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3. EPICENTRAL REGION  

This chapter summarizes the observations made by GEER Team members on the 

geotechnical/geological aspects of the Mw5.8 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 advance the geo-engineering professionôs understanding of the 

geotechnical/geological aspects of earthquakes in general, and of intra-plate earthquakes 

more specifically. The team focused on documenting tectonically/seismically-induced ground 

deformations, evidence 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 geotechnical/geological effects of 

the earthquake. To maximize the efficiency of the teamôs efforts, team members met several 

times with the personnel staffing the Emergency Operations Center (EOC) in Louisa to 

obtain damage reports which were used to coordinate the teamôs field surveys.  

The Teamôs observations are organized in the following categories: Ground Failures 

(liquefaction, river bank slumps, subsidence, and rockfalls); Lifelines (bridges, power, water, 

and railroad); Dams, Landfill, Schools, and Foundations/Buildings.   

 

Ground Failures 

Liquefaction 

The soils in Louisa County are largely residual clay, so it was not expected that liquefaction 

would be pervasive during this event. However, the Team did search in low lying areas where 

the ground water table was expected to be high and where there was a possibility of the 

presence of liquefiable deposits (e.g., floodplains). In total, four small liquefaction sand boils 

were found at the locations marked in Figure 1, with photos of the features shown in Figure 2 

(Note that the two features in the S. Anna River bed were found by Jeff Munsey, TVA, and 

the nearby feature on the roadside was found by Ed Harp, USGS). Also shown in Figure 1 are 

the epicentral locations of the main shock and aftershocks that were greater than Mw3.0 that 

occurred within two days of the main shock. Assuming that these epicenters define the 

general location/orientation of the rupture plane of the main shock, it can be inferred from 

Figure 1 that the liquefaction features lie approximately above the rupture plane. It is possible 

that liquefaction occurred in other areas, but the undergrowth in the region is so thick and 
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sand deposits so sparse, no other features were found despite an extensive search along 

streams and in floodplains in the epicentral region. Also, there were several heavy rains in the 

days and weeks after the main shock that resulted in high river levels, which likely washed 

away any features in the river and creek beds.  

The liquefied soil was coarse sand, with the feature in the drainage channel containing some 

plasticity. No feeder dikes could be found for the features in 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 quickly filled with water. The features on the roadside (Figures 2c,d) and 

the feature in the drainage channel in the woods (Figures 2e,f) both appeared to have vented 

through existing animal holes or burrows.  

 

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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(a) (source: Mark Carter, USGS) 

 

(b) 
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(c) 

 

(d) 
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(e) 

 

(f) 

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, TVA) (37.93839, 

77.98269); (b) cross-sectional 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 riverbed (feature found by Ed 

Harp, USGS) (37.93807, -77.98238); (d) horizontal cut through the roadside feature showing 

a plan view of the feeder dike; (e) sand boil found in a drainage channel in the woods of Bend 
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of River Rd (37.95668, -78.00502); (f) horizontal and vertical 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 shown in Figure 3, the flight path 

originated in Chesterfield, VA (just south of Richmond) and included the James and Rivanna 

Rivers, epicentral region, and the western edge of Lake Anna. No evidence of surface 

deformation in the epicentral and surrounding region was noted.  Numerous point bars (e.g., 

Figure 4), river and lake banks, open crop fields, were observed with no signs of liquefaction, 

lateral spread or surface offset. The vegetation over smaller creeks prevented any 

observations. 

 

Figure 3. Low altitude flight path of geologists F. Syms and R. Cumbest conducted on the 

morning of 25 August 2012. (courtesy of F. Syms) 
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Figure 4. Aerial photo of point bar along Rivanna River near Palmrya, VA, approximately 27 

km from the epicenter. No evidence of liquefaction or lateral spreading was observed. 

(courtesy of F. Syms)  

Samples of liquefaction ejecta were collected from both liquefaction sites for grain size 

analyses. Figure 5 shows the grain size distribution curves for the samples. The ejecta from 

the features at the Yanceyville mill site (Yancey-3) classified as SW-SM: Well-graded Sand 

with Silt and Gravel per the ASTM-2487 soil classification system (ASTM 2011). Because 

the ground surface layer at this site was very gravelly and the water-table was 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 

features could not be found (Figure 2a,b). The ejecta sample from the Bend of the River site 

(BOR-2) was much finer than that from the Yancey-3 site and classified as ML: Silt per the 

ASTM-2487 soil classification system (ASTM 2011). The feature at the Bend of River site 

(Figures 2e,f) appeared to have vented through 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 bounds proposed by 

Tsuchida (1970) for the grain size ranges for soils that are ñmost susceptible to liquefactionò 

and ñpotentially susceptible to liquefactionò. While grain size distribution is only one aspect 

influencing the liquefaction susceptibility of a soil stratum, it can be seen that the samples 

from the Yancey-3 and BOR-2 sites generally fall outside the ñmost susceptible to 

liquefactionò boundaries, but do generally fall within the boundaries for ñpotentially 

susceptible to liquefactionò.  
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Figure 5. Grain size distribution curves for the liquefaction ejecta samples. Superimposed on 

the grain distribution plot are the bounds proposed by Tsuchida (1970) for the grain size 

ranges for soils that are ñmost susceptible to liquefactionò and ñpotentially susceptible to 

liquefactionò.  

