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Date: March 16, 2016 Project No.: 1520347 

To: Mike Glagola 

From: Ron DiFrancesco, P.E., Greg Hebeler, Alan Hull 

cc: Piet DePree 

RE: MEMO OF RESULTS IN RESPONSE TO GEOTECHNICAL TECHNICAL REVIEW 
COMMENTS FROMTHE VIRGINIA DEPARTMENT OF ENVIRONMENTAL QUALITY 
(VADEQ), JANUARY 22, 2016, ON THE BREMO BLUFF FACILITY (SWP 618) SURFACE 
IMPOUNDMENTS SUBMITTAL – COMMENTS 26 AND 29 

1.0 INTRODUCTION 

This memo provides Golder’s response, commentary, and results to 

Virginia Department of Environmental Quality (DEQ) comments 26 and 

29 from the January 22, 2016, technical review letter regarding the 

December 2015 application by Dominion to close the three ash ponds 

at Dominion’s Bremo Power Station in Bremo Bluff, VA.  The ash ponds 

are to be closed in accordance with the applicable provisions of the 

Virginia Solid Waste Management Regulations (VSWMR) and the 

EPA’s 2015 Final Rule on the Disposal of Coal Combustion Residuals 

(CCR; EPA Rule).  The Facility has been assigned Solid Waste Permit 

Number 618 by the DEQ.   

The three ash ponds at the Bremo Station are referred to as the North, East, and West Ash Ponds (NAP, 

EAP, and WAP, respectively).  The original application submittal included closure plans that were designed 

using the 2008 Seismic Hazard Maps from the United States Geologic Survey (USGS).  In response, DEQ 

requested updates to the seismic analyses using the 2014 Seismic Hazard Maps from the USGS.   

This memo presents a summary of our understanding of the change in seismic hazard at the Dominion 

Bremo Power Station estimated from the 2008 National Seismic Hazard Map (NSHM, Petersen et al., 2008) 

to the 2014 NSHM (Petersen et al., 2014).  Both NSHMs were developed by the USGS.  After the seismic 

hazard is summarized, updated seismic design analysis results are presented for the pertinent portions of 

the closure design using the 2014 hazard.  Specifically, a Uniform Hazard Spectrum (UHS) and hazard 

deaggregation from the 2014 NSHM model are provided, followed by updated liquefaction assessment, 

seismic slope stability, and veneer stability results. 

2.0 COMPARISON BETWEEN THE 2008 AND 2014 NSHM 

At the Dominion Bremo Power Station site, there is about a 33% increase in the 2,475-year return period 

horizontal peak ground acceleration (PGA) from 0.15 g to 0.20 g from the 2008 to the 2014 NSHM.  In both 

the 2008 and 2014 NSHMs, the 2,475-year return period PGA was developed for a site soil condition 
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equivalent to the American Society of Civil Engineers (ASCE) 7-10 standard soil Site Class B/C boundary.  

This soil Site Class boundary corresponds to an average shear wave velocity of 2,500 ft/s in the top 100 ft 

(i.e., VS30).  

Petersen et al. (2014) noted that hazards in parts of the eastern USA increased significantly between the 

2008 and 2014 NSHMs.  The 33% increase at the Bremo project site, as well as increases elsewhere, was 

attributed by Petersen et al. (2014) to probably result from the historical earthquake catalog and seismicity 

rate changes between the 2008 and 2014 seismic source models.  The key differences are discussed in 

further detail below. 

2.1 Historical Earthquake Catalog 

The 2014 NSHM model uses a newly compiled earthquake catalog complete through to the end of 2012. 

The assessment of the earthquake catalog completeness was also changed between 2008 and 2014.  For 

the Bremo project site, the 2014 earthquake catalog included the 2011 M1 5.8 Mineral, Virginia 

earthquake—the largest earthquake in the eastern U.S. since 1897.  The Mineral, Virginia earthquake 

epicenter is located about 25 miles (40 km) northeast of the Bremo project site.  The PGA recorded on local 

accelerometers is about 0.260 g, 0.121 g, and 0.135 g at stations about 11, 34, and 36 miles (18, 54 and 

58 km) from the Bremo project site, respectively (Jibson and Harp, 2012).  Inclusion of the Mineral 

earthquake in the earthquake catalog for the 2014 NSHM increases the earthquake activity rate estimate 

near the project site as compared to the 2008 NSHM, which was developed before the Mineral earthquake. 

2.2 Earthquake Activity Smoothing Method 

The 2014 NSHM model adopted new adaptive smoothing techniques to calculate earthquake activity rate 

distributions in the eastern USA.  These adaptive smoothing techniques result in an increase in the 

earthquake activity rate surrounding the larger, historical earthquake epicenters such as the 2011 Mineral 

earthquake.  Typical fixed smoothing methods, like those used in the 2008 NSHM, tend to decrease the 

effect to earthquake activity rates from larger historical earthquakes.  The adaptively smoothed earthquake 

catalog was given a 40% weight in the 2014 NHSM (60% weight to fixed smoothing), whereas the 2008 

NSHM model used only a fixed smoothing technique.  The use of adaptive smoothing in the 2014 NSHM 

likely results in an elevated earthquake activity rate near the project site and, therefore, a higher seismic 

hazard estimate at the Bremo project site. 

  

                                                      
1 Moment magnitude. 
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2.3 Summary 

Because of the significant uncertainty in seismic hazard assessment, especially for sites with a limited 

written earthquake history and number of earthquakes such as the eastern U.S., it is common that 

earthquake ground motion estimates for the same site will vary from study to study.  While large in 

percentage terms, the increase in site PGA from 0.15 g to 0.20 g from 2008 to 2014 does not represent a 

large increase in the overall level of expected strong earthquake shaking.  We conclude, therefore, that the 

2014 NSHM of 0.20 g is a reasonable estimate for the 2,475-year return period PGA at the Bremo project 

site. 

