nonreactor nuclear 
facilities (which would Include a tritium facility) refers tc application of 
DOE Appendix 6301 for structural design. Appendix 6301 Is part of the DOE 
Facilities General Design Criteria. Part 1, C covers the Basic Structural 
Design. It states that earthquake loading criteria shall be in accordance 
with the UBC. Appendix 6301 also states that "facilities, such as those for 
radioactive material processing and storage, may require application of a 
dynamic analysis 1n determining structural requirements for earthquake loading." 
This requirement which is similar to that in UBC Section 2312(1), means that, 
for "irregular or unusual" structures, the force distribution to the resisting 
element should be established by dynamic analysis performed for the base 
shear required by the code. (Sandia has determined that the 1976 UBC earthquake 
requirements constitute the appropriate seismic criteria for this facility.) 
Thus compliance with the 1976 UBC would satisfy the requirements of DOE 
Appendix 6301. Our comparisons Indicate that the loads applied via dynamic 
analysis for site-specific criteria are greater than those derived from the 
UBC. The site-specific criteria used with the dynamic analysis are considered 
to be a more realistic appraisal of the seismic exposure and structural 
response. This results In a more conservative approach than would be provided 
by UBC. 

*This value was used for the dynamic analyses in this part of the report. The 
value of 0.25g (Part I) was derived from studies of all data subsequently avail 
able. However, results of analyses would not be materially different If the 
latter value were used. 
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2.2 Structural Evaluation Criteria 

Each structural system was evaluated In Its existing condition and in Its 
modified conditions according to the remedial concepts developed In Section 
5.4 to determine Its capacity with respect to the dynamic analysis and to the 
1976 UBC seismic forces. Two evaluation criteria were used. For the U8C 
analysis, the generally accepted allowable stress values were used in deter
mining structural element capacities. The allowable stress values for the 
different materials come from the various material codes {see 3 below). For 
the median spectrum analysis, "ultimate" stress values were used in evaluating 
structural element capacities and were derived from the various material codes 
and information from the literature (see 3 below). 

Other aspects of the structural evaluation criteria are summarized as follows: 

1. Combined Forces: The vertical load forces in general do not stress 
the lateral-load-resisting-system elements significantly. Therefore, 
i t was not necessary to combine horizontal earthquake forces with 
vertical loads except for the case of shear walls Investigated for 
overturning. In this case, i t was sufficiently conservative to 
assume that 90S of the dead load acts to resist overturning. 

In investigating vertical-load-carrying elements, the calculated 
vertical dynamic forces were combined with actual dead-load forces 
(and actual live-load forces where applicable) wherever that would 
lead to significantly different results. 

2. Combined Earthquake Components: The horizontal ground motion 
was considered applicable In any horizontal direction. The worst-
condition direction was chosen for each structural system. 

i . the building system, because the lateral-load-resisting system is 
distinct from the vertical-load-resisting system, i t was generally 
not necessary to combine the horizontal and vertical earthquake 
components. 

In the other structural systems, the same general approach was 
taken. Only when combining the two components would result in 
significantly different conclusions were the vertical and horizontal 
components combined. 

The combination process used was the square-root-of-the-sum-of-
the-squares (SRSS) procedure. 

3. Allowable Stress and Ultimate Stress Criteria: The alluwable 
stress values for the structural steei components of the structures 
were determined by tht specifications of the 1971 American Institute 
of Steel Construction code. The same values for concrete components 
were determined by section 8.10 of the American Concrete Institute 
Code 318-71. The values for gypsum concrete components were determined 
using the UBC Standard No. 24-12, Part I I . Various other papers and 
manufacturers' reports in the literature were also consulted in 
evaluating the gypsum concrete. The "ultimate" stresses used here 
are not the failure stresses, but are values of allowable stresses 
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increased by an appropriate factor. For steel members the ultimate 
capacity would correspond to the load at yield stress. Ultimate 
capacities for other Materials Mould have the same approximate 
relation to their failure load as the ratio of yield to failure 
stresses for steel. 
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3. BUILDING AND SITE SURVEYS 

In the course of the investigations, several surveys of the Tritium Research 
Facility were conducted to familiarize the personnel working on the study 
with the facility, to Identify the vital structural systens, to verify 
structural configurations and details as given on construction drawings, and 
to obtain information, such as weights and dimensions, not shown on the 
drawings. Dead load and live load assumptions were verified where possible. 
In particular, field Investigations to determine as-built conditions were 
necessary ',n the study of the laboratory building precast wall construction. 
Also, surveys of the skid support structure were required because the as-bu1lt 
conditions do not necessarily conform to the construction drawings. A survey 
of nonvltal systems was also nade to determine where a fa lure of these 
sytems could damage those systems that are important. Additional surveys 
were required to determine the fe>sib1lity of structural modifications to the 
systems. The results of these si'rveys are presented In the sections covering 
the various structural systems. 
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4. ANALYSIS PROCEDURES 

In the first phase of the studies, the buildings and the steel stack were 
analyzed for their adequacy with respect to the lateral forces prescribed <n 
the 1976 UBC. These structures had been originally designed under the 1970 
UBC, which had lower requirements for earthquake forces. This procedure Is 
essentially a static load analysis. 
In the next phase, dynamic analyses were done for these structures. The 
results of these analyses were then used to determine whether strengthening 
was required. Subsequently, remedial concepts were developed, and the 
struccures were analyzed again. 
In the case of the vital systems, especially the piping, no bracing or other 
lateral-force restraints had been designed for the original construction. 
For these systems, remedial concepts were developed and then preliminary 
analyses were made for the modified conditions. 
Piping connected to the various systems takes on numerous configurations and 
was therefore not analyzed individually. Calculations determined allowable 
unsupported spans for various sizes and types of pipe. Typical support 
locations were recommended, and typica" -.upport details were shown schemati
cally because they are not required to develop large loads. 

4.1 UBC Analysis 
The UBC analysis consisted of a check of seismic forces as prescribed In 
Section 2312 of the 1976 UBC. Seismic requirements for buildings are based 
on the formula: 

V - ZIKCSH 

where: 

V = total lateral force at the base of the 
structure that the structure must be 
capable of resisting (base shear) 

Z = zone factor of seismic risk, which is 
specified as 1.0 for Livermore 
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I " occupancy Importance factor, varying 
from 1.0 to 1.5 depending on the type 
of occupancy 

K » horizontal force factor, specified as 
1.33 for buildings with a box system, 
which the laboratory building has 

C • coefficient that Is a function of the 
period and therefore the stiffness of 
the building (stlffer buildings have 
higher values of C) 

S • coefficient for site-structure resonance. 
S varies between 1.0 and 1.5 depending on 
the relationship between the periods of the 
site and the structure. The product of CS 
need not be greater than 0.14 and Is the 
value used here. (See further discussion 
In Section 5.3.1) 

H = dead load of the structure 

For parts of a structure, including equipment — such as the vital systems 
included in this report -- a formula similar to the base shear formula is 
prescribed. The lateral force F p that the system must be capable of resisting is calculated as follows: 

F P • Z 1 C P S H P 

in which the symbols are the same as for the base shear formula except that 
the subscript p denotes those values for the part of the structure rather 
than the whole structure. 
The UBC allows the use of stresses one-third greater than allowable values 
when a structure is subjected to wind or seismic forces. 

4.2 Dynamic Analysis 
Forces under postulated earthquake conditions were estimated using dynamic 
analysis procedures. Both elastic and Inelastic response were considered in 
system evaluation, but only computer routines using elastic response were 
used for analysis. The analyses were conducted for the postulated earthquakes 
using the response spectrum modal superposition technique. All modes having 
frequencies less than 33 Hz were included. In systems where hand calculations 
were appropriate, only the first dominant mode of response was considered. 
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Properties of each analysis model were selected to closely approximate the 
mass and stiffness distribution of the actual structural system. All major 
structural elements that contributed lateral stiffness were considered, 
"asses were calculated from construction drawings whenever possible. For 
systems with a large amount of piping or other equipment, Sandia furnished 
the required mass data. Member stiffness properties of moment of Inertia, 
shear area, and cross-sectional area were determined for the various elements 
of the structural systems. These properties, along with the appropriate 
''nensions and elastic moduli, were then used as input stiffness data for the 
various computer and hand calculations. Values of the modulus of elasticity 
and shear modulus used in the analyses are discussed in the individual 
systems sections as are damping, inelastic response, and ductility 
considerations. 

