3. EPICENTRAL REGION

This chapter summarizes the observations made G¥ER Team memberson the
geotechnical/geological aspects of thgS8 Mineral, Virginia earthquake of 23 August

2011 in the epicentral region. Within hours of the event, members of the team arrived in the
epicentral region (i.e., Louisa County, Virginia) to document perishable data that potentially
could be used to adveem the geeengi neeri ng professionods
geotechnical/geological aspects of earthquakes in general, and oeplaieaearthquakes

more specifically. The team focused on documenting tectonically/seismimdillged ground
deformations, evience of liquefaction and lateral spreading, land/rock slides, ground
subsidence, performance of earthen dams, damage to building foundations, and damage to
public infrastructure and lifelines, among other effects of the earthquake. The team began
collecting data on the night of the main shock (i.e., 23 August 2011) and continued for
several months thereafter, with the majority of effort being concentrated in the few days
immediately following the main shock. The documentation of the data following the event
was time critical because of the heavy rains and river flooding associated with Hurricane
Irene that was forecast to impact the area on 27 August 2011, with the rains and flooding
having the potential to significantly modify or destroy the geotechnicdtigeal effects of

the earthquake. To maximize the efficiency
times with the personnel staffing the Emergency Operations Center (EOC) in Louisa to
obtain damage reports which were used to coordinate thétesamf i el d sur veys.

The T e a nobservations areorganized in the following cagoriess Ground Failures
(liquefaction, river bank slumpsubsidenceand rockfalls); Lifelines (bridges, power, water,
andrailroad); DamsLandfill, Schools and Foundations/Blalings.

Ground Failures
Liquefaction

The soils in Louisa County are largely residual clay, so it was not expected that liquefaction
would be pervasivduring this eventHowever, the Team did search in low lying areas where
the ground water table was expected to be highvemete there was a possibility of the
presence of liquefiable deposi&sg., floodplains)in total, four small liquefaction sand boils
were found athe locations marked iRigure 1, with photos of the features shownFigure 2

(Note that the two features in the S. Anna River bed were found by Jeff Munsey, TVA, and
thenearbyfeature on theoadside was found by Ed Harp, USG8Jso shown inFigure lare

the epicentral locations of the main shock and aftershocksvérat greater than 8.0 that
occurredwithin two days of the main shocldssuming that thee epicenters define the
general location/orientation of the rupture plane of the main shock, it carieleed from

Figure 1that the liquefaction features g@proximatelyabovethe rupture plane. It is possible
that liquefaction occurred in other arebst the undergrowtin the regionis so thick and



sand depositso sparseno other features wer®und despite an eensive search along
streamsand in floodplainsn the epicentrategion Also, there were several heavy rains in the
daysand weeksfterthe main shock that resulted in high river levels, which likely washed
away any features in the rivand creelpeds.

The liquefied soil was @pse sandwith the feature in the drainage channel corntgjisome
plasticity. No feeder dikes could be foufa the featursin the S. Anna River riverbed
(Figure 2b), but the riverbed was very gravelly and the water table was only an inch or two
below the ground surface. As a result, a clean cut could not be made vertically through the
feature and the cut quilskfilled with water. The features on the roadside (Figures 2c,d) and
the feature in the drainage channel in the woods (Figuresh#eif appeared to have vented
through existing animal holes burrows
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Figure 1 Aerial image of the epicentral region showing locations of observed liquefaction
sand boils. Also shown in this image are the epicenters of the main shock and aftershocks that
occurred within two days of the main shock that had magnitudes greater than 3.0
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Figure 2.Liquefaction sand boils found in the epicentral region: (a) two sand boils in the S.
Anna River riverbed near Yancy Mill (features found by Jeff Munsey, T(8&)93&9,

77.98%89); (b) crosssectional cut through one of the sand boils in the S. Anna River riverbed.
The trowel points to a layer of leaves, indicating that the blow material was recently placed,;
(c) sand boil found across the road from the features in the riverbeadéféaind by Ed

Harp, USGS)37.9387, -77.9838); (d) horizontal cut through the roadside feature showing

a plan view othe feeder dike; (e9and boil found in a drainage channel in the woods of Bend
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of River Rd(37.956@, -78.0(02); (f) horizontal andrertical cut through the drainage
channel feature.