3.0 DEVELOPMENT OF 2014 NSHM UNIFORM HAZARD SPECTRUM  

A 2,475-year return period PGA value, UHS, and deaggregation results are all required to support 

engineering analysis and design at the Bremo project site.  The USGS, however, has only published the 

seismic hazard maps for the 0.2-second and 1-second spectral accelerations for the 2014 NSHM.  Other 

spectral periods and the deaggregation results are unavailable at present.  To obtain the necessary seismic 

parameters unavailable from the USGS, we ran the 2014 NSHM seismic source model using the software 

EZ-FRISK version 8.00.  Details of the 2014 NSHM seismic source model were summarized in Petersen et 

al. (2014) and will not be repeated further here.  However, the activity rates, b-values, smoothing methods, 

and other parameters developed for the 2014 NSHM were used without alteration in the EZ-FRISK v. 8.00 

model used to develop earthquake ground motions in this study.  Selected spectral accelerations for the 

2,475-year return period UHS are listed in Table 1.  The differences between the 0.2-second and 1-second 

spectral accelerations calculated in this study and shown on the 2014 NSHMs are listed in Table 2.  The 

calculated differences are less than 0.005 g, which are insignificant for design purposes. 

Table 1 also lists the spectral accelerations for the 2,475-year return period from the 2008 NSHM for 

comparison.  The USGS 2014 NSHM spectral accelerations are generally higher at shorter spectral periods 

(<1 second) and lower at longer spectral periods (≥1 second). 

The UHS was developed for the soil Site Class B/C boundary condition (VS30 = 2,500 ft/s) because of the 

limitation of the ground motion prediction equations (GMPEs) used.  Additional amplification factors are 

required to use the UHS spectral accelerations for other soil site conditions. 

Table 1:  5%-Damped 2,475-Year Return Period Response Spectral Accelerations for ASCE 7-10 
Soil Site Class B/C Boundary Condition (VS30 = 2,500 ft/s) 

Period  
(sec) 

Spectral Acceleration (g) 
USGS2014 USGS20081 

PGA 0.204 0.149 
0.02 0.310 -- 
0.03 0.366 -- 
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Period  
(sec) 

Spectral Acceleration (g) 
USGS2014 USGS20081 

0.05 0.357 -- 
0.075 0.381 -- 
0.1 0.401 0.336 
0.15 0.345 -- 
0.2 0.311 0.258 
0.25 0.262 -- 
0.3 0.233 0.183 
0.4 0.153 -- 
0.5 0.115 0.112 
0.75 0.071 -- 
1 0.054 0.062 
1.5 0.036 -- 
2 0.027 0.033 
2.5 0.021 -- 
3 0.017 -- 
4 0.022 -- 
5 0.018 -- 
7.5 0.008 -- 
10 0.005 -- 

Note:  
1.  The USGS2008 spectral accelerations were obtained using an online interactive deaggregation tool 
(http://geohazards.usgs.gov/deaggint/2008/) for the project site (78.277˚W and 37.709˚N).  “--“ indicates the 
corresponding spectral acceleration is not available.  

Table 2:  Difference between the Spectral Accelerations from the USGS 2014 and this Study 

Period 
(sec) 

Spectral Acceleration (g) 
USGS20141 This Study Difference 

PGA -- 0.204 -- 
0.2 0.313 0.311 -0.002 
1.0 0.0539 0.0537 -0.0002 
 
 

   

Note:  
1.  USGS provided the 2014 NSHM at 0.05 by 0.05 degrees of latitude and longitude.  The data were downloaded 
from http://earthquake.usgs.gov/hazards/products/conterminous/2014/data/.  The USGS 2014 spectral accelerations 
for the project site (78.277˚W and 37.709˚N) were interpolated from values at these two sites:  78.300˚W, 37.700˚N 
and 78.250˚W, 37.700˚N.  
 
Deaggregation was also carried out for the 2,475-year return period PGA.  Table 3 compares the mean 

magnitude, distance, and epsilon for PGA at the Bremo project site with those reported by the USGS from 

the 2008 and 2014 NSHMs.  The mean distance is smaller than expected because the USGS 2014 NSHM 

used adaptive smoothing techniques while generating gridded area sources.  The mean magnitude is very 

similar between this study and that from the 2008 USGS NSHM. 
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Table 3:  Deaggregation Results for the 2,475-year Return Period PGA 

Source 
PGA 
(g) 

Mean 
Magnitude  

(M) 

Mean 
Distance 

(miles/km) 

Mean 
Epsilon 

This Study 0.204 5.45 13.3 / 21.3 -0.1 
USGS 2008 0.149 5.64 19.1 / 30.6 -0.26 

 

4.0 SUMMARY OF 2014 SEISMIC HAZARD 

The estimate of the 2,475-year return period PGA at the Bremo project site has increased from 0.15 g to 

0.20 g between the 2008 and 2014 NSHMs developed by the USGS.  This 33% increase is probably caused 

by: 

 Inclusion of the M 5.8 Mineral, Virginia earthquake (epicenter 25 miles northeast) in the 
earthquake catalog used for the 2014 NSHM; and 

 Use of adaptive smoothing techniques to estimate earthquake activity rates in the eastern 
USA for the 2014 NSHM. 

Given the significant uncertainties in seismic hazard assessment inputs, especially at sites with limited 

historical records such as in the eastern U.S., earthquake ground motion estimates for the same site can 

vary from study to study.  The increase of PGA from 0.15 g to 0.20 g is expected and reasonable, 

particularly given the close proximity of the Bremo project site to the epicenter of the M 5.8 Mineral, Virginia 

earthquake. 

