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ABSTRACT

A geotechnical investigation has been completed at Savannah River
Site to characterize the foundation conditions in K-Reactor Area and
confirm soil design properties for use in seismic qualification of struc-
tures. The scope of field work included ten soil borings to a 200-foot
depth with split-spoon and undisturbed sampling. Additionally,
42 cone penetrometer tests were performed with seismic down-hole
measurements. Three cross-hole shear wave velocity tests were also
completed to confirm the assumed dynamic properties which had been
used in preliminary seismic analysis.

INTRODUCTION AND PURPOSE

The design criteria necessary for evaluation of
earthquake effects on essential structures and
systems in the reactor areas is based on the
analyses of the soil-structure interaction
response during the Design Basis Earthquake
(DBE) which has a PGA of 0.2 g at the ground
surface. As a part of the Seismic Qualification
Program for Reactor Restart at the Savannah
River Site, Westinghouse Savannah River
Company (WSRC), the operating contractor for
the Department of Energy, recently conducted
an extensive subsurface investigation and
evaluation program of the foundation condi-
tions in K-Reactor Area in order to confirm
actual in situ seismic soil parameters which
had been extrapolated from previous earlier
site studies in the area. The purpose of this
new geotechnical investigation program was to
characterize the soil layering as well as to
collect samples for laboratory tests to deter-
mine soil parameters for use in analysis of the
behavior of the foundation and structures
during a seismic event.

General Site Geology

The Savannah River Site (SRS) is located on
the Atlantic Coastal Plain and the foundation
soils consist of unconsolidated marine and
fluvial sediments of sandy soils about 1,050
feet thick over basement rock. The surficial
geology (upper 200 feet) is composed of sand,
sandy-clay and clayey-sands which are under-
lain by unconsolidated and partially consoli-
dated sediments. The upper soils consist suc-
cessively down from the ground surface of the
Hawthorne, Barnwell and McBean formations
of tertiary age. The Tuscaloosa formation lies
between the McBean and the basement rock.

K-Area Soils

Original foundation investigations for K-Reac-
tor Area structures were carried out by tlie
U.S. Army Corps of Engineers (COE) in 1951
before plant construction [1]. During the
drilling of exploratory soil borings in many
areas of SRS, numerous rod drops and drilling
fluid losses were observed in the upper part of
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the McBean formation. These drilling occur*
rences were considered by the COE to be indi-
cative of soft zones and/or cavities formed by
the solutioning of calcium carbonates from the
marine strata due to the circulation of ground
water over millions of years. In the K-Area,
the soil zone between 110 and 170 feet below
the ground surface is in the McBean forma-
tion. Typical depths of rod drops and drilling
fluid losses which occurred ranged from
96 feet to 160 feet below the ground surface.
In order to preclude potential for settlement
due to the structure loads, an extensive
grouting program to consolidate these soft
soils was performed by the COE prior to con-
struction of the major buildings throughout
the site 12].

OBJECTIVES OP THE PROGRAM

The main objectives of the soils investigation
program were to characterize the reactor area
foundation, determine soil properties, evaluate
potential settlements and liquefaction and
confirm or redefine assumed values used in
the preliminary SSI analyses. These require-
ments were carried out through completion of
the following four geotechnical activities.

Profile of TTifl and
penetration resistance and shear
wave velocity versus depth to
200 feet using field testing.

• Exploration for potential cavities or
soft zones using various sampling
techniques and down-hole cone
penetrometer tests.

Evaluation of potential for sfelc
ally induced settlement or lique-
faction potential using specialized
laboratory tests.

Estimation of potential settlements
at ground surface.

Coordination Requirements for Site Work

In order to mobilize resources quickly and
begin site drilling in a minimum time as
requested by DOE, it was necessary to com-
bine the efforts of four subcontractors into a
project team using existing site contracts and
task orders. The major participants in the
investigation and their various scopes of res-
ponsibility are listed under Acknowledgments.
In addition to the need to assemble and
manage the four technical components of the
soils investigation program, i.e., drilling tech-
nical oversight, laboratory testing, and con-
sultant evaluation, many other site coordi-
nation and security activities were required in
order to initiate actual field drilling operations
in the reactor site area. A QA Program Plan
was developed based on SRS QA procedures
and the contractor's operating technical work
procedures. After receiving direction from
DOE in April to initiate the program as soon
as possible, work in the K-Reactor Area was
started on June 18, 1990. The field work
continued for five months and was completed
in November 1990. Laboratory testing con-
tinued through January 1991, and a draft
evaluation report was developed and submit-
ted for DOE review in February 1991. The
final report covering the total program and
evaluation of results was completed and pub-
lished on March 15,1991, WSRC [3].