 

In addition to grain size analyses, dynamic cone penetration (DCP) tests were performed at 

the two liquefaction sites. The DCP used for this study was designed by Professor George 

Sowers (Sowers and Hedges, 1966) and is shown in Figure 6. In addition to this earthquake, 

the Sowers DCP has been used on several other recent post-earthquake investigations to 

evaluate deposits that liquefied (e.g., the 2008, Mw6.3 Olfus, Iceland earthquake, the 2010, 

Mw7.0 Haiti earthquake, the 2010 Mw7.1 Darfield, New Zealand earthquake, the 2010, 

Mw8.8 Maule, Chile earthquake, and the 2011, Mw6.2 Christchurch, New Zealand 

earthquake). This system utilizes a 6.8 kg mass (15-lb drop weight) on an E-rod slide drive to 

penetrate an oversized 45° apex angle cone. The 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 the DCP N-value or NDCPT. NDCPT is approximately equal to the Standard 

Penetration Test (SPT) blow count up to an N-value of about 10 (Sowers and Hedges, 1966; 

Green et al., 2011a,b). However, beyond an N-value of 10, the relationship becomes non-

linear. The correlation relating SPT and DCP N-values 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).  
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Figure 6. Sowers Dynamic Cone Pentrometer (DCP). Used to measure in-situ properties at 

the Yancey-3 and BOR-2 liquefaction sites. 

Following the procedure outlined in Olson et al. (2011), the SPT equivalent N-values 

(NSPTequiv) values were normalized for effective overburden stress and hammer energy using 

the following relationship:   
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where NSPT equiv(NDCPT) is the functional relationship between NSPT and NDCPT mentioned 

above (Green et al., 2011a,b), Pa is atmospheric pressure (i.e., 101.3 kPa), s'vo is initial 

vertical effective stress (in the same units as Pa), and 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 not measured, 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 pulleys, a cathead, 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 corrections, the NSPT equiv 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. Figure 7 shows a plot of NDCPT and N1,60cs-SPTequiv for the two liquefaction sites 

identified by the ground reconnaissance team. 
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Figure 7. NDCPT and N1,60cs-SPTequiv for the two liquefaction sites identified by the ground 

reconnaissance team (Yancey-3 and BOR-2). 

 

The cyclic stress ratios (CSRs) at the DCP test sites were calculated following the 

methodology outlined in Youd et al. (2001), assuming the peak ground accelerations (PGA) 

at both sites were 0.5 g (Chapman, 2012b). The average of the recommended range of 

magnitude scaling factors (MSFs) proposed in Youd et al. (2001) was used to compute 

CSRM7.5 at the sites. Using the N1,60cs-SPTequiv described above, the correlation proposed by 

Youd et al. (2001) was used to estimate the cyclic resistance ratio for a Mw7.5 event (i.e., 

CRRM7.5). Comparisons of the computed CSRM7.5 and CRRM7.5 for both sites are shown in 

Figure 8. As shown in this figure, liquefaction is predicted to have occurred at both sites (i.e., 

CSRM7.5 > CRRM7.5). However, the factors of safety against liquefaction (FS = 

CRRM7.5/CSRM7.5) are very close to 1.0 and the thicknesses of the liquefied layers are 

predicted to be relatively thin. These predictions are consistent with the small sand boils 

found at the sites. Furthermore, these analyses show that the stark contrast in the paucity of 

features produced by the Mineral earthquake compared to the widespread liquefaction that 

was caused by similar magnitude events in Christchurch, New Zealand in June 2011 is most 

likely due to the differences in the liquefaction susceptibility of soils in the two regions, 

rather than the difference in the characteristics of the ground shaking (Green and Lasley, 

2012).    
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Figure 8. Results from simplified liquefaction evaluations of Yancey-3 and BOR-2 

liquefaction sites.  
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Finally, from an engineering perspective, the observed liquefaction during the Mineral, 

Virginia earthquake is not significant in itself. However, it adds to the relatively limited 

database of earthquake-induced liquefaction in stable continental regions and is valuable in 

validating relationships used to estimate the magnitude of pre-instrumental and/or 

paleoearthquakes in the region. Towards this end, the most distal liquefaction feature from 

the epicenter for this event is BOR-2 site, which is ~6.25 km from the main shock epicenter. 

This distance is plotted in Figure 9, along with data from worldwide earthquakes compiled by 

Ambraseys (1988). As may be observed from this figure, the epicentral distance falls close to, 

but within, the boundary for maximum distance. 

 

 

 
 

 

Figure 9. Comparison of the most distal liquefaction feature from the Mineral, Virginia 

earthquake of 23 August 2011 with worldwide earthquake data collected by Ambraseys 

(1988). 