5.0 UPDATED LIQUEFACTION ASSESSMENT 

In Golder’s previous liquefaction assessment based on a seismic event having a 2% probability of 

occurrence in 50 years according to the USGS 2008 seismic hazard, Golder concluded that only the ash in 

the NAP and in the eastern part of the EAP is susceptible to liquefaction, and containment dikes and 

underlying soils surrounding the ash ponds are not susceptible to liquefaction.  Closure plans accounted 

for liquefaction risks in the NAP through ash improvement methods such as over-excavation and 

compaction.  Compaction of ash was identified as an appropriate liquefaction potential remediation method 

because investigations [e.g., Cone Penetrometer Test (CPTs)] of compacted ash at the site, such as the 

compacted ash found in the EAP expansion dikes, showed that compacted ash is not calculated to be 

susceptible to liquefaction.  Specifically, these expansion dikes around the western part of the EAP were 

found to have an average normalized CPT tip resistance in excess of 300 after normalization for overburden 

and fines content (i.e., normalized clean-sand tip resistance, qc1N,cs).  From the NCEER/NSF method for 

liquefaction evaluation (Youd et al., 2001), materials having a normalized CPT tip resistance in excess of 

160 are not considered susceptible to liquefaction.  Figure 1 from Youd et al. (reproduced below) illustrates 

the relationship between qc1N,cs and liquefaction resistance.  This figure shows that all materials with a 
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qc1N,cs greater than 160 are in the non-liquefiable zone, with the average normalized tip resistance of 

compacted ash of 300 being well above this threshold.    

 

Figure 1:  Relationship between corrected tip resistance and liquefaction susceptibility  
(Youd et al., 2001) 

In the EAP, material susceptible to liquefaction was planned to be removed in the closure configuration.  

Specifically, the closure configuration indicated clean closure of the eastern portion of the EAP where the 

ash susceptible to liquefaction is located.  For the WAP ash, liquefaction analyses were not relevant as 

closure plans specified full removal of ash as part of the planned clean closure of the WAP.  Dikes and 

underlying subsurface materials remaining near the WAP were found to not be susceptible to liquefaction. 

Because closure plans account for liquefaction in the NAP, the increase in the seismic design load with a 

change to the 2014 seismic hazard does not change the results of liquefaction susceptibility for the NAP 

ash previously presented.  Golder reassessed the liquefaction potential of the other materials at the site, 

including the soil in dikes surrounding all three ponds and the ash in the EAP, using the 2014 seismic 

hazard.  As in previous calculations, the NCEER/NSF method as described in Youd et al. (2001) was used 

to assess liquefaction potential.  This method requires a deterministic earthquake scenario as input.  Golder 

evaluated two earthquake scenarios:  (1) a seismic event matching the mean magnitude and mean distance 

of the probabilistic seismic event having a 2% probability of occurrence in 50 years (2475-year return 
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period) and (2) a seismic event matching the mean magnitude and PGA of the probabilistic seismic event 

having a 2% probability of occurrence in 50 years. 

For both seismic event scenarios, material in the containment dikes of all three ponds and the reassessed 

ash in the EAP were calculated to continue to not be susceptible to liquefaction under the 2014 seismic 

loading.  Specifically, all calculated factors of safety (FS) against liquefaction in the dikes were in excess of 

1.2 as per Section §257.73(e)(1)(iv) of the CCR Rule.  No significant zones (>2 ft thick) of ash in the EAP 

were calculated to have a FS against liquefaction less than 1.2.  All calculated liquefaction susceptibility FS 

in the EAP ash were calculated to be greater than 1.1.  Table 4 summarizes the liquefaction analysis results.  

Based on the updated analyses using the 2014 seismic hazard level, no change has occurred in the closure 

design assumptions; therefore, no change is warranted for the design regarding liquefaction potential.  The 

updated liquefaction evaluation results are presented in Attachment 1. 

Table 4:  Summary of Liquefaction Susceptibility Results Updated with 2014 Seismic Hazard 

Material 
Susceptible to 
Liquefaction? 

West Ash Pond 

Dike Fill  No 

Dike Foundation  No 

Ash  N/A 

East Ash Pond 

Dike Fill  No 

Dike Foundation  No 

Sluiced Ash  No 

Compacted CCR   No 

North Ash Pond 

Dike Fill  No 

Dike Foundation  No 

Sluiced Ash  Yes 

Compacted CCR   No 

6.0 UPDATED SEISMIC SLOPE STABILITY 

Golder previously assessed the stability of slopes under seismic conditions using the USGS 2008 seismic 

hazard.  As recommended in the federal EPA’s RCRA Subtitle D Seismic Design Guidance (Richardson 

and Kavazanjian, 1995), Golder initially performed pseudo-static slope stability analyses using the 

screening method presented by Hynes-Griffin and Franklin (1984).  This method provides a seismic 

coefficient based on one-half the PGA.  A slope stability analysis is then performed with the calculated 

seismic coefficient.  If the resultant factor of safety is greater than 1.0, the soil structure is deemed stable 
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during the design seismic event, consistent with the requirements of the CCR Rule 

[Section §257.73(e)(1)(iii)].  This method includes conservatism in its assumptions as it is a screening tool.  

For example, Hynes-Griffin and Franklin (1984) concluded that slopes and embankments with a yield 

acceleration equal to one-half the PGA would experience permanent seismic deformations of less than 

1 meter (3 ft) in any earthquake, even for embankments where amplification of acceleration by a factor of 

three occurs.  Therefore, as described in Section 6.2 Step 3 of EPA’s design guidance, seismic stability 

analyses are often stopped at this screening level if a FS in excess of 1.0 is calculated.  If a FS less than 1.0 

is calculated, additional analyses are typically performed to estimate the anticipated seismically induced 

displacement. 

All FS calculated using the screening method were greater than 1.0 for the USGS 2008 seismic hazard.  

Therefore, no further seismic slope analyses were conducted in the original submittal.  Since receiving 

feedback from DEQ, Golder reassessed the seismic stability of slopes using the screening method and the 

USGS 2014 seismic hazard for a seismic event with a 2% probability of occurrence in 50 years (2475-year 

return period).  Analysis results are shown in detail in Attachment 2.  All FS calculated remain above 1.0 

(Table 5); thus, the slope is deemed stable in a seismic event. 