On 25 August 2012, geologists F. Syms and R. Cumbest, Fugro Consultants, Inc., conducted
a low altitude over flight of the epicentral region. As showrFigure 3 the flight path
originated in Chesterfid, VA (just south of Richmondind included thdames and Rivanna
Rivers, epicental region and the western edge of Lake Anro evidence of surface
deformation in the epicentrahd surrounding region was notedumerous point barg.g.,

Figure 4) river and lake banks, open crop fields, were observed with no signs of liquefaction,
lateral spread or surface offs€éhe vegetation over smaller creeks prevented any
observations.
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Figure 3 Low altitude flight path of geologists F. Syms and R. Cumbestiucted on the
morning of 25 August 2012. (courtesy of F. Syms)



Figure 4.Aerial photo of point bar alonBivannaRiver near Palmrya, VA, approximately 27
km from the epicenterNo evidence of liquefaction or lateral spreading was observed.
(courtesyof F. Syms)

Samples of liquefaction ejecta were collected from both liquefaction sites for grain size
analyses. Figur®é shows the grain size distribution curves for the samples. The &jecta

the features at the Yanceyville mill site (Yanéyclassified as S¥6M: Well-graded Sand

with Silt and Gravel per the AST487 soil classification system (ASTM 2011). Because

the ground surface layer at this site was very gravelly and the-tablerwas only several
centimeters below ground surface, a clean cut could not be made vertically through the
feature and the cut that was made quickly filled with water. As a result, feeder dikes for the
featues could not be found (Figure B, The ejectaample from the Bend of the River site

(BOR-2) was much finer than that from the Yandegite and classified as ML: Silt per the
ASTM-2487 soil classification system (ASTM 2011). The feature at the Bend of River site
(Figures2e,) appeared to have vedtéhrough an existing animal or root hole, and it is likely

that the feature would not have manifested on the ground surface in the absence of the pre
existing hole. Finally, superimposed on the grain distribution plot are the bpropissed by

Tsuchidal 970) for the grain size ranlgeguéfoactioo:
and Apotentially susceptible to |iquefactior
influencing the liquefaction susceptibility of a soil stratum, it candendhat theanples

from the Yancey3 and BOR-2 sites generally fall outsidet h e Amost suscep
|l i quefacti onodolgewnredarliles,f abdt within t he b ¢
susceptible.to |iqgqguefactiono
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Figure 5. Grain size distributin curves for thdiquefaction ejectaamples Superimposed on
the grain distribution plot are the bourgt®posed by Tsuchida (1970) for the grain size

ranges for soils thaguafacfimosd andcepoi bhti

liquefactian 0 .

In addition to grain size analysegjnédmic cone penetratiofpCP) tests were performed at

the two liquefaction sites.He DCP used for this study was designed by Professor George
Sowers (Sowers and Hedges, 1966) and is shown in Féegumeaddition to this earthquake,

the Sowers DCP has been used on several other recergaptbgiuake investigations to
evaluate deposits that liquefied (e.g., the 20086.81 Olfus, Iceland earthquake, the 2010,
My7.0 Haiti earthquakethe 2010 Mw7.1 Ddield, New Zealand earthquakée 2010,

Mw8.8 Maule, Chile earthquake, and the 2011,6M Christchurch, New Zealand
earthquake)This system utilizes a 6.8 kg mass-{b=rop weight) on an {od slide drive to
penetrate an oversized “4&pex angle conelhe cone is oversized to reduce rod friction
behind the tip. The DCP tests consists of counting the number of drops of the 6.8 kg mass
that is required to advance the cone ~4.5 cm (1.75 inches), with the number of drops, or blow
count, referred to as tHeCP Nvalue or Ncpr. Npcpris approximately equal to the Standard
Penetration Test (SPT) blow count up to andlue of about 10 (Sowers and Hedges, 1966;
Green et al., 2011a,b). However, beyond amaNie of 10, the relationship becomes non
linear. The orrelation relating SPT and DCP-\lues used in this study is the same one
used by Green et al. (2011a,b), which is a slightly modified version of the correlation
proposed by Sowers and Hedges (1966).



Figure 6. Sowers Dynamic Cone Pentrome{BICP). Used to measure-gitu properties at
the Yancey3 and BOR2 liquefaction sites.