1.3 Computer Programs 
Several computer programs were used for the analysis. These were TABS, SAP IV, 
and SAP I . In these analyses and in hand calculations, possible effects of 
soil-structure interaction were assumed to be negligible. These computer 
programs are al l capable of three-dimensional analysis. However, this 
capability was not required here because the structures in this study were 
simple enough to be analyzed as two-dimensional models. 

TABS is a computer program developed at the University of California for the 
linear structural analysis of frame and shear wall buildings subjected to 
both static loads and earthquake loadings. Each building is modeled by a 
system of independent frame and shear wall elements interconnected by r ig id 
f loor diaphragms. Column bending, ax ia l , and shearing deformations are 
considered, and beam and girder bending and shearing deformations are also 
included. Shear panels can be considered with individual frames. Finite 
column and beam widths can be included, 

SAP IV is a finite-element structural analysis program for the static and 
dynamic response of linear two- or three-dimensional systems. The program is 
written to analyze structures that are idealized by combinations of structural 
el stent types and has been modified and improved by URS/Blume. There is 
practically no restr ict ion on the number of elements, the number of load 
cases, and the bandwidth of the equations to be solved. In a dynamic analysis, 
the options are (1) frequency calculations only, (2) frequency calculations 
followed by response history analysis, (3) frequency calculations followed by 
response spectrum analysis, and (4) response history analysis using step-by-
step direct integration. 
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6. LABORATORY BUILDING AND EQUIPMENT ROOM 

5.1 Description 
The laboratory building (hereafter called the lab building) is a one-story 
structure with concrete tilt-up wall panels and a poured gypsum concrete roof 
deck supported on structural steel framing (see Figure 1). Plan dimensions 
are approximately 80 ft. by 180 ft., with two lines of steel columns 1n the 
interior at the sides of the central corridor, which runs the entire length 
of the building. Interior height averages 18 ft. to the underside of the 
roof deck. Exterior columns are concrete, poured in place, and tie the 
tilt-up panels together. Footings occur only under columns. Hall panels 
span between and are supported by the column footings. The gypsum roof deck 
is 3 in. thick, reinforced with welded wire fabric and poured on 1-in. form 
boards laid on bulb tees at 24-in. spacing. The roof deck is connected to 
the walls by 5/8-in. threaded rods screwed into inserts cast into the wall 
panels. The protruding end of the rod is embedded in the gypsum. The steel 
roof girders run in the north-south (transverse) direction and at the exterior 
walls are connected through clip angles to a steel plate anchored to the 
concrete columns. These lines of girders hold the wall panels together to 
prevent separation from the roof deck. In the longitudinal direction, the 
steel beams are similarly anchored but to the wall panels because they do not 
line up with the concrete columns. The floor is a 6-in. slab on grade and is 
tied to the walls and columns by reinforcing bars doweled out from the walls 
and columns. 

The equipment room is a much smaller building, 34 by 40 ft. in plan, but of 
similar construction. The main difference is in the roof deck, which is a 
6-in. concrete slab instead of gypsum. The reason for the heavier roof is 
that it supports equipment over most of its area. The main supply and 
exhaust ducts with their fans, motors, filter banks, sound traps, etc., are 
supported on concrete curbs on top of the roof. Another difference is the 
structural steel columns at each corner, which support the steel roof beams 
directly. These columns are placed just inside the corner concrete columns. 
Another pair of steel columns Is located at the center of the north and south 
walls. These two are 4-in. pipe columns and are embedded in the concrete 
columns. The interior space of the equipment room is clear of columns and 
has a height of 12 ft. 5 in. to the slab soffit. The floor of this building 
is 1 ft. lower than tne lab building floor. The two buildings are connected 
by steel beams at the level of the equipment room roof. These beams support 
a metal deck canopy, which covers the space between the two buildings. This 
space is designated as the service area (see Figure 2). In both buildings, 
the roof deck is the diaphragm, and the tilt-up panels are the shear walls 
for resisting seismic forces. 
In the lab building, the construction drawings show that the horizontal wall 
hjrs, projecting into the poured column from one side, are wrapped with 
paper. The bars projecting from the wall on the other side are not wrapped. 
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This was done to prevent concrete bond along one side of each panel, apparently 
to reduce shrinkage and temperature cracking In the wall. The drawings are 
unclear where the slip joints occur, but their existence aH locations were 
generally verified by site surveys. Examination of the wsll panels indicated 
that the joints on one side of the col nuns on the north and south walls have 
opened up. On the east and west walls, opened joints were also observed, but 
only on the corridor side of the columns on lines D and E. From this i t is 
reasoned that wrapping on the reinforcing bars occurs only on the small 
center panel on the east and west walls. 

Construction drawings and photographs taken at the time of er' '— indicate 
that the horizontal reinforcing in the wall beams, formed in; top of the 
panels, is not wrapped at the columns. Site surveys, howevc ? revealed 
cracks along panel edge lines extending up through the wall ••» ndicating 
that wraps might be present. The drawings show that the laps of nase 
reinforcing bars occur at the columns, are approximately 12 in. ,ng, and are 
not sufficient to develop the bars in tension, even i f unwrapped. Because of 
this discontinuity of the wall panels, the steel ledge1- angle at the junction 
of the roof and wall was designed to act as the diaphragm chord. This angle 
is spliced by full-penetration welding to obtain the continuity required for 
chord action. 

5.2 Analysis of the Buildings 

The lab building and the equipment room were designed originally as separate 
structures. However, as mentioned in Section 5 .1 , the beams connect the 
roof of the equipment room to the lab building crlumns at a point 6-1/3 f t . 
below its roof deck. Any tendency for differential novement between the two 
buildings in the north-south direction will force the lab building columns to 
act in bending on a 6-1/2-ft. cantilever. Structural distress is possible i f 
differential movements are large. However, the buildings are analyzed as 
separate structures, and, where movements are sufficiently large to cause 
distress, remedial measures, such as modifying the connection to allow slip, 
v.-ill be recommended. 

5.2.1 lab Building. I t is apparent from the shape of the building that the 
critical direction for earthquake motions is the north-south direction. 
Larthquake motions in other horizontal directions generate much smaller 
stresses. Consequently, the bulk of the study was based on a north-south 
earthquake. The critical element of this system is the gypsum concrete 
diaphragm. For the system in its existing condition, the diaphragm experiences 
stresses exceeding its design capacity at a relatively low level of peak 
ground acceleration. 

5.2.2 Equipment Room. Because of its smaller size and its concrete roof 
diaphragm, the lateral-force-resisting capacity of this building is much 
higher than that of the lab building. The equipment room, when analyzed as a 
separate building, is capable of resisting a base shear in the order of 0.7g, 

II-12 



No remedial concepts are required except when considering this building as 
linked with the lab building in the same structural system. 

5.3 Analysis and Results for laboratory Building 

5.3.1 UBC Analysis. A description of the different variables in the 1976 
UBC earthquake base shear formula V - ZIKCSW can be found 1n Section 4.1. 
The building period, T, 1s calculated from the code formula T • 0.5hn/D » ,11 sec. This yields a value of C larger than the maximum required by the code. 
Similarly, using geological data collected for Part ! of this report, 
the calculated value of S • 1.4. The product of CS, thus calculated, is 
larger than the maximum value required by the code; therefore, the maximum 
value of CS • 0.14 is used. Other variables of the base shear formula 
take on the following values: 

Z » 1.0 and 

K = 1.33 

The factor I is specified as 1.0 for a l l buildings except that 1.25 1s used 
for assembly buildings for over 300 persons and 1.5 for essential f ac i l i t i es . 
Essential fac i l i t ies are defined as those "...buildings which must be safe 
and usable for emergency purposes after an earthquake in order to preserve 
the health and safety of the general publ ic* Sandia has made an interpreta
t ion of this code section and considers the value of I « 1.0 as the appropriate 
value for this f ac i l i t y . 

The calculated value of the base shear becomes 

V « (1){1.0)(1.33)(0.14)W = 0.186W 

For the calculated value of the dead load W = 1104 kips, 

V = 206 kips 

This value is about 291 higher than the original design base shear of 160 
kips; hence, some overstress may be expected. Calculating the forces, or 
demand, imposed on the various structural elements of the building by the 
prescribed base shear in the north-south direction and comparing the^e with 
the capacity of the elements as constructed produces the results in Table 1. 