 

Table 5:  Summary of Hynes-Griffin & Franklin Seismic Slope Stability Screening Method Results 

 
Screening Method 

Hynes-Griffin & 
Franklin 1984 Method 

 Seismic Hazard 2008 2014 

Figure Section West Ash Pond 

WP-3 WP-C, West, Right 1.8* 1.75 

WP-4 WP-C, East, Left 1.8 1.69 

WP-5 WP-C, East, Right 1.4 1.31 

WP-6 WP-E, South, Left 1.4 1.31 

WP-7 WP-E, South, Right 1.8 1.53 

WP-8 WP-E, North, Left 1.9 1.51 

WP-9 WP-E, North, Right 1.5 1.41 

Figure Section East Ash Pond 

EP-4 EP-B, South 1.2 1.15 

EP-5 EP-B, North 1.3 1.21 

EP-6 EP-D, South 1.3 1.23 

EP-7 EP-D, North 1.7 1.56 

EP-8 EP-G, West 1.5 1.28 

EP-9 EP-G, East 1.4 1.26 
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Screening Method 

Hynes-Griffin & 
Franklin 1984 Method 

 Seismic Hazard 2008 2014 

EP-10 EP-H, South 1.7 1.60 

EP-11 EP-I, South, Left 1.6 1.48 

EP-12 EP-I, South, Right 1.6 1.52 

Figure Section North Ash Pond 

NP-2 NP-B, South, Left 1.3 1.17 

NP-3 NP-B, South, Right 1.7 1.61 

NP-4 NP-H, East 1.7 1.51 
*Previous analyses did not include prepared subgrade required for splitter dike foundation. 

In addition, Golder performed the next step for seismic stability analysis (displacement based seismic 

stability analysis) for critical slopes to more realistically assess the slopes as described in the EPA’s design 

guidance (Richardson and Kavazanjian, 1995).  Golder used the Bray and Travasarou method (2007, 2009) 

for the displacement based analyses.  This method is an update to the Newmark method described in the 

EPA design guidance document. 

6.1 Bray and Travasarou Displacement Based Seismic Stability Results 

The Bray and Travasarou method is a coupled probabilistic displacement based seismic slope stability 

method that captures material strength, permanent displacement, and dynamic stiffness effects.  In their 

2007 article, Bray and Travasarou present the method in terms of calculating the displacement of a slope 

given the spectral acceleration at the base of the slip surface, the magnitude of the earthquake event, the 

initial fundamental period of the sliding mass, and the yield coefficient of the slope, as shown in the following 

equation: 

lnሺܦሻ ൌ 	െ1.10 െ 2.83 ln൫݇௬൯ െ 0.333൫ln൫݇௬൯൯
ଶ
൅ 0.566 ln൫݇௬൯ ln൫ܵ௔ሺ1.5 ௦ܶሻ൯ ൅ 3.04 lnሺܵ௔ሺ1.5 ௦ܶሻሻ

െ 0.244ሺlnሺ ஺ܵሺ1.5 ௦ܶሻሻሻଶ ൅ 1.50 ௦ܶ ൅ 0.278ሺܯ െ 7ሻ േ ߳ 

Where ܦ ൌ  ሺܿ݉ሻ	ݐ݈݊݁݉݁ܿܽ݌ݏ݅ܦ

 ݇௬ ൌ  ሺ݃ሻݐ݂݂݊݁݅ܿ݅݁݋ܿ	݈݀݁݅ݕ

ܵ௔ሺ1.5 ௦ܶሻ ൌ 1.5	݋ݐ	݃݊݅݀݊݋݌ݏ݁ݎݎ݋ܿ	ݏݏܽ݉	݈݃݊݅݀݅ݏ	݄݁ݐ	݂݋	݁ݏܾܽ	݄݁ݐ	ݐܽ	݊݋݅ݐܽݎ݈݁݁ܿܿܣ	݈ܽݎݐܿ݁݌ܵ
∗  ሺ݃ሻ	݀݋݅ݎ݁݌	݈ܽݐ݊݁݉ܽ݀݊ݑ݂	݈ܽ݅ݐ݅݊ܫ

 ௦ܶ ൌ  ሻݏሺ	݀݋݅ݎ݁݌	݈ܽݐ݊݁݉ܽ݀݊ݑ݂	݈ܽ݅ݐ݅݊ܫ

ܯ  ൌ  ݁݀ݑݐ݅݊݃ܽ݉	݁݇ܽݑݍ݄ݐݎܽܧ

 ߳ ൌ  0.66	݂݋	݊݋݅ݐܽ݅ݒ݁݀	݀ݎܽ݀݊ܽݐݏ	݀݊ܽ	݊ܽ݁݉	݋ݎ݁ݖ	݄ݐ݅ݓ	݈ܾ݁ܽ݅ݎܽݒ	݉݋݀݊ܽݎ	݀݁ݐݑܾ݅ݎݐݏ݅݀	ݕ݈݈ܽ݉ݎ݋݊
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The method was adapted for use as a seismic screening tool in their 2009 paper.  This screening tool allows 

seismic stability for a specified allowable permanent displacement to be assessed using generic uniform 

hazard curves scaled for amplification as the seismic input.  Using one of four equations simplified from the 

probabilistic displacement equation shown above, a seismic coefficient is obtained.  For an allowable 

displacement of 15 cm (~6 inches) and an initial period close to 0.1s (degraded period ~0.2s), the seismic 

coefficient is estimated from the following equation: 

݇ଵହ	௖௠ ൌ ሺ0.036ܯ െ 0.004ሻܵ௔ െ 0.030 ൐ 0 

௔ܵ	ݎ݋݂ ൌ ܵ௔ሺܶ ൌ ሻݏ	0.2 ൏ 2.0݃ 

If more stringent displacement requirements are needed, the following equation for an allowable 

displacement of only 5 cm can be used: 

݇ହ	௖௠ ൌ ሺ0.040ܯ ൅ 0.120ሻܵ௔ െ 0.034 ൐ 0 

௔ܵ	ݎ݋݂ ൌ ܵ௔ሺܶ ൌ ሻݏ	0.2 ൏ 2.0݃ 

For slopes having a larger initial period, the seismic coefficient corresponding to a degraded period of 0.5s 

(initial period ~0.35s) may be more appropriate.  For that case, the following equations would be more 

applicable: 

݇ଵହ	௖௠ ൌ ሺ0.038ܯ ൅ 0.006ሻܵ௔ െ 0.026 ൐ 0 

݇ହ	௖௠ ൌ ሺ0.038ܯ ൅ 0.166ሻܵ௔ െ 0.027 ൐ 0 

௔ܵ	ݎ݋݂ ൌ ܵ௔ሺܶ ൌ ሻݏ	0.5 ൏ 1.5݃ 

The seismic coefficient is applied using the traditional pseudo-static approach, and a FS is calculated.  If 

the calculated FS is greater than 1.0, the slope is calculated to displace less than the specified amount.  