Following the procedure outlined in Olson et al. (2011), the SPT equivalemtiuls
(Nsprequiy Values were normalized for effective overburden stress and hammagy etsérg
the following relationship:

05

2P 0 ER
N1,6OSPTequiv0 NSPTequi\(NDCPT)%Tg 60)/0 (1)

where Npr equikNocer) IS the functional relationship betweersgY and Nocpr mentioned

above (Green et al.,, 2011a,b), iB atmospheric pressure (i.e., 101.3 kPd), is initial

vertical effective stress (in the same units gs &d ER is energy ratio. This relationship

uses the effective stress and hammer energy normalization schemes outlined in Youd et al.
(2001). Although the energy ratio for the system was nasored, the DCP hammer is
similar to the donut hammer used for the SPT. Skempton (1986) and Seed et al. (1984)
suggested that the energy ratio for an SPT donut hammer system ranges from about 30 to
60%. However, because the DCP system does not have pallegthead, etc., we anticipate

that the energy ratio for the DCP is likely to be near the upper end of this range. Therefore,
we assumed an ER = 60% for our calculations.

In addition to the effective stress and hammer energy correctionsgsgheql,values were

also corrected for fines content following the procedure proposed in Youd et al. (2001),
where the fines contents were determined from the grain size distribution curves shown in
Figure 5. Figure7 shows a plot of Ncpr and N socssprequivfOr the two liquefaction sites
identified by the ground reconnaissance team.
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Figure 7. Npcprand N socssprequivfor the two liquefaction sites identified by the ground
reconnaissance tegaiviancey3 and BOR2).

The cyclic stress ratios (CSRs) at the DCP test sites were calculated following the
methodology outlined in Youd et al. (2001), assunthmg peak ground accelerations (PGA)

at both sites were 0.5 g (Chapman, 2012k)e average of the recommended range of
magnitude scaling factors (MSFs) proposed in Youd et al. (2001) was used to compute
CSRuzs at the sites. Using the 1¥ocssprequivdescribed above, the correlation proposed by
Youd et al. (2001) was used to estimate the cyclic resistance ratio fai7.a& Bvent (i.e.,
CRRu7.5). Comparisons of the computed GHR and CRRy7 5 for both sites are shown in
Figure8. As shown in this figure, liquefaction is predicted to have occurred at both sites (i.e.,
CSRw7s > CRRu7s). However, the facter of safety against liquefaction (FS =
CRRw7s/CSRy75) are very close to 1.0 and the thicknesses of the liquefied layers are
predicted to be relatively thiriThese predictions are consistent witle small sand boils
found at the sited-urthermore, thesanalyses show that the stark contrast inghecity of
features produced by thHdineral earthquake compared the widespread liquefaction that
was caused by similar magnitude events in Christchurch, New Zealand in Junis &ist

likely due to the diférences in the liquefaction susceptibility of soils in the two regions,
rather than the difference in tlobaracteristics of the ground shaking (Green and Lasley,
2012).
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Figure 8. Results from simplified liquefaction evaluations of Yan@&yand BOR2
liquefaction sites.
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Finally, from an engineering perspective, the observed liquefaction during the Mineral,
Virginia earthquake is nogignificart in itself. However,it adds to the elatively limited
database of earthquakeduced liquefaction in stable continental regi@msl isvaluable in
validating relationships used to estimate theagnitude of prénstrumental anfr
paleoearthquakes the region Towards this endhe most dial liquefaction featurdrom

the epicentefor this event is BOR site, which is ~6.25 km from the main shock epicenter
This distance is plotted in Figuge along with data from worldwide earthquakes compidgd
Ambraseys (1988). As may be observeadrrihis figure, the epicentral distance fallsse to,
butwithin, the boundary for maximum distance
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Figure 9. Comparison of the most distal liguefaction feature from Nheeral, Virginia
earthquake of 23 August 2011 with worldwide earthquake data collected by Ambraseys
(1988).

Riverbank Slumps

Mark Carter USGS, sarched the South Anna River for slumps in the banks. One small
slump was found very close to the liquefaction features shovagure 2a,which again is
likely locatedapproximatelyoverthe rupture planeThis slump is shown iRigure10. Heavy

rains from Hurricane Irene started on 27 August and made it impossible to definitively
attribute slumpgound subsequently earthqua& shaking.
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Figurel10. Slump in the bank of the S. Anna River near the Yancy (@il938195, -
77.98203.

Subsidence

Mark Carter USGS, found what is believed to be earthquiakieiced subsidence of an
abandoned gold mine. The location of the subsidence is shdvigurell. A photograph of
the subsidence is shownkgurel2.