The ratios in the last column of Table 1 Indicate adequacy or inadequacy of 
the bu1ld1-a as compared with the requirements of the 1976 UBC. Ratios 
greater than one indicate roughly the overstress that occurs for that struc
tural element. Ratios less than one show that those elements are stressed at 

11-13 



TABLE 1 
UBC ANALYSIS. V 20.6 KIPS 

Structural Element and 
Loading Condition 

Demand of 
1976 UBC 

Capacity Based 
on Allowable 

Stresses 

* Demand/ 
Capacity 
Ratio 

Diaphragm shear 1.33 k i p / f t 1.26 k i p / f t 1.06 
Diaphragm chord force 58.9 kips 45.6 kips 1.29 
Diaphragm-to-wall connection 1.33 k i p / f t 1.48 k i p / f t 0.90 
Sliding of shear wall 133 kips 168 kips 0.79 
Shear wall overturning 2,178 k ip - f t 4,090 k ip - f t 0.53 
Shear on walls 31 psi 69 psi 0.45 

•Ratios greater than 1.0 indicate overstress. 
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levels below the allowable maxlnum. As expected, overstress occurs In the 
diaphragm system. This overstress may not necessarily result 1n failure 
because there are factors of safety built Into the allowable values. The 
original design. It should be noted, Is adequate for the criteria under which 
the building was designed, the 1970 U8C. 

An area of concern not noted In the table is the canopy connection between 
the lab building and the equipment room. The maximum displacement of the lab 
building relative to the equipment room calculated for the 1976 UBC forces Is 
0.24 in. This connection would probably experience some overstress, most 
l ikely 1n bending on the lab building column. To avoid this overstress, i t 
would be necessary to modify the beam connection to allow some movement. 
Other structural elements and stresses not included 1n the table are generally 
not as significant as those l i s ted. 

5.3.2 Dynamic Analysis and Results. For this analysis, the median response 
spectrum with 5S of critical damping Is used. Because the roof deck i s 
relatively thin and composed of gypsum concrete, i t is a relatively flexible 
diaphragm with a fairly large fundamental period. This situation can lead to 
large amplifications of earthquake motions and forces that are not adequately 
accounted for in the 1976 UBC. To evaluate these amplifications, i t Is 
necessary to determine the dynamic characteristics of the structural system 
censide'ng the diaphragm deflection. The amplifications are most serious 
when the earthquake motions are in the north-south direction, where the 
diaphragm span is 180 f t . 

The wall beam, as explained in Section 5.1, does not contribute to the 
diaphragm stiffness for raot'ons in the north-south direction. The east and 
west walls of the lab building are assumed fixed because their stiffnesses 
are much higher than the diaphragm's st iffness. The gypsum diaphragm acts as 
a simply supported beam spanning the 180 f t , between the lab building east 
and west walls. The mass of the lab building tributary to the roof diaphragm 
level was assumed to act uniformly along the 180-ft. length. The building 
system in this case is sufficiently simple that hand calculations were 
adequate to get the dominant, first-mode response. The calculated first-mode 
period is Tj » 0.28 sec. For the median response spectrum, with 5* of 
critical damping, a spectral acceleration of 0.60g at the roof results, and 
the base shear becomes 545 kips. The diaphragm shear is 273 kips, and the 
diaphragm chord force is 156 kips. Again, for these high forces, some distress 
would be expected. The results for the important elements are shown in Table 
2. For this analysis, the demand of the calculated dynamic forces is compared 
with the "ultimate" capacity of the structural elements. The "ultimate" 
capacity is comparable to the allowable capacity with a factor of safety 
applied (see Section 2.2). 

The ratios in the last column of Table 2 indicate the adequacy or inadequacy 
of the structural elements, based on ultimate strength criteria, as compared 
with the demand of the median response spectrum. Ratios greater than 1.0 
indicate the overstress that occurs for an element and loading condition. 
Comparing the values in the last column with the corresponding values in 
Table 1, i t 1s seen that the degree of overstress predicted by the median 
response spectrum Is higher than that predicted by the 1976 UBC. 
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TABLE 2 
DYNAMIC ANALYSIS. V = 545 KIPS 

Structural Element and 
Loading Condition 

Demand of 
Dynamic 

Analysis 

"Ultimate' 
Capacity 

Diaphragm shear 3.4 k ip / f t 2.5 k ip / f t 1.36 
Diaphragm chord force 155.7 kips 57 kips 2.73 
Oiaphragm-to-wall connection 3.4 k ip / f t 2.5 k ip / f t 1.35 
Sliding of shear wall 317 kips 264 kips 1.20 
Shear wall overturning 5,770 k ip- f t 4,090 kip-f t 1.41 
Shear on walls 81 psl 126 psi 0.<K 

•Ratios greater than 1.0 indicate overstress. 
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As was noted 1n the evaluation of the building for the 1976 UBC forces, 
large displacements of the lab building relative to the equipment room can 
result In distress In the two lab building columns because of the load 
delivered by the canopy bean connection between the two buildings. This 
relative displacement predicted by using the median response spectrum forces 
is 0.57 In. and Is large enough to cause severe distress In the lab building 
column to which the beam between buildings Is connected. Modification of the 
connection 1s necessary. 
Other structural elements not Included In Table 2 are generally not as 
important as those that are listed. 

5.4 Remedial Concepts 

5.4.1 General. The results of the analyses of the lab building In the 
preceding section show that the structure. In its existing conuition, is 
deficient in certain respects when evaluated against the requirements of both 
the 1976 UBC and a dynamic analysis using the median response spectrum. The 
gypsum roof deck, acting as a diaphragm to resist seismic forces, is found to 
have inadequate capacity. !n addition, there are problems with sliding 
and overturning of the shear walls for forces predicted from the dynamic 
analysis. 
A number of remedial concepts that would increase the level of resistance of 
the building to lateral forces have been developed and analyzed. In these 
remedial measures, the structural system is modified in various ways to 
increase the capacity of the structural system to withstand earthquake forces 
in the north-south direction. The effects of the remedial measures on the 
building's structural capacity have been evaluated using the 1976 UBC and the 
median response spectrum. In using the URC, the specified base shear was 
distributed to the shear walls in the same proportions as obtained from a 
dynamic analysis of the building. The remedial concepts are described for 
each scheme or modified configuration of the structural system in the fol'owing 
section. 

5.4.2 Description of Remedial Concepts 

Scheme 1 (see Figure 3): 
In this scheme, the lab building and the equipment room are linked together 
and analyzed as a single structural system. This uses the shear walis of the 
equipment room to help support the lab building. To determine the stiffness 
of the shear walls, the east and west walls of the lab building and the east 
and west walls of the equipment room were individually analyzed, using the 
TABS computer program, to determine their structural stiffness as shear 
elements. The linkage between the two buildings occurs on the lines of the 
east and west walls of the equipment room along column lines 4 and 6. In 
practical terms, a structural steel member connects the end of the lab 
building roof girders to the equipment room at its roof level. It will be 
necessary to add splice plates on the top flange of the girders on these two 
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lines to achieve continuity for the members as collectors. A dynamic analysis 
was then made for a north-south earthquake using the SAP IV computer program. 
The lab building roof Is modeled as a continuous beam on four spring supports, 
representing two shear mils In the equipment room and two shear walls In the 
lab building. The geometric and stiffness properties of the elements accurately 
model the existing structural characteristics, assuming two links are provided. 
Of particular Importance Is the modeling of the gypsum roof diaphragm of the 
lab building so that the deformation of that element 1s accounted for. 
Neglecting this characteristic would result In a total base shear that 1s 
unreal 1stleally low and shear distribution to the walls that would not be 
correct. The equipment room roof diaphragm Is a 6-1n. concrete slab and can 
be assumed as r1c,1d. The masses used In the SAP IV lumped-mass model are the 
same as for the existing condition, except that the masses of the east and 
west walls of the lab building are lumped at th» nodes where those spring 
elements attach to the diaphragm. Also, the mass of the equipment room 1s 
limped at the two nodes where the two spring elements representing the equip
ment room walls attach to the lab building. 

Scheme 2A (see Figure 4): 
This scheme is similar to Scheme 1 except that a new shear wall element is 
added in the lab building on column line 8. This Interior shear wall replaces 
the existing gypsum-board partition on that column line on the north side of 
the corridor. The mass contributed by the new wall was added to the computer 
model, and the stiffness of the spring representing this new wall was deter
mined in the same fashion as were the stiffnesses for the other concrete 
walls. In this scheme, splice plates In the roof girders will be required on 
the line of the new shear wall (line 8) as well as on lines 4 and 6 to obtain 
effective collector numbers. 