Bray and Travasarou note that “the minimum value of the acceptable FS should not be set to be greater 

than 1.0 because FS varies nonlinearly as a function of the reliability of the system so the effect of achieving 

a FS greater than 1 cannot be reliably assessed.”  If FS are calculated as less than 1.0, Bray and Travasarou 

(2009) present a more rigorous approach using site-specific analysis. 

6.2 Displacement Based Seismic Slope Stability Screening Results 

Golder applied the displacement based seismic screening method to slopes producing a FS less than 1.2 

from the Hynes-Griffin and Franklin screening method.  Golder used the displacement based screening 

approach for an allowable 15 cm (6 inches) of displacement, which is equal to or less than the typical 
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magnitude of displacement considered adequate for dams and landfills.  The initial period of critical slip 

surfaces for the slopes analyzed ranged from 0.16s to 0.46s, which corresponds to an approximate 

degraded period of 0.23s to 0.69s.  Golder evaluated the seismic coefficients corresponding to both 

degraded periods of 0.2s and 0.5s, and found the seismic coefficient corresponding to a degraded period 

of 0.2s were more critical.  Therefore, the pseudo-static FS for the analyzed slopes was calculated using 

the seismic coefficient for a degraded period of 0.2s.  The spectral response curve for the seismic event 

having a 2% probability of occurrence in 50 years (2,475-year return period) was developed for the B/C site 

class boundary for rock using EZ-FRISK, and amplification factors for site class D were applied to the 

response curve.  Additionally, the mean magnitude calculated from EZ-FRISK was used.  The seismic 

coefficient corresponding to a period of 0.2s and an allowable displacement level of 15 cm was calculated 

to be 0.07g.  Table 6 summaries the input values and resulting seismic coefficients. 

Table 6:  Summary of Parameters Used for Displacement Based Screening 

1.5Ts (s) 0.2 0.5 

Displacement (cm) 15 15 

Sa(1.5Ts) 0.31 0.12 

Site Class D D 

Amplification Factor (Fa) 1.6 1.4 

Sa*Fa 0.50 0.16 

M 5.45 5.45 

k15cm (g) 0.07 0.01 
 

Applying the calculated seismic coefficient for a degraded period of 0.2s, the pseudo-static slope stability 

analyses produce FS in excess of 1.0 for all slopes analyzed, indicating slopes are not calculated to displace 

greater than 15 cm during the design earthquake.  Table 7 presents the results of the displacement based 

screening method in addition to the Hynes-Griffin and Franklin screening method results.  Detailed results 

can be found in Attachment 2.  
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Table 7: Seismic Slope Stability Screening Results 

 

Analysis  
Method 

Hynes-Griffin & 
Franklin 1984 Method 

Displacement 
Based - Bray 

et al. 
2007/2009 

Method 

 Seismic Hazard 2008 2014 2014 

Figure Section West Ash Pond 

WP-3 WP-C, West, Right 1.8* 1.75  

WP-4 WP-C, East, Left 1.8 1.69 0 

WP-5 WP-C, East, Right 1.4 1.31 0 

WP-6 WP-E, South, Left 1.4 1.31 0 

WP-7 WP-E, South, Right 1.8 1.53 0 

WP-8 WP-E, North, Left 1.9 1.51 0 

WP-9 WP-E, North, Right 1.5 1.41 0 
Figure Section East Ash Pond 

EP-4 EP-B, South 1.2 1.15 1.27 

EP-5 EP-B, North 1.3 1.21 1.36 

EP-6 EP-D, South 1.3 1.23 1.37 

EP-7 EP-D, North 1.7 1.56 0 

EP-8 EP-G, West 1.5 1.28 0 

EP-9 EP-G, East 1.4 1.26 0 

EP-10 EP-H, South 1.7 1.60 0 

EP-11 EP-I, South, Left 1.6 1.48 0 

EP-12 EP-I, South, Right 1.6 1.52 0 
Figure Section North Ash Pond 

NP-2 NP-B, South, Left 1.3 1.17 1.27 

NP-3 NP-B, South, Right 1.7 1.61 0 

NP-4 NP-H, East 1.7 1.51 0 
*Previous analyses did not include prepared subgrade required for splitter dike foundation. 

6.3 Estimated Permanent Seismic Displacement of Critical Slopes  

Golder calculated the estimated permanent seismic displacement for the critical slopes (EP-B South and 

NP-B South Left).  Estimated displacements were calculated using the Bray and Travasarou 2007 method 

described above.  The spectral response curve at the B/C site class boundary for rock was developed using 

EZ-FRISK, and amplification factors for site class D were applied to the response curve.  The mean 

magnitude calculated from EZ-FRISK was applied as well.  The yield coefficient was calculated by iteratively 

applying seismic coefficients to critical slopes to achieve a FS nominally equal to 1.0.  Per the 

recommendation made by Bray and Travasarou, ε was set to zero.  The calculated yield coefficients (ky) 
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and resulting displacement estimates (presented in Table 8) show that seismically induced deformations 

for the most critical slopes are calculated to be negligible (<1 cm) for the 2014 seismic hazard loading. 

Table 8:  Estimated Permanent Seismic Displacements of Critical Slopes 

Analysis 
Section 

Yield 
Coefficient (ky) 

Estimated 
Displacement 

(cm) 

EP-B, South 0.15 <1 (Negligible) 

NP-B, South, Left 0.19 <1 (Negligible) 
 

7.0 SEISMIC VENEER STABILITY 

Golder previously submitted veneer stability calculations as part of the closure plan documents.  Veneer 

stability calculations presented a variety of static cases for construction and long-term conditions.  As part 

of this memo, Golder has additionally included veneer stability calculations for a seismic loading case 

corresponding to the 2014 seismic hazard event having a 2% probability of occurrence in 50 years 

(2475-year return period).  Seismic veneer stability calculations were performed using the method 

described in Koerner and Soong (1998).  The calculated FS for seismic veneer stability is 1.56, which is 

greater than the required minimum FS of 1.0.  The calculation results are presented in Attachment 3 along 

with a revised static veneer stability calculation using updated material and interface friction angles. 