Field Investigation

A series of Cone Penetration Tests (CPT) were
perfonned initially to identify the locations
where the soft zones detected by the COE
were present. Most of the investigation was
concentrated in areas not grouted by the COE.
Down-hole seismic shear wave velocity mea-
surements were also performed in several of
the CPT soundings. Subsequent exploration
by means of Standard Penetration Test (SPT)
borings was concentrated adjacent to CPTs
that found soft zones. Fourteen borehole
locations were drilled and sampled around the
Cooling Water Reservoir and the reactor
buildings. SPTs were perfonned at 5-foot
intervals, and at three locations, a series of
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three boreholes 10 feet apart were drilled and
cased to allow cross-hole shear wave velocity
tests to be performed to a depth of 200 feet
below yard grade.

Laboratory Tests

In addition to SPT sampling, undisturbed
samples of the silty and clayey sands and
clays were obtained using fixed-piston and
pitcher-barrel samplers at selected depths.
Laboratory soil index tests including moisture
content, sieve and hydrometer analyses for
grain size curve data, and liquid and plastic
limit tests were performed by the WEGS lab
in Columbia, South Carolina. Laboratory tests
on the undisturbed samples were performed by
the GEI lab in Winchester, Massachusetts.
These tests included specific gravity, one-
dimensional consolidation, drained triaxial
compression, resonant column, and cyclic
triaxial small strain tests.

RESULTS AND CONCLUSIONS

Soil Conditions

The description of the soil conditions present-
ed below pertains mostly to the soft zones
found typically at depths of 115 to 145 feet
(elevation of 155 to 125). A typical soil profile
is presented in Fig. 1, and a plot of all shear
wave velocity measurements is shown in
Fig. 2. The soils are predominantly sands,
generally ranging from medium dense to
dense. The CPT log indicates a soft zone at
about elevation 130, about 5 feet thick. For
classification purposes, a soft zone was defined
as sands having a CPT tip resistance of less
than 200 psi, or zones in which the borings
indicated a loss of drilling fluid and/or drops of
rods under their own weight.

A review of all the soft zones encountered in
the borings and CPTs indicated an average
thickness of soft zones of 6 feet and a maxi-
mum of 15 feet. Soft zones were encountered
in about one half of the CPTs, and it was
concluded that on average the soft zones
occupy about 10 to 15% of the volume of the

30-foot-thick layer between elevation 155 and
125. The soft zones are probably elongated
features with a width similar to their height.
The results of laboratory tests and in situ
measurements indicated the following relative
to the properties of the soils in the soft zones
and the soil surrounding the soft zones
(matrix):

• Both soft zone and matrix soils
consist mostly of clayey sands or
sandy clays with 6 to 60% fines.
Generally the matrix soils were less
clayey than the soft zones. Shell
fragments were observed in some
samples of both soft and matrix
soils. No cementation was observed
in either type of soil.

• Consolidation test results on soft
zone soil samples indicated that the
soil is consolidated to only 12 to 43%
of the average effective overburden
stress. If the consolidation stress
were to increase to the full over-
burden the soft zone soils would
compress on average about 14%.

• The low CPT resistance and the
losses of drilling fluid in borings
correspond to soft soil zones rather
than cavities since: 1) soil samples
were actually obtained from the soft
zones; 2) the matrix soil was not
cemented; and 3) shear waves were
transmitted through the soft zones
in the down-hole tests with the CPT
equipment.

An interpretation of the origin of the soft
zones is that they were originally sedimentary
deposits predominantly composed of quartz
sand, silt and sand- to pebble-sized shell
fragments, Price [4]. Percolating ground water
removed much of the shelly fragments by dis-
solution. Shell fragments were locally re-
placed by precipitated silica, but an overall
volume decrease of the soil deposits occurred
wherever shell fragments were present. The
volume decrease probably caused the large
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shallow depressions tuat have been identified
throughout the SRS area. A larger tendency
for compression would occur in certain zones
of the layer because of a higher concentration
of soluble shells. If these zones are small
enough in lateral extent, the surrounding soils
will arch over such zones leading to the state
of underccnsolidation that was actually ob-
served in the soft zones during drilling.