Scheme 2B (see Figure 5): 
This scheme is similar to, and 1s a variation of, Scheme 2A, the main difference 
being the degree of structural stiffness. The link between the two buildings 
is accomplished by extending the east and west walls of the equipment room to 
abut the north wall of the lab building. The thickness of these two walls 
will be increased to 14 in. It 1s anticipated that the small door and lower 
opening on the east wall will be closed up to obtain the necessary stiffness. 
A door opening will have to be provided for access to the service area 
between the buildings. Sandla personnel have indicated that this enclosing 
of the service area will not affect its function. Remedial work will also be 
done to the diaphragm system of the lab building by strengthening '.he chord 
member at the north and south sides of the roof. This can be accomplished by 
removing the concrete at the top of the column and splicing the wall beam bars 
by welding. These bars will then be effective as part of the diaphragm chord. 
The new shear wall in the lab building will be 12 in. thick and will have a 
footing. The wall concrete can be placed by shotcreting methods. Splice 
plates on the roof girders are the same as In scheme 2A. 
In developing Schemes 2A and 2B, a number of other variations were exrlored. 
For example, the thickness of the extension of the equipment room walls could 
vary; the extension could be to the north as well as to the south. The 
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thickness of the interior shear wall in the lab building can be varied. The 
strengthening of the diaphragm chord could also be accomplished by exposing 
the ledge angle and welding on a new steel section. By adjusting the thick
ness and dimensions of walls, the shear distribution to the five shear walls 
can be varied. Similarly, diaphragm shears and chord stresses will change. 
In general, the more stiffening that is done, the higher the capacities that 
can be obtained. 

Scheme 3 (see Figure 6): 
In this scheme, the lab building 1s assumed to act independently of the 
equipment room. A 3-1n. structural lightweight concrete deck is added on top 
of the gypsum deck on the lab building roof. The edges of the concrete are 
thickened and reinforced to act as part of the diaphragm chord. For stiffness 
calculation, the existing gypsum deck is neglected. The mass of the gypsum 
is, however, included, as 1s the mass of the new lightweight concrete deck, in 
the total mass calculations for the computer model. No interior shear walls 
are required in this scheme. The roof framing system has been studied, and all 
the structural members were found to be adequate for carrying the new load 
with the exception of the 21-in. girders. These girders can be strengthened 
relatively easily by exposing the top flange (without penetrating the roof 
form boards) and adding welded stud anchors to effect composite action with 
the new concrete deck (see Figure 7). No disruption will occur on the Inside 
of the building because shoring will not be necessary, and the work can be 
accomplished without penetrating the existing roof. It will be necessary, 
however, to raise the main exhaust duct on the roof to allow the placement of 
concrete underneath. The east and west walls require remedial work to increase 
their resistance to sliding and overturning. 

Scheme 4 (see Ficure 8): 
This scheme requires the reorganization of the rooms within the lab building 
so that four new interior shear panels can be located on column lines 4 and 7 
on both sides of the corridor. The feasibility of the scheme has not been 
established as far as laboratory operations are concerned. If construction 
cost alone is considered, this is an economical scheme. 
Various arrangements of shear walls were considered, such as using only two 
panels on either column line 5 or 6. Because this would also require drastic 
rearrangement of the laboratory space, it was not investigated in great 
detail. Another variation with only one addi't^nal wall was studied but was 
not considered feasible because the increase ;n capacity over the existing 
condition is minimal. 

5.4.3 Results of Analyses and Evaluations. The results of the analyses of 
the remedial schemes are shown in Table 3, which presents the pertinent 
structural response data when subjected to two different force levels: 

1. Median response spectrum 
2. 1976 UBC 
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TABLE 3 
RESULTS OF ANALYSES OF REMEDIAL CONCEPTS 

Scheme Seismic 
Loading* 

Period of 
F i r s t Node 

InN-S 
Direction 

(sec! 

Maximum 
Deflection 

( in . ) 

Maximum 
Base Shear 

(kips) 

Maximum 
Diaphragm 

Shear 
(kips) 

Maximum 
Diaphragm 

Chord 
Force 

(kips) 

Shear on Hall Elements Oue to K-S Earthquake (kips) 
Scheme Seismic 

Loading* 

Period of 
F i r s t Node 

InN-S 
Direction 

(sec! 

Maximum 
Deflection 

( in . ) 

Maximum 
Base Shear 

(kips) 

Maximum 
Diaphragm 

Shear 
(kips) 

Maximum 
Diaphragm 

Chord 
Force 

(kips) 

Laboratory 
Building 

West Hall 

Equipment 
Room 

West Hall 

Equipment 
Room 

East Hall 

Inter ior 
Hall 

l i ne t 

Laboratory 
amidim 

Cut Half 
Existing 
Laboratory 
Building 

1 
2 

0.28 0.57 
0.24 

545 
206 

273 
103 

155.7 
58.9 

273 
103 : - : 

27J 
103 

1 1 
2 

0.146 0.17 
0.09 

51S 
272 

117 
61 

49.3 
26.0 

54 
29 

190 
80 

151 
100 - 121 

63 

2a 1 
2 

0.110 0.09 
0.05 

568 
270 

100 
52 

26 7 
13.9 

48 
23 

IBS 
89 

MO 
67 

125 
65 5S 

2b 1 
2 

0.073 0.04 
0.03 

422 
311 

67 
43 

16.8 
10.8 

76 
49 

106 
82 

119 
92 8 s 

3 1 
2 

0.060 0.07 
0.04 

594 
277 

297 
119 

168.7 
63.1 

297 
138 

west 
In te r io r 

wal l 

east 
Inter ior 

M i l 

- 297 
13S 

4 1 
2 

0.078 0.03 
0.02 

430 
237 

69 
39 

13.2 
7.3 

67 
37 

160 
88 

132 
73 

- 39 

*1 « Hediari response spectrum {5X of c r i t i c a l damping and 0.2?5g peak ground acceleration) 
2 » 1976 UBC 



It is seen in Table 3 that the remedial measures all have the effect of 
stiffening the lateral-load-resisting system as indicated by the decreasing 
periods. Remedial Schemes 1, 2A, 2B, and 4 accomplish this by adding new 
shear walls and/or stiffening existing ones, whereas Remedial Scheme 3 relies 
on stiffening the diaphragm without adding new walls. The results of this 
stiffening, as Indicated in the dynamic analyses, are decreases 1n the first 
mode periods and smaller amplification of ground motions. Consistent with 
these results are the decreased base shears shown in some schemes and decreased 
deflections 1n each scheme. The UBC analyses do not reflect the same results 
because they do not sufficisntly account for the dynamic characteristics 
of the structure. The total base shear is seen to Increase 1n each scheme 
because of the increased building weight included in the remedial concepts. 

Table 3 also presents the forces and moments on the most critical elements of 
the system (last seven columns). Comparable data from the analysis of the 
building in its existing condition are shown for comparison. It should be 
noted that max1mi"i displacements, forces, and moments do not always occur at 
the same place in the structure for the various remedial schemes. 
Table 4 compares the earthquake demands on critical elements (Table 3) with 
structural capacities of those elements for the various remedial schemes. 
The demand/capacity ratios of these elements are shown. UBC forces are 
compared to capacities based on allowable stress criteria. Dynamic forces 
are compared to capacities ba«ed on "ultimate" criteria (see Section 2.2). 
Structural elements not listed in the table are less critical. The ratios for 
the existing condition case are included for comparison. Demand/capacity 
ratios greater than 1.0 do not necessarily render a scheme unfeasible, but 
they do point out possible problem areas. Adjustments in the stiffness of 
certain elements and more precise calculations will bring the ratios closer to 
1.0. 

Scheme 1: The lab building is rigidly linked to the equipment room. There 
are no additional shear walls and no strengthening of the diaphragm system. 
At $20,000 (estimated construction cost), this is the least expensive of the 
remedial schemes. It is seen that the diaphragm forces are brought down to 
tolerable limits with the reduction of the diaphragm spans. This scheme is 
adequate for UBC forces. For the median spectrum analysis there is one wall 
which appears to be inadequate for overturning. However, this is a strictly 
theoretical condition. It 1s highly improbable that an overturning failure 
could occur, especially in a one-story structure, due to the transient and 
vibratory nature of earthquake forces. 