 

Riverbank Slumps 

Mark Carter, USGS, searched the South Anna River for slumps in the banks. One small 

slump was found very close to the liquefaction features shown in Figure 2a, which again is 

likely located approximately over the rupture plane. This slump is shown in Figure 10. Heavy 

rains from Hurricane Irene started on 27 August and made it impossible to definitively 

attribute slumps found subsequently to earthquake shaking.   
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Figure 10. Slump in the bank of the S. Anna River near the Yancy Mill (37.938495, -

77.983203). 

 

Subsidence 

Mark Carter, USGS, found what is believed to be earthquake-induced subsidence of an 

abandoned gold mine. The location of the subsidence is shown in Figure 11. A photograph of 

the subsidence is shown in Figure 12. 

 

Figure 11. Aerial image showing the location of where it is believed the earthquake-caused 

subsidence of the ground surface above an abandoned gold mine. 
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(a) (b) 

 

Figure 12. Photograph of the area that subsided (Photo by Mark Carter) (37.9229, -78.0176). 

 

Rockfalls 

Mark Carter and Ed Harp, both of the USGS, identified four minor rock 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 in Figure 13, with photographs of two of these rock falls shown in 

Figure 14.  
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Figure 13. Locations of rock falls found in the epicentral region along the S. Anna River and 

road cuts.  

           

(a)                                                           (b) 

Figure 14. Rock falls found in the epicentral region (source: Mark Carter): (a) rockfall along 

Shannon Hill Rd (37.93174, -77.96190); and (b) rockfall along Vigor Rd, near the 

intersection with Yanceyville Rd (37.93802, -77.98245).  

Ed Harp and Randy Jibson, both from the USGS, determined the areal extents of rockfalls to 

be just north of Harper's Ferry to the north, the Virginia - West Virginia border to the west, 

and about 10 miles north of the North Carolina border along the Blue Ridge Parkway to the 



16 

 

southwest. They were not able to determine the eastern limit. The determined limits are 

shown in Figure 15.  

 Figure 15. Aerial image showing the areal extent of rock falls to the North, West, and South 

of the epicenter; the eastern extent could not be determined. 

 

Lifelines 

Bridges 

Numerous bridges in the epicentral region were given rapid inspections, with two bridges 

inspected in detail. The locations of the two bridges are shown in Figure 16. The first is the 

Yancyville Rd bridge, which in ~40 m long and crosses the S. Anna River in the NW-SE 

direction. We inspected this bridge in detail because it is very near where the liquefaction 

features were found in the riverbed and along the roadside. Photos of the bridge are shown in 

Figure 17. The bridge has a two lane concrete deck that sits on two bents, in addition to the 

NW and SE abutments. The only effects of the earthquake that could be found was ~2.5 cm 

gap between the soil and the SE pier (Figure 17b). The gap is shown in Figure 17c and was 

on the river side of the piers. 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 NW direction relative to the 

ground) or due to slumping of the river bank. No other evidence of slumping of the river bank 

near the bridge was observed   
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Figure 16. Aerial image showing the locations of the two bridges that were inspected in 

detail. 

 

 

(a) 
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(b) 

 

(c) 

Figure 17. Yanceyville Rd Bridge (37.93898, -77.98269): (a) photo of the bridge looking to 

the NW; (b) photo of the SE bridge bent; and (c) photo of ~2.5 cm gap between one of the SE 

piers and soil (riverside only). 
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The second bridge that was inspected in detail was the SR 604 bridge, the location of which 

is shown in Figure 16. This bridge is ~36 m long and crosses the S. Anna River in the NE-

SW direction. We inspected this bridge in detail because some of the local residents reported 

that ñbumpsò in the road surface of the abutment approaches worsened as a result of the main 

shock and aftershocks. Photos of the bridge are shown in Figure 18. As with the Yanceyville 

Rd bridge, this bridge has a two lane concrete deck that sits on two piers, in addition to the 

NE and SW abutments. Drawings obtained by Mark Carter, USGS, from the VDOT show 

that the abutments are founded on ~2.75 m (9 ft) of brown sandy silt with an SPT N-values of 

5-7 blws/ft. Team members inspected the bridge on 24 August, the day after the main shock, 

but did not notice any obvious slumping of the abutments or evidence of seismic compression 

in the approaches (Figure 18a). However, after hearing from additional local residents that 

the bumps in the abutment approaches had gotten worse as a result of the main shock and 

aftershock, the bridge was revisited on 2 September, and it was found that the approaches 

already had been levelled and resurfaced (Figure 18b). Although heavy rains had fallen as a 

result of hurricane Irene, there was still evidence of a ~2.5 cm gap between SW pier and the 

soil on the riverside, shown in Figure 18f. 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 to the ground) or due to slumping of the river bank. 

Also, there was ~2.5 cm gap between the bridge deck and the SW abutment, shown in Figure 

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

bridge deck.  

 

 

(a) 