The state of underconsolidation is consistent
with the losses of drilling fluid in boreholes
and the grout takes during the grouting pro-
gram performed by the COE in the early
1950's [2]. The pressure of the drilling fluid
and of the grout exceed the effective stresses
in the soft zones leading to hydraulic fractur-
ing within the soft zones and compression of
these soils providing the space into which
drilling fluid or grout penetrates.

Potential for Liquefaction and Settlements

The presence of the soft zones represents a
condition, which to the authors' knowledge,
has n<- precedent for evaluation of seisnucally
induced liquefaction. The soft zones are at
depths of 115 to 145 feet below the ground
surface and are not affected by the presence of
the structure because all major structures
were built as floating foundations, i.e., their
net bearing pressures are about zero. Thus
the behavior of the soft zone layer can be
analyzed for free-field conditions. Propagation
of shear waves through the soft zone layer will
be controlled by the matrix material, since the
soft zones account for only 10 to 15% of the
volume of the layer. The shear wave velocity
measurements in the matrix soil indicate
similar shear wave velocities to the overlying
soils, i.e., about 1,100 ft/see. The presence of
the soft zones will result in slightly lower
values for the layer as a whole, estimated as
about 1,000 ft/sec

The main issue for assessing seismically
induced settlements is the potential for the
collapse of the arching of the matrix soils and
the resulting compression of the soft zones.
The potential for the collapse of the arching is

directly tied to the potential for seisnucally
induced pore pressure increases in the matrix
soils, since significant deformations would
occur if the pore pressures reach values close
to 100% of the initial effective stress.

Two methods were followed to estimate pore
pressure increases. The empirical chart by
Seed et al. [5] relates manifestations of pore
pressure increases (mostly sand boils) in level
ground sites to earthquake intensity and blow-
counts. The blowcounts of the matrix soils
greatly exceed those of sites in which sand
boils were observed, thus leading to the
conclusion that pore pressure increases in the
matrix soils will be insignificant for the 0.2 g
seismic event. Note that for this analysis the
blowcounts in the soft soils are irrelevant,
since the soft zones occupy a very small per-
centage of the volume of the layer and are sur-
rounded by stiffer matrix soils that limit their
ability to strain and develop pore pressure.

A methodology by Castro [6] was also followed
to estimate pore pressure increases and subse-
quent settlements for level ground sites. Seis-
mically induced shear strains were computed
for the postulated seismic event using the
measured shear wave velocities throughout
the soil profile. These strains were then used
to estimate pore pressure increases based on
the results of the cyclic tests on samples from
the SRS and on published data by Dobry [7].
The maximum cyclic strains occurred in the
layer containing the soft zones, but thfc peak
strain was only about 0.1% which would
correspond to less than 20% pore pressure
increase. Thus these results are in agreement
with those obtained following the Seed et al.
methodology [5]. It was then concluded that
the arching of the matrix soil around the soft
zones would not be affected by the 0.2 g earth-
quake.

The maximum compression of the soils follow-
ing the earthquake was estimated to be at
most 1.5 inches following the procedures in
Castro [6]. It was conservatively assumed
that the soils would undergo compression only
in certain areas of the site. Differential settle-
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ments at the ground surface were then esti-
mated using techniques based on loss of
ground into soft ground tunnels by Peck [8]
tmd Attewell et al. [9]. The maximum slope of
the settlement profile at the ground surface
was estimated to be at most 0.06 inch per
10 feet (1 in 2,000), which is well within
acceptable limits.

Soil Parameters for Seismic Analysis

The key parameter required for soil-structure
interaction studies is the shear wave velocity
of the foundation soils. The recommended
shear wave velocity profile is presented in
Fig. 2 which indicates good agreement be-
tween cross-hole and down-hole measure-
ments. Dow^-iole data was obtained at 17
locations and cross-hole data at 3 locations.
Note that the down-hole data shows greater
vertical and horizontal variability, which is
probably due to the propagation velocity hav-
ing been measured for shorter distances in the
down-hole tests than in the cross-hole tests.
The lower values for the down-hole data, in
the depth range of about 115 to 145 feet,
represent measurements in the soft zone
material.

SUMMARY

An extensive geotechmcal investigation to
evaluate soil properties in the K-Reactor Area
has confirmed that the foundation soils are
safe for support of the structures during and
after the DBE. The soft zones found in a
matrix of stronger materials at depths of 115
to 145 feet will not constitute a safety risk to
the facilities, since their existing conditions
will not he affected by the DBE.
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ILLUSTRATIONS

Fig. 1 - Typical Soil Profile

Fig. 2 - Shear Wave Velocity Data
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