8.0 CONCLUSION 

In December 2015, Golder submitted closure plans to VADEQ for the closure of three ash ponds at 

Dominion’s Bremo Power Station in Bremo Bluff, VA.  Closure plan documents included seismic 

calculations for slope stability and liquefaction potential using the 2008 USGS seismic hazard documents.  

The USGS updated seismic hazard figures in their 2014 publication.  VADEQ has requested that the 

seismic calculations be updated using the 2014 published values.  Additionally, VADEQ has requested 

seismic veneer stability calculations in addition to those for slope stability and liquefaction potential. 

The estimate of the 2,475-year return period PGA at the Bremo project site has increased from 0.15 g to 

0.20 g between the 2008 and 2014 NSHMs developed by the USGS.  This 33% increase is likely caused 

by: 

 Inclusion of the M 5.8 Mineral, Virginia earthquake (epicenter 25 miles northeast) in the 
earthquake catalog used for the 2014 NSHM; and 

 Use of adaptive smoothing techniques to estimate earthquake activity rates in the eastern 
USA for the 2014 NSHM. 
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Given the significant uncertainties in seismic hazard assessment inputs, especially at sites with limited 

historical records such as in the eastern U.S., earthquake ground motion estimates for the same site can 

vary from study to study.  The increase of PGA from 0.15 g to 0.20 g is expected and reasonable, 

particularly given the close proximity of the Bremo project site to the epicenter of the M 5.8 Mineral, Virginia 

earthquake. 

Liquefaction analyses were revisited considering the 2014 seismic hazard, and no additional materials (ash, 

dike fills, and underlying soils) were found to be susceptible to liquefaction.  The NAP ash materials were 

not re-evaluated because they were found to be susceptible to liquefaction in the previous analyses under 

lower seismic loading, and as such, the closure design already accounts for liquefaction potential in the 

NAP.  Ash in the WAP was not evaluated because all ash in the WAP will be removed.  The updated 

evaluations for the soils within and surrounding the containment embankments and for the EAP ash 

calculated no significant zones (>2 ft thick) with FS against liquefaction below 1.2.  Based on the updated 

analyses, no change has occurred in the closure design assumptions; therefore, no change is warranted 

for the design regarding liquefaction potential. 

Seismic slope stability was also reassessed based on the 2014 seismic hazard for the seismic event with 

a 2% probability of occurrence in 50 years (2475-year return period).  Seismic stability screening was 

performed as recommended by the EPA in their RCRA Subtitle D Seismic Design Guidance (Richardson 

and Kavazanjian, 1995).  Slopes were initially screened using the Hynes-Griffin and Franklin (1984) 

pseudo-static method.  Calculated FS for all slopes were in excess of 1.1 (against the standard of 1.0), 

indicating stability during a seismic event.  For the critical slopes, the pseudo-static displacement based 

seismic screening method from Bray and Travasarou (2009) was applied.  For an allowable displacement 

of 15 cm (6 inches), all calculated FS were in excess of 1.2 (against the standard of 1.1).  Additionally for 

these critical slopes, the estimated permanent displacement from the 2% in 50-year seismic event was 

calculated, and in even the most critical slopes, was calculated to be negligible with calculated 

displacements of less than 1 cm.   

Veneer stability was also assessed for the 2% in 50-year seismic event.  The calculated FS was 1.56, 

indicating stability during the seismic event.   

Based on the updated analyses, the closure configuration is considered acceptable for all static and seismic 

stability requirements under the revised 2014 earthquake loading. 
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Test Date: Project: Test Type: CPTU Water Table: EQ 2: Matched Mean Magnitude and PGA
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Test Date: Project: Test Type: CPTU Water Table: EQ 2: Matched Mean Magnitude and PGA
Test ID: EC-07 Location: Device: 10 cm2, Type 2 filter Golder Eng: Magnitude:
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Test Date: Project: Test Type: CPTU Water Table: EQ 2: Matched Mean Magnitude and PGA
Test ID: EC-10 Location: Device: 10 cm2, Type 2 filter Golder Eng: Magnitude:
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Test Date: Project: Test Type: CPTU Water Table: EQ1: Matched Mean Magnitude and Distance
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Test Date: Project: Test Type: CPTU Water Table: EQ 2: Matched Mean Magnitude and PGA
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SCALE PROJECT

DATE TITLE

MADE BY

CAD

FILE CHECK CLIENT FIGURE

PROJECT No. REV. 0

STABILITY GLH
Dominion 01520347 REVIEW GLH

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016

Summary of PropertiesJGM

           Golder Associates Inc.

CCR Fill 3558 34 0 0 2400

Historic Clay Liner N/A 16 17 N/A N/A

New Fill 3869 31 75 0 2400

RR Fill 3869 31 75 0 2400

Dike Fills - NAP Below 40' 5877 28 75 0 3200

Dike Fills - NAP Upper 40' 5201 31 75 0 3200

Disintegrated Rock N/A 31 0 N/A N/A

Residuum 3869 31 75 0 2400

Alluvium N/A 0 1600 N/A N/A

Dike Fills - WAP/EAP Upper 20' 3869 31 75 0 2400

Uncompacted CCR 1505 28 0 0 800
φ (deg) c (psf) φ (deg) c (psf)

Material properties determined in the previous report were used in the revised analyses (Golder 2015). For seismic loading conditions, 
80% of the undrained strength was used for the alluvium, and for all other materials, a composite curve was developed by taking the 
minimum of 80% of the undrained shear strength and the effective strength for a given normal stress.  Composite curves can be 
represented with two Mohr-Coulomb curves.  The figure below illustrates the composite curves, and the table below shows the 
strengths used for seismic stability calculations.

Shear Strengths Used in Pseudo-Static Seismic Analyses
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SCALE PROJECT
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-3G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-C, West Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.81.81.81.8

WP-C, West, Right
Proposed Design Grades, Seismic
Max Water Level
FS = 1.8
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Prepared Subgrade 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-C, West, Right
Proposed Design Grades, Seismic
FS = 1.8
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-4G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-C, East Left - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.71.71.71.7

WP-C, East, Left
Proposed Design Grades, Seismic
Max Water Level
FS = 1.7
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Base 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-C, East, Left
Proposed Design Grades, Seismic
FS = 1.7
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-5G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-C, East Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.31.31.31.3

WP-C, East, Right
Proposed Design Grades, Seismic
Max Water Level
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Base 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-C, East, Right
Proposed Design Grades, Seismic
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-6G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-E, South Left - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.31.31.31.3

WP-E, South, Left
Proposed Design Grades, Seismic
Max Water Level
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Fill 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-E, South, Left
Proposed Design Grades, Seismic
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-7G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-E, South Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.51.51.51.5

WP-E, South, Right
Proposed Design Grades, Seismic
Max Water Level
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Fill 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-E,South, Right
Proposed Design Grades, Seismic
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-8G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-E, North Left - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.51.51.51.5WP-E, North, Left
Proposed Design Grades, Seismic
Max Water Level
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Fill 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-E, North, Left
Proposed Design Grades, Seismic
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion WP-9G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 WP-E, North Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.41.41.41.4

WP-E, North, Right
Proposed Design Grades, Seismic
Max Water Level
FS = 1.4
The 10 surfaces with the lowest factor of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Compacted Fill 115 Shear Normal function New Fill Water Surface

Degraded Alluvium 115 Undrained 400 Constant None
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WP-E, North, Right
Proposed Design Grades, Seismic
FS = 1.4
The 10 surfaces with the lowest factor of safety displayed

Disintegrated Rock
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STABILITY GLH
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-B, South - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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STABILITY GLH
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-B, South - Proposed Closure Design

Bray & Travasarou Displacement Based Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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           Golder Associates Inc.

1520347

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-B, North - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

STABILITY GLH
Dominion EP-5G

REVIEW GLH

Disintegrated Rock
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STABILITY GLH
Dominion EP-5H1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-B, North - Proposed Closure Design

Bray & Travasarou Displacement Based Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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PROJECT No. REV. 0

STABILITY GLH
Dominion EP-6G1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-D, South - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.21.2

W

1.21.2

EP-D, South
Proposed Closure Design, Seismic
FS = 1.2
The 10 surfaces with the lowest factor of safety displayed

  0.1

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Compacted CCR 110 Shear Normal function Compacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Dike Fills-WAP/EAP Below 20' 125 Shear Normal function Dike Fill Soils - EAP and WAP >20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Residuum 125 Shear Normal function Residuum Water Surface

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

RR Fill 120 Shear Normal function RR Fill Water Surface

Clay 125 Undrained 400 Constant None

New Fill 120 Shear Normal function New Fill Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface

CCR Fill 120 Shear Normal function CCR Fill Water Surface
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Disintegrated Rock
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-D, South - Proposed Closure Design

Bray & Travasarou Displacement Based Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-D, North - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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STABILITY GLH
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-G, West - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.3
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W
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1.3

1.3

EP-G, West
Proposed Closure Design, Seismic
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

  0.1
Material Name Color Unit Weight

(lbs/ft3) Strength Type Cohesion
(psf)

Cohesion
Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Compacted CCR 110 Shear Normal function Compacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Dike Fills-WAP/EAP Below 20' 125 Shear Normal function Dike Fill Soils - EAP and WAP >20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

Clay 125 Undrained 400 Constant None

New Fill 120 Shear Normal function New Fill Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface

CCR Fill 120 Shear Normal function CCR Fill Water Surface
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STABILITY GLH
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-G, East - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.3

1.4

1.3

W

1.3

1.4

1.3

EP-G, East
Proposed Closure Design, Seismic
Max Water Level
FS = 1.3
The 10 surfaces with the lowest factor of safety displayed

  0.1
Material Name Color Unit Weight

(lbs/ft3) Strength Type Cohesion
(psf)

Cohesion
Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Compacted CCR 110 Shear Normal function Compacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Dike Fills-WAP/EAP Below 20' 125 Shear Normal function Dike Fill Soils - EAP and WAP >20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

Clay 125 Undrained 400 Constant None

New Fill 120 Shear Normal function New Fill Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface

CCR Fill 120 Shear Normal function CCR Fill Water Surface
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Disintegrated Rock
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STABILITY GLH
Dominion EP-10G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-H, South - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.61.6

W

1.61.6

EP-H, South
Proposed Closure Design, Seismic
FS = 1.6
The 10 surfaces with the lowest factor of safety displayed

  0.1

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Dike Fills-WAP/EAP Below 20' 125 Shear Normal function Dike Fill Soils - EAP and WAP >20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

RR Fill 120 Shear Normal function RR Fill Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface
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Dominion EP-11G

1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-I, South Left - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.51.5

W

1.51.5

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

RR Fill 120 Shear Normal function RR Fill Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

EP-I, South, Left
Proposed Closure Design, Seismic
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed
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1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 EP-I, South Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.51.5

W

1.51.5

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Cohesion

Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Dike Fills-WAP/EAP Upper 20' 125 Shear Normal function Dike Fill Soils EAP WAP <20 Water Surface

Alluvium 115 Undrained 1600 Constant None

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

RR Fill 120 Shear Normal function RR Fill Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

EP-I, South, Right
Proposed Closure Design, Seismic
FS = 1.5
The 10 surfaces with the lowest factor of safety displayed
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 NP-B, South Left - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 NP-B, South Left - Proposed Closure Design

Bray & Travasarou Displacement Based Screening Method
2014 Seismic Hazard

JGM

Disintegrated Rock
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STABILITY GLH
Dominion NP-3G1520347 REVIEW GLH

           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 NP-B, South Right - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.61.61.61.6

Material Name Color Unit Weight
(lbs/ft3) Strength Type Cohesion

(psf)
Phi

(deg)
Cohesion

Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Residuum 125 Shear Normal function Residuum Water Surface

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

Dike Fills - NAP Upper 40' 125 Shear Normal function Dike Fill Soils -NAP <40 Water Surface

Dike Fills - NAP Below 40' 125 Shear Normal function Dike Fill Soils - NAP >40 Water Surface

New Fill 120 Shear Normal function New Fill Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface

CCR Fill 120 Shear Normal function CCR Fill Water Surface

NP-B, South Right
Proposed Closure Design, Seismic
Max Water Level
FS = 1.6
The 10 surfaces with the lowest factors of safety displayed
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           Golder Associates Inc.

AS SHOWN Bremo Power Station Ash Pond Closure
Mar 2016 NP-H, East - Proposed Closure Design

Hynes-Griffin & Franklin Seismic Screening Method
2014 Seismic Hazard

JGM

1.5

2.0

1.5

W

1.5

2.0

1.5

NP-H, East
Proposed Closure Design, Seismic
Max Water Level
FS = 1.5
The 10 surfaces with the lowest factors of safety displayed

Material Name Color Unit Weight
(lbs/ft3) Strength Type Shear Normal Function Water Surface

Uncompacted CCR 90 Shear Normal function Uncompacted CCR Water Surface

Compacted CCR 110 Shear Normal function Compacted CCR Water Surface

Residuum 125 Shear Normal function Residuum Water Surface

Distentegrated Rock 140 Shear Normal function Disentegrated Rock Water Surface

Liner 120 Shear Normal function User Defined 1 Water Surface

CCR Fill 120 Shear Normal function CCR Fill Water Surface
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Calculation of Closure Cover System Veneer under Seismic and Static Loading 



Cover Soil Stability Analysis Worksheet

Uniform and/or Tapered Cover Soil with Consideration of Seismic Forces

Calculation of FS
Active Wedge:

Wa= 18.4 kips
Na= 17.4 kips
Ca= 3.9 kips

Passive Wedge:
Wp= 2.6 kips

C= 1.0 kips

a= 9.2
b= -16
c= 2.1

FS= 1.56

(Note: for uniform cover soil thickness the input value of ω = β )

thickness of cover soil at top (crest) of the slope = hc = 2.0 ft
thickness of cover soil along the bottom of the site = D = 2.0 ft

soil slope angle beneath the geomembrane = β = 18.4 ° = 0.32 (rad.)
finished cover soil slope angle = ω = 18.4 ° = 0.32 (rad.)

length of slope measured along the geomembrane = L = 30.0 ft
y2= 0.00 (ft)
y1= 2.11 (ft)

(ω+β)/2= 0.32 (rad.)
(= 18.4 °)

unit weight of the cover soil = γ = 120 pcf
friction angle of the cover soil = φ = 28.0 ° = 0.49 (rad.)

cohesion of the cover soil = c = 50.0 psf
interface friction angle between cover soil and geomembrane = δ = 28.0 ° = 0.49 (rad.)
adhesion between cover soil and geomembrane = ca = 50.0 psf

seismic coefficient = Cs = 0.20 g

Note: numbers in boxes are input values

numbers in Italics are calculated values

References:
R. M. Koerner, and T-Y. Soong, 1998. "Analysis and Design of Veneer Cover Soils". Proceedings of 6th 
International Conference on Geosynthetics, Vol. 1, pp. 1-23, Atlanta, Georgia, USA.
Golder Associates Inc., (2015) “Geotechnical Material Property Calculation Package, Bremo CCR Closures” 
August 2015.
Golder Associates Inc., (2015) “Bremo CCR Closure Design Drawings” December 2015.

FS = -b + b2 - 4ac
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Job No. Made by JGM Sheet
Ref. :    Checked WRP Date

Reviewed GLH

OBJECTIVE:
Analyze the veneer stability of the final closure cover system for use on the existing coal ash ponds at the Bremo Power Station.
Use design strength parameters and analyze for conditions with and without seepage forces.

GEOMETRY:

Shear Strength

Design

a Recommended factor of safety with seepage forces included

If the calculated factors of safety based on the final cover conditions 
are higher than the recommended factors of safety for landfill final cover, 
 the stability of the final cover meets the requirement.

Based on Proposed Cover Grades (Figure 1, attached):
Top Elevation of Cover
Approximate Toe Elevation :

Slope is 3 H:1V

Material Properties (ref. 1 and 4)

c (psf) ca (psf) φ (°) δ (°) γ (pcf) Thickness (ft)

Cover soil (CS) (1) 50 - 28 - 120 2.00

CS/GC/GM/Ash (2) - 50 - 28 - 0.03

(1) Based off Material Properties for Bremo Closure (2015)
(2) Compared to: internal soil strength, and interface strength from unpublished Golder Lab Interface Shear database for low normal stress.

Material

SUBJECT:  Stability of Cover System - Veneer Stability - Rev 1

MARCH/15/2016

GOLDER RECOMMENDED FACTORS OF SAFETY FOR LANDFILL FINAL COVER

During Construction (Short term)

1520347

Dominion/Bremo Power Station/VA

Long Term

1.5, 1.1 a1.1
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SUBJECT:  Stability of Cover System - Veneer Stability - Rev 1

MARCH/15/2016
1520347

Dominion/Bremo Power Station/VA

Where: c = Cohesion of the cover soil 
ca = Adhesion between cover soil of the active wedge and the geomembrane
δ = Interface friction angle between cover soil and geomembrane
f =  Friction Angle of cover soil
γ = Unit weight of the cover soil

Slope Angle = β  (°)  =  18.4
Slope Height = 30.0 ft ( H )

CALCULATIONS:

LONG TERM VENEER STABILITY based on Koerner/Soong Method (page 487 to 490, ref. 2)

Using the Koerner/Soong Method, the factor of safety is calculated using the following equation (Eq. 13.9, ref. 2)

Where:
a = (Wa - Na x cos β) cos β

b = -[(Wa - Na x cos β) x sin β tan f + (Na x tan δ + Ca) x sin β x cos β + (C + Wp x tan f) x sin β]

c =  (Na x tan δ + Ca) x sin 2 β x tan f

Wa = γ x h2 x (L/h - 1/sin β - tan β / 2)

Na= Wa x cos β

Ca = ca x (L - h/sin β)

Wp = (γ x h2) / sin 2β

C = c x h / sin β