Schemes 2A and 2B: In these two schemes, an interior shear wall is added 
along colunn line 8, and the building is linked to the equipment room as in 
Scheme 1, except for additional remedial work that strengthens the diaphragm 
chord and shear walls. These schemes further strengthen the building system 
so that it is adequate for both the UBC and dynamic analyses with the exception 
in the latter case of overturning on one shear wall in Scheme 2A. This condition 
can be remedied by making adjustments in the modified wall stiffnesses to vary 
the shear distribution and reduce forces to acceptable levels. It should be 
noted that a wide range of alternative strengthening schemes linking the two 
buildings is possible. In general, more strengthening is obtainable at more 
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TABLE 4 
DEMAND/CAPACITY RATIOS FOR CRITICAL ELEMENTS OF REMEDIAL CONCEPTS 

Scheme 
EstimateJ 

Construction 
Cost 

Seismic 
Loading* 

Demand/Capacity Ratio 

Scheme 
EstimateJ 

Construction 
Cost 

Seismic 
Loading* 

Laboratory Building Equipment Room 
Scheme 

EstimateJ 
Construction 

Cost 
Seismic 
Loading* 

Diaphragm 
Shear 

Diaphragm 
Chord 
Force 

Shear 
Mall 
Sliding 

Shear Mall 
Overturning 

Shear 
Hall 
Sliding 

Shear Wall 
Overturning 

Existing 
Laboratory 
Building 

1 

2a 

2b 

3 

4 

$20,000 

$33,000 

$70,000 

$110,000 

$60,000 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

1.36 
1.06 
0.59 
0.61 
0.50 
0.52 
0.29 
0.43 
0.28 
0.19 
0.35 
0.40 

2.73 
1.29 
0.87 
0.56 
0.47 
0.30 
0.29 
0.23 
0.27 
0.19 
0.23 
0.15 

1.20 
0.79 
0.63 
0.55 
0.43 
0.38 
0.46 0.47 
1.29 
0.89 
0.44 
0.41 

1,41 
0.53 
0.53 0.28 
0.31 
0.15 
0.39 
0.25 
1.52 
0.61 
0.35 0.19 

0.99 0.88 
0.96 0.84 
0.56 0.67 

1.20 
0.63 

1.23 0.59 
0.27 0.18 

1 

*1 = Median response spectrum (5% of critical damping, peak ground acceleration « 0.275g) 
2 = 1976 VBC 



expense. The advantage of the more expensive Scheme 2B 1s that lateral 
displacements of the roof and problems of shear wall sliding and overturning 
are minimized. Smaller roof displacement nay reduce the cost of remedial work 
on the vital systems because lower seismic forces are generated on those 
systems. The estimated costs are $33,000 and $70,000 respectively. 

Scheme 3: This scheme assumes a new reinforced, lightweight structural 
concrete deck with strengthened chord members. The lab building 1s not 
linked to the equipment room, and no Interior shear walls are added. 
At 5110,000 (estimated construction cost), this 1s the most expensive of the 
remedial concepts. It can be seen that the capacity of the diaphragm is 
greatly improved. Displacements of the roof are held to a minimum. However, 
the overturning forces on the east and west walls of the building are high for 
the case of the dynamic analysis. Preliminary studies have indicated that 
these problems can be surmounted by additional remedial work on the walls, 
such as thickening or adding concrete at the footings. An allowance has been 
made in the cost estimate for this work. 

Scheme 4: This scheme assumes two new lines of interior shear walls, dividing 
the 180-ft. length of the lab building into three 60-ft. spans. No strengthen
ing of the chord member is necessary, and the equipment room 1s isolated 
from the lab building. 
This scheme obtains a fairly high level of strengthening with relatively low cost. 
The estimated construction cost of $60,000 is less than that of Scheme 2B. This 
scheme represents an ideal structure, in that it does not rely on interaction 
with the equipment room, and the Increased number of shear walls results in a 
better distribution of shear and thus avoids the problems of large sliding and 
overturning forces. As noted in Table 3, the east and west walls of the lab build
ing are more than adeauate to resist sliding and overturning without modifications. 
Because this scheme requires substantial cost for rearrangement of the space 
inside the building, it was not initially considered. This interior, non
structural work is not included in the cost estimate. A discussion with 
Sandia personnel indicafxl that this question of feasibility should not 
preclude an investigation of this type of scheme. 
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6. STEEL STACK 

6.1 Description 

This lOO-ft.-hlgh stack functions as the main exhaust stack for the facility. 
The stack Is fabricated from l/4-1n. plate, and its diameter varies from 10 ft. 
8 in. at the base, to 4 ft. 8 In. at the top. It 1s connected by 24 1-7/16-in.-
diameter anchor bolts to a circular reinforced concrete foundation of 20 ft. 
diameter. The stack Is shown in elevation in Figure 9. The breach in the 
stack 1s a 4-ft. by 7-l/2-in.-high rectangular opening, reinforced by 
various steel plates. The main exhaust stack is connected at this opening bv 
bolts. 

6.2 UBC Analysis and Results 

A description of the different variables in the 1976 UBC earthquake base 
shear formula V » ZIKCSW can be found in Section 4.1. The exhaust stack 
stands by itself, not connected to any building except by the relatively 
flexible sheet metal exhaust duct extending from the equipment room roof. 
As such, the variables in the force formula take on the following values: 

Z = 1.0, the same value as for the buildings; 
CS - 0.14, its maximum value, will also be used because the values 

of C and S calculated according to the code will yield larger 
results. 

K - 2.0, applies to structures other than buildings. This value is 
higher than the K for buildings because the stack has less natural 
damping and generally fewer redundant structural elements than 
buildings. 

I = 1.0 
W = 27 kips, the dead load recalculated using the actual dimensions 

Substituting in the code formula the base shear 

V » 0.28 W » 7.56 kips 

The force distribution over the height of the structure is specified by the 
code formula: 
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In this case, F t = zero because the calculated period T * 0.10 < 0.7 sec. This force distribution Is essentially triangular over the height of the 
stack, so the resulting moment at the base of the stack (at the top of the 
concrete foundation) is: 

M = 7.56 kips x 66.7 ft. = 504 ft.-kips 

The stack was originally designed under the 1970 UBC which specified a smaller 
base shear coefficient. However, a conservative value for the weight and a 
larger height were used in the original calculations which resulted in values 
of base shear and overturning moments that are not too much different from the 
"alues calculated here for the 1976 UBC. Consequently, a check of the stresses 
from the new loading shows that the stack is adequate for the 1976 UBC earth
quake loads. 
Table 5 compares the earthquake demand of the 1976 UPC to the structural 
capacity for the most critical elements or conditions of loading. Allowable 
capacities are based on allowable stresses with a one-third increase where 
applicable. 
The values in the last column of Table 5 indicate that the level of structural 
stresses and loading conditions is low compared to the maximum allowable 
values. Because all the values are less than 1, the stack is adequate in all 
respects for the 1976 UBC load. 
Concrete and reinforcing steel stresses in the foundation are not listed, but 
calculations show that stresses are generally less than one-third of the 
allowable. 

6.3 Dynamic Analysis and Results 

The dynamic analysis was performed using the TABS computer program. A 
model with masses lumped at ten points along the height of the structure was 
used. The program was run, using the median spectrum (see Section 2) for 2* 
of critical damping, to generate the lateral forces. In the program, the 
participation of the first five modes was included, and the results (moments, 
shears, etc.l are the combined effect if all the modes. The SRSS method is 
used in the combination. 

Seismic forces from the dynamic analysis are: 

11-32 



TABLE 5 
EXHAUST STACK UBC ANALYSIS 

Structural Element and 
Loading Condition 

1976 UBC 
Demand 

Allowable 
Capacity 

•Demand/ 
Capacity 
Ratio 

Anchor bolt tension 7.7 kips 25.7 kips 0.30 
Shell stress, combined 
compression and flexure 2.1 ksi 12.0 ksi 0.18 
Held on anchor bolt bracket 4.S ksi 29 ksi 0.16 
Moment corresponding to 
maximum soil pressure S49 k ip- f t 2,068 k ip- f t 0.27 
Sliding of foundation 57 kips 116 kips 0.48 
Overturning 549 k ip- f t 2,655 k ip- f t 0.21 

•Ratios greater than 1.0 indicate overstress. 

11-33 



Base shear V » 1.61 kips 
t at Bottom ot stack „ _ ,.„ .._ ., 
(top of foundation) * 6 1 9 kip-ft-

It should be noted thac the above values are larger than the corresponding values from the UBC analysis (Section 6.2). Table 6 lists values of demand for the dynamic analysis using the median spectrum compared with the "ultimate* value of the structural elements or load conditions. 
Because the base shear and overturning from the dynamic analysis using the median spectrum are higher than the corresponding values for the UBC, the demands on the former case are also higher. However, the capacities in the above table are calculated on the basis of ultimate strength. Consequently, the demand/capacity ratios for the dynamic analysis and the UBC analysis are in the same order of magnitude. 

6.4 Remedial Concepts 

The results from the analysis in Sections 6.2 and 6.3 indicate that there would he no remedial work required on the stack and its foundation. 
An area that may require remedial work is the connection of the exhaust duct to the stack. If the deflection of the stack at this point is larger than the maximum deflection that the connection can undergo without distress, it would be necessary to modify the connection. See Section 7,4 for recommendations concerning this connection. 
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TABLE S 
EXHAUST STACK DYNAMIC ANALYSIS 

Structural Element and 
Loading Condition 

Demand of 
Median 

Spectrum 
Ultimate 
Capacity 

•Demand/ 
Capacity 
Ratio 

Anchor bolt tension 9.4 kips 32 kips 0.29 
Shell stress, combined 
compression and flexure 2.7 ksi 16.2 ksi 0.17 
Weld on anchor bolt bracket 5.5 ksi 36 ksi 0.15 
Moment corresponding to 
maximum soil pressure 676 k ip- f t 3.102 kips 0.22 
Sliding of foundation 83 kips 208 kips 0.40 
Overturning 676 k ip- f t 2,655 k ip- f t 0.25 

•Ratios greater than 1.0 indicate overstress. 
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7. VITAL SYSTEMS 

The w >-tant systems Included 1n this report are listed in Section 1. 
Evaluation was made for each system against both the 1976 UBC and the median 
spectrum with 2?, of critical damping. 
l)RC forces for the systems were determined by the formula described in 
Section 4.1: 

F„ = Z1C SV n P P P 

Values of Z =• 1.0 and 1 = 1.0 were used, the same values as in the base shear 
formula for the building. 
Cp = 0.5 is the appropriate value for systems necessary for continued 
operation of essential facilities. 
S = 1.0 is believed to be sufficient in this situation because the calculated 
F D becomes 

F = 1.0 x 1.0 x 0.5 x LOW » 0.5H 

which means that seismic forces will be 0.5g. In some instances, this is 
larger than the calculated dynamic forces for the system in the existing 
condition. 
For dynamic analysis, the same median spectrum as used for the buildings was 
used, except that 2% of critical damping instead of 5% was used. The proced
ure used in the analyses of the systems depended on the structural character
istics of the system or part of the system. These can generally be divided 
into two groups. The first group includes those items which are inherently 
stable and are capable, in their existing condition, of resisting fairly high 
lateral forces with minor modifications. These items include the glove boxes 
and the exhaust ducts on the roof. The second group includes those items 
which do not have very substantial lateral bracing. These items are the 
support systems for all of the piping included in this report, the roof 
holding tank supports, and the decontamination skids. For the pipe and 
duct supports and the holding tank supports, lateral bracing apparently was 
not provided in the original design. The skids are not currently in accordance 
with the construction drawings, which show some lateral bracing. For the 
items in the second group, it is not practical to make an analysis in the 
existing condition. A remedial scheme of lateral bracing was developed, and 
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the system was then analyzed to determine the adequacy of the bracing scheme. 
Further modifications were generally not considered necessary because the 
relatively small masses of the systems did not generate high lateral forces. 

7.1 GPSS. GPSR. and VERS Piping 

These piping systems considered together can readily be divided into two 
separate areas of study. The first is the corridor pipe rack system, includ
ing the supporting elements of the pipe rack. In this study, it is necessary 
to consider all elements supported by the same pipe rack (supply ducts, water 
pipes, etc.) because they influence the behavior of the rack. The second 
area of study is the GPSS, GPSR, and VERS piping and supports within the 
laboratory rooms. 

7.1.1 Corridor Pipe Rack System. Thorough examination of construction 
drawings and on-site investigations have shown that, for lateral earthquake 
motions in any direction, the corridor pipe rack system is essentially 
unrestrained. A transverse section through the corridor showing the pertinent 
structural details is shown in Figure 10. This figure also shows a recommended 
bracing scheme. A section taken at one of the intermediate pipe rack supports 
would be essentially the same except that the connection of the 5/8-in. 
hanger rods to the roof system is made through a channel clamp rather than a 
beam clamp. Because the system is laterally unrestrained, it will experience 
large displacements from lateral forces with associated pounding between the 
various building elements. Therefore, the effort on this piping and support 
system focused on developing a bracing scheme that would restrain the pipe 
rack system and prevent large displacements or distress for the required 
lateral forces. Thus, the vital piping will not be damaged by a failure of 
the pipe rack. Also, the vital piping itself was investigated for stresses 
and displacements, with the recommended bracing on the supporting system. 
In the dynamic analysis of the system with the assumed bracing, the following 
were considered: 

Possible amplification of the peak ground accelerations due to the 
building framing system, which supports the corridor pipe rack system 
Possible amplification of the peak ground accelerations due to the new 
bracing system itself and to the pipes 
Possible overstress in structural elements restraining the pipe rack 
system (either laterally or vertically) 

The recommendation for this area of piping is the bracing scheme shown in 
Figure 10. In addition to the details shown, the following general recom
mendations should be followed: 

At the column lines, all pipes on the unistrut rack, including those that 
are not designated as part, of the vital systems, should be attached to 
the rack to preclude sliding along the rack and impacting against each 
other. 
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The type and size of the existing clamps attaching the 5/8-iti. hanger 
rods to the channel at the roof should be determined by field Inspection 
and checked for the calculated dead plus seismic load of 1.26 kips. If 
the manufacturers' maximum allowable load for the clamp is inadequate the 
clamp should be replaced by one that is capable of carrying this load. 

The bracing shown in Figure 10 is a concept. Not all the details shown may 
be possible because of interference from existing equipment, piping, etc. 
However, this concept will still be valid even if braces are moved to different 
positions and different sizes and shapes of members are used. 
The analysis of the developed bracing system indicates that it is capable of 
resisting forces larger than the demand of either the UBC or the median 
spectrum. 

7.1.2 Piping and Supports in Laboratory Rooms. As in the case of the 
corridor pipe rack system, the piping in the laboratory rooms is also essen
tially laterally unrestrained, with the exception of its connection to the 
glove boxes and to the piping in the corridor. The GPSS and 6PSR piping, 
upon entering the rooms from the corridor, reduces from 6-in. stainless steel 
to 4-in. copper. Because there are so many different pipe configurations 
within the rooms, it was not practicable to define every support detail. 
Rather, general guidelines are recommended for typical cases. These recommenda
tions take into account the dynamic characteristics of the pipe. 

None of the straight runs of pipe within the rooms is very long. But where 
they occur, the maximum laterally unsupported length for the SPSS and GPSR 
lines should be limited to 15 ft. For the VERS lines, this maximum should be 
10 ft. In addition, where changes in direction occur, bracing should be 
installed to restrain lateral motion. By the simple expedient of modifying 
selected existing supports to provide lateral restraint, the system can be 
brought up to the capacity required by the UBC and the median spectrum. Such 
a detail is shown in Figure 11. 

By using the suggested relatively short unsupported lengths, dynamic amplifi
cations due to the pipes themselves will be small. Hence, lateral demand will 
essentially be limited to the peak acceleration of the roof plus whatever 
amplification is introduced by the lateral bracing chosen. Amplifications 
will be small if bracing schemes such as shown in Figure 11 are carried out 
along with other recommendations given here as to their maximum spacing. 

The connections of the GPSS, GPSR, and VERS piping to the glove boxes may 
require the installation of flexible connections. The deflections of the 
glove box in any direction are expected to be small. Consequently, the 
demand on these connections in their existing conditions depends on the 
relative deflections of the roof diaphragm, the glove box, and the proposed 
lateral bracing for the piping. If the displacement of the roof is limited 
to the level described by Remedial Scheme 2B 1n Table 3, flexible connections 
should not be necessary. 

11-39 



ROOF OS.CK 

EXIST/M& 
UNISTR.UT 

•/ZOO* FRAMING 
MCMItSn. 

•S/SIV UNISTRUT 

eXIST. HAN GBR 
ROOS 

SUSPSNOBO 
CSIUNG 

S P J J , GPSR OH 
VERS, PIPS. 

N O T E s • 
1. MAX. SPACING FOR LATERAL &RAC/A/G 

GPSS, GPSR P W W S IV-O" 
VERS « P / W 6 id-o* 

2. LOCATE GRACE AT SACH JIOS O/* 
HORIZONTAL PIPE liEMOS 

TV&ICAL LATERAL BRACING FOR 

PIPt SUPPORTS IS) LABORATORY &UILO/MG 

SAM/O/A TRITIUM RESEARCH FACILITY FIGUR.E II 

11-40 



7.2 Roof Holding Tank Supports 

The tank-support system consists of a framework of structural steel members 
raised about 1 ft. off the roof deck. There are three tanks: two 73-1n.-
diameter tanks, each weighing 1750 lb., and a third smaller tank, weighing 
600 lb. The contents are gaseous and have negligible weights. 
The tanks are supported by steel plate saddles at each end. These plates are 
attached to steel channels, which are, in turn, supported by wide-fla.ige 
sections spanning between jack posts. The jack posts are welded to the roof 
framing system of the lab building. The roof tank support system with the 
proposed modifications is shown in Figure 12. 
By inspection, the amplification of the roof-level accelerations (referred to 
as base accelerations} due to the various elements of the roof tank system is 
significant for dynamic loads. Earthquake motions in either of the two 
horizontal directions would contribute significant forces because of amplifications. 
A dynamic analysis of this structural system was carried out using hand 
calculations. This analysis indicates that large amplifications of motion 
could be expected, particularly for motions in the north-south direction. 
The resulting forces would cause stresses in the saddle channels and connections 
that would exceed yield stress at a relatively low level (less than O.lg) of 
base acceleration. 
A relatively simple scheme of bracing (see Figure 12) will eliminate a major 
part of the amplification and increase the allowable base acceleration from 
0.07g to about 0.75g. Even higher capacities are possible by strengthening 
various connections. This can be easily accomplished by adding connection 
angles, adding welding, etc. Again, the values of base acceleration refer to 
the acceleration of the building at the roof level. If capacities are 
desired in terms of peak ground acceleration, the amplifications due to the 
lab building system must be accounted for. 

7.3 Glove Boxes 

These structures are rectangular boxes fabricated from sheet metal with 
various openings on a l l sides. They are a l l supported directly on the floor 
of the lab building. From the vendor's drawings and f ie ld surveys, i t was 
seen that i t would not be practicable to analyze the glove box with i ts 
contents as part of the same structural system. Of more than a dozen glove 
boxes, each has a different combination and arrangement of equipment. I t was 
also noted that, in most cases, the equipment does not connect to the boxes 
except at the base plate. The work was then limited to determining the 
capacity of the box i t se l f , excluding the equipment within. I t is assumed, 
for the purpose of this study, that the interior equipment is adequately 
braced so that i t w i l l not Impact with the sides of the box or introduce 
significant amplifications of acceleration to the box. 

Stiffness and masses of the glove box elements were determined from the vendor's 
drawings and from information furnished by Sandia. The glove box was dynamically 
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analyzed using the TABS computer program by treating the box as a frame in 
both the transverse and lonjitudinal directions. In both directions, the box 
was subjected to the median response spectrum and to a static force at the 
top level of the box to simulate a possible loading from the pipes attached 
at that level. Although the box was found to be quite stiff, there was some 
limited amplification of the transverse notions. Nevertheless, the structural 
elements of the box are stressed only to a low level. Even with the more 
conservative assumption of a H-kip load at the top of the box, the stresses 
are still low. The capacity of the box as limited by allowable stress in the 
shell 1s large. Results of the analysis show that accelerations of l.Og can 
be resisted without overstress. Thus, the UBC forces of 0.5g, which in this 
case are larger than the forces from the median spectrum, pose no problem of 
stress in the box. For resistance to sliding of the box on the floor capacities 
of over l.Og can be readily achieved through proper design of the anchorage. 

Although deformations of the boxes are not large when the boxes are subjected 
to lateral forces 1n the order of l.Og, the probability of maintaining an 
airtight condition of the bcx under this loading is not within the scope of 
this study. 
The only remedial measures that may be required for the glove boxes (excluding 
the contents! are possible installation of flexible couplings on the pipe 
connections at the top of the boxes and modification of the floor anchorages. 
Final recommendations must necessarily follow adoption of remedial scheme for 
the building, which will determine the maximum relative roof deflections. 
Each glove box must be considered individually for Its special piping 
configuration. 

7.4 Exhaust Duct System 

This system consists of three main parts: (1) the round ducts, varying from 
10 in. to 16 in. in diameter, which start from the glove boxes in the labora
tories, run through the roof, and tie on to the main rectangular exhaust duct 
on the roof; (2) the main exhaust duct on the lab building roof, which starts 
out as a 36-in. square section and increases by increments to 120 in. by 48 in.; 
(3) the continuation of this duct over the canopy of the service area, 
which connects to the system of sound traps, baffles, and fans on the equip
ment room roof and then to the steel stack. 
In the analysis of this system, hand calculations were used because the 
configuration of each part is relatively simple. The lateral forces imposed 
on the system are generated by the displacements and accelerations of the 
buildings at roof level. The capacities of the various Supports on the lab 
building roof were calculated in terms of the accelerations they are capable 
of resisting. These capacities should be compared against the accelerations 
at the roof resulting from earthquake effects on the building as modified 
according to the selected remedia- scheme. 
The supports for the main rectangular duct in its existing condition are 
capable of resisting a lateral load of 0.9g at the roof level. The limiting 
factor is the allowable pull out value of the lag screw that connects the duct 
through a metal strap to the longitudinal wood sleeper under the edge of the 
duct. Supports for the round duct are typically a two-legged rigid frame. 
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18 in. high, fabricated from steel angles welded togetr r. In their existing 
condition, these supports are capable of resisting a THeral load of 2.0g at 
the roof level. 
The portion of the duct system on the equipment room roof was not analyzed 
because the connection details were not available. Sandia did not have 
drawings showing these details. In the field, the anchorages were roofed 
over and not visible except for the support under the fans. This supoort 
appears adequate, but the embedded length of the bolts was not known. The 
supports in this area are not expected to be a problem because the duct and 
equipment are supported on a concrete curb on top of the 6-In. roof slab. 
Anchorages of high capacity can be readily achieved by drilling Into the 
concrete. 

Comparisons of the capacities of the duct system calculated here against the 
UBC requirements of 0.5g indicate that the ducts on the lab building roof 
are adequate. The likelihood is good that the ducts on the equipment room 
roof will also be adequate because the weights are relatively light. If the 
median response spectrum for St damping and 0.275g peak ground acceleration 
is applied to the building, the maximum roof acceleration would be 0.63g, and 
the duct supports will also be adequate. However, it will be necessary to 
check the relative deflections between the round ducts and main duct to 
determine whether the connections can withstand the predicted deformation. 
It is also possible that the joint may lose its airtightness before its 
structural integrity. This will be a consideration in determining whether 
stiffening of the supports is required. 

At the point where each round duct penetrates the roof is a clamp on the pipe 
bolted to the roof subpurlin. This connection should be included in the 
investigation of the duct system when remedial measures for the building are 
known. Another location where differential deflections may be critical is 
the point where the main exhaust duct enters the stack. A flexible connection 
may be required at this location. 

7.5 Decontamination Equipment Supports (Skids) 

Decontamination equipment is found in Room 1I5A of the lab building. It is 
divided into four separate supporting frames commonly referred to as skids. 
These skids are identified according to the process carried out by the 
equipment they support. These are the dryer and regeneration skid, catalytic 
reactor skid, blower skid, and VERS skid. 
The coupling of dynamic motions between the various skids is negligible 
because there is only a single 4-in., thin-walled pipe that spans between the 
skids. Consequently, the work done here investigates each skid, independent 
of the others. For all the skids, investigations showed that lateral bracing 
was minimal and that the existing supports mainly resfst vertical loading. 
Hence, the investigation for each skid was aimed at developing lateral bracing 
systems that would limit the accelerations of the equipment on the skids. 
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It was assumed that the numerous pieces of equipment and appurtenances are 
adequately attached to the supporting framework. Only the most massive 
pieces of equipment, such as blowers, were Investigated for adequate anchorage 
to the supporting framework. The other equipment was not included in the 
study. The approximate weights of the equipnent on the skids were furnished 
by Sandia. 
It should be emphasized that the bracing schemes presented here are concepts. 
Fran on-site surveys, they appear to be feasible, but no detailed measurements 
were made to verify that there are no interferences with the attached equipment. 
Variations on these bracing schemes are also feasible and may be preferable 
due to possible interferences. The concepts shown here should be adequate 
for either one of the standards used 1n the other sections of this report. 
Regardless of the criter'j chosen, however, the bracing configurations 
described here would not change other than in the details. Because the 
forces to be resisted by the suggested bracing are small, the concepts shown 
should be adequate for a l.Og force level. 

7.5.1 Dryer and Regeneration Skid. (I) Cross-bracing, as shown in Figures 
13 and 14, should be installed. Shere equipment interferes, alternate config
urations could be used. Preliminary design work shows that standard unistrut 
members (P5500 or smaller) with typical unistrut or welded connections will 
probably be adequate. However, due to the Irregularity of the existing 
joints, special connections may he required for some of the new bracing 
members as well as strengthening of existing connections. 
(2) All the cross-bracing done under (1) will not be effective unless each 
piece of equipment is adequately connected to this supporting framework. By 
jarring the pieces of equipment by hand, an estimate of their anchorages can 
be determined. 
In particular, anchorages should be provided connecting the elements of the 
blower to the skid so that displacements in any direction are restrained. 
Anchorages could be simple "keepers" that butt up against the blower base and 
attach to the skid base. The anchorages should allow for the proper operation 
of the isolator pads. 
(3) Because of the length of the skid and the relatively low allowable base 
shear on the existing anchors, two additional pairs of anchor bolts should be 
installed, spaced along the length of the skid. Anchors should be the same 
as the existing anchors at the skid corners. 

7.5.2 Catalytic Reactor, (l) The gas-gas and water-gas heat exchangers 
should be attached to the supporting 10-in. channel sections so that they 
cannot slide in the longitudinal direction. These channel sections should, 
in turn, be rigidly attached to the supporting framework. Sketches of this 
suggested strengthening are shown in Figure 15(a), (b), and (e). 
<2) An additional pair of anchorages should be provided midway along the 
length of the skid, capable of carrying shear and uplift. 
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(3) Cross-bracing should be provided as seen in Figures 16 and 15(c). The 
connections can be welded or bolted, and preliminary studies Indicate that 
standard unlstrut members will probably be adequate. 

7.5.3 Blower Skid. (1) The lateral bracing schemes shown in Figure 17 
should be installed on the skid. 
(2) It is recommended that the piping be more rigidly attached to the 
bracing frame. An example of this is seen in Figure 17(a). 
(3) Recoimiendations for anchoring the blowers on the dryer regenerator skid 
apply to the blowers on the blower skid as well. See Section 7.5.1. 
(4) Two new anchors should be installed to attach the skid to the floor 
slab. The anchor bolts must resist shear and tension. 

7.5.4 VERS Skid. (1) Lateral bracing as described by Figures 18, It, and 
2D should be installed. It is noted in those figures that alternative 
bracing schemes may be required. If bracing marked A is used, then bracing 
marked B, an alternate, is not required {or vice versa). It is also possible 
that many existing connections of the supporting framework will need to be 
strengthened by welding. Preliminary studies indicate that standard unistrut 
members should be adequate for the new bracing. 

Lateral bracing marked C is suggested to restrain the pumps, but any bracing 
actually used should allow for the proper operation of any vibration mounting 
of the pumps. 
(2) It is recommended that the piping on the skid be more rigidly attached 
to the frames. This may require new horizontal or vertical members secured 
to the frame or skid base to which the equipment can be attached. 
(3) The anchorage of the skid to the floor is not considered adequate to 
brace against east-west ground motions. It is suggested that two anchors (of 
the same type as exist on the north and south sides of the skid) be installed 
on the east and west sides. 

7.5.5 Connecting Piping. Piping that spans between the various skids is 
limited to a single 4-in. stainless steel pipe. Stresses on this pipe and 
its connections will arise from two sources. The first source is the relative 
displacement of the- two skids to which it is attached. The second source is 
the accelerations of the pipe itself under the postulated earthquake. 
If adequate stiffeninj of skids as suggested is carried out, the relative 
displacements between skids should be small, and, If the pipe is securely 
attached at each end to the skids, the forces induced should be small. 
Accelerations of the pipe itself will not induce large forces at the connec
tions if, again, the pipe is adequately braced. In particular, the pipe 
might require a few more anchors to the skid to prevent torsion at any of the 
existing bellows. 
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8. SUrKARY AND COHCLUStOMS 

This study consfsts of an Investigation of the structures and vital systems 
of the Tritium Research Facility to determine their structural adequacy for 
the requirements of two standards: the 1976 UBC and the postulated ground 
motion developed in Part I of this report. The ground motion used takes the 
form of a median-level response spectrum with a peak ground acceleration of 
0.275g* and critical damping values of 5? for the buildings and 2% for the 
stack and vital systems (see Part I of this report). Remedial concepts to 
bring the structural capacity of the structures and vital systems up to she 
level of the seismic demands of the UBC and median spectre were developed. 
Cost estimates for the remedial concepts were made. 
The analyses of the buildings showed that the equipment room was quite 
adequate, but the lab building was deficient for a north-south earthquake 
because of the low capacity of the gypsum diaphragm system. Five remedial 
schemes were developed that will provide the necessary increase of structural 
strength for the two standards mentioned above. These schemes range in cost 
from $20,000 to $110,000 and provide differing degrees of strengthening. 
Scheme 1 ($20,000) links the equipment room to the lab building so that the 
two work together as one structural system. Laboratory operations are not 
disrupted. Schemes 2A and 2B ($33,000 and $'0,000, respectively) also tie 
the buldings together and, in addition, add an interior concrete shear wall 
Inside the lab building, replacing an existing nonstructural partition. 
There will be soite disruption of the laboratory operations when the new wall 
is constructed. Scheme 2B differs from 2A in that the east and west walls of 
the equipment room are thickened and extended. Scheme 3 ($110,000) adds a 
3-in. concrete slab to the top of the existing gypsum roof on the lab buildinq 
to strengthen the diaphragm system. This scheme is the moot expensive 
one, but 1t provides the best diaphragm. Some disruption of laboratory 
operations are involved because the main exhaust duct on the roof has to 
be raised. Scheme 4 ($60,000) involves adding two lines, of two paneis 
each, of concrete shear walls In the lab building, dividing up the building 
into three sections of equal length. This is the best scheme when consideiino 
only the structural aspects. The disadvantage is that drastic rearrangement 
of the laboratory rooms is required, and this consideration may override the 
other advantages. 

The actual remedial scheme that may be adopted could be one that combines 
some features of two or more of the above schemes or may be a variation 
of one of these. 
The lab building is adequate for seismic loads in the east-west direction 
for the two standards used here, and no remedial work is required. A 
stuJy was made to evaluate the effect of enlarging the exterior door on 

*See footnote, p. 11-2. 
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the south exterior wall of Room 115A. The study shows thit the resultant 
slight decrease In the shear area of the south wall has no significant 
effect on the structure. 
The steel stack was found to be designed with sufficient capacity to aeet the 
requirements of both the UBC and the median spectrum. No remedial work 1s 
required. 
Piping and supports for the GPSS, GPSR, and VERS systeas were not designed 
for latera* "irces. A scheme for bracing the piping and supports In the 
corridor has been developed (Figure 10), and general recomnendatlons and a 
typical bracing detail are shown In Figure 11. These bracing schemes will be 
adequate for the two standards mentioned above and even for higher seismic 
criteria. As a rough estimate, $6,000 should cover the work on these piping 
systems. 
The holding tank supports on the roof, as existing, have a rather low structural 
capacity for lateral loads. This capacity can be substantially Increased by 
adding several bracing members to the supports. This bracing, shown In 
Figure 12, will Increase the structural capacity for the two standards used 
In this report and also for seismic criteria that would require forces 
several times higher. The piping connecting to these tanks appears to be 
adequate for substantial lateral loads. The cost of this bracing work 
probably should not exceed $300. 

The glove boxes are Inherently strong structures ind require no remedial 
work. The contents of the boxes were not included in this study and generally 
do not if feci t><2 boxes. The connecting piping Is covered under the paragraphs 
on piping and supports. The possibility of flexible connections should be 
investigated when the remedial scheme for the building is adopted. 
The exhaust duct system and the support details that are known are adequate 
for the two standards used above. The support details not shown are also 
expected to be adequate, judging from the known details. No remedial measures 
are required, but, when building remedial measures are determined, differential 
deflections that may affect the afrtightitess of connections of round ducts to 
rectangular ducts and the connection at the stack should be Investigated. 
The four decontamination equipment skids, in their as-built condition, need 
additional lateral bracing to meet the requirements of the two standards used 
in this study. Bracing schemes are shown (Figures 13 through 20). In some 
cases, alternate configurations of bracing are shown when there Is a possibi
lity of interference with the equipment and appurtenances mounted on the 
ski.1. installation of the recommended bracing for the four skids is estimated 
to cost approximately 13,500. 
All the above costs are estimated current construction costs only and do not 
Include costs incurred by Sandia due to disruption of laboratory operations 
and rearrangement of Interior space, equipment, piping, and other additional 
work of suck nature that may be required. If a decision Is made to expend 
funds for this purpose, design drawings showing specific details for all the 
structures and systems can be prepared for the actual construction work. 
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