Figure1l Aerial image showinghe location of where it is believed the earthque&esed
subsidence of the ground surface above an abandoned gold mine.
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(b)

Figurel2 Photograph of the area that subsi@doto by Mark Carter)37.9229-78.0176.

Rockfalls

Mark Carterand Ed Harp, both of tHdSGS, identified fouminorrock falls in the epicentral
region, two along the banks of the South Anna River and two in road cuts. The locations of
these rock falls are shown Figure13, with photographs ofwo of theserock falls shown in
Figurel4.
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Figure13. Locations of rock falls found in the epicentral region along the S. Anna River and
road cuts.

() (b)

Figurel4. Rock falls found in the epicentral regi(source Mark Carter):(a) rockfall along
Shannon Hill Rq37.93174;77.96190) and(b) rockfall alongVigor Rd, near the
intersection withyanceyville Rd(37.93802;77.98245)

Ed Harp and Randy Jibspbothfrom the USGSdetermined thareal extents of rockfall®
bejust noth of Harper's Ferry to the nortthe Virginia- West Virginiaborderto the west,
and about 10 miles north of the North Carolina border along the Blue Ridge Parkway to the
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southwestThey were not db to determine the eastern limiThe determinedlimits are
shown inFigurel5.

Western Limit

o Henrico

Southwestern Limit

Figure15. Aerial image showing tharealextent of rock fallgo the North, West, and South
of the epicenter; the eastern extent could not be determined.

Lifelines
Bridges

Numerous bridges in the epicentral region were girggmd inspectionswith two bridges
inspected in detailThelocations ofthe two bridgesare shown irFigure 16. The firstis the
Yancyville Rd bridge whichin ~40 m long andtrosses the S. Anna River the NWSE
direction. We inspected this bridge in detail because it is negywhere the liquefaction
featureswvere foundn the riverbed andlong theroadsidePhotos of the bridge are shown in
Figure I7. The bridge has a two lane concrete deck s$itaton two bentsin addition to the
NW and SE abutment3he only effects of the earthquake that couldduemd was~2.5 cm
gap between the soil and the SE pleg@re Irb). The gap is shown iRigure I7c and was
on the river side of the piers. It iseertain whether the gap was due to movement of the pier
due to earthquake shakiifige., movement of the bridge in tiNW direction relative to the
ground)or due toslumping of the river banio other evidence of slumping of the river bank
near the bridg was observed
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Figure 16. Aerial image showing the locations of the two

detail.
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Figure 7. Yaneyville Rd Bridge(37.93898-77.98269) (a) photo of the bridge looking to
the NW; (b) photo of the SE bridge beatid(c) photo of 2.5 cmgap betweewne ofthe SE
piers and soil (riverside only).
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The second bridge that was inspected in detail was the SR 604, niedecation ofwhich

is shown inFigure 16. This bridge is ~36n long and crosses the S. Anna River in the NE
SW direction. Weanspected this bridge in detdiecause some of the local resitdaeported
thatfbump® i n t he r o abdtmentappfoacbhes warskned als @ result of the main
shock and aftershocks. Photos of the bridge are showigume B. As with the Yaneyville

Rd bridge, this bridge has a two lane concrete deck that sits on twpipiadslition to the

NE and SW abutmes Drawings obtained by Mark Carter, USGS, from the VDOT show
that the abutments are founded @7 m @ ft) of brown sandy silt with an SPT-ialues of

5-7 blws/ft. Team membermspected the bridge on 24 August, the day after the main shock,
but didnot notice any obvious slumping of the abutments or evidence of seismic compression
in the approached-{gure Ba). However, after hearing from additional local residents that
the bumps in the abutment approaches had gotten worse as a result of theoclaiznsh
aftershockthe bridge wasevisited on 2 Septembeasndit was found that the approaches
alreadyhadbeen levelled and resurfaceeigure Bb). Although heavy rainkadfallenas a
result of hurricane Irene, there was still evidence o2& €emgap between SW pier and the
soil on the riverside, shown Iigure Bf. As with the Yanceyville Rd bridge, it is uncertain
whether the gap was due to movement of the pier due to earthquake shaking (i.e., movement
of the bridge in the NE direction relative the ground) or due to slumping of the river bank.
Also, there was 2.5 cmgap between the bridge deck and the SW abutment, shdwgure

18e. It is likely that this existed prior to the earthquake to allow thermal expansion of the
bridge deck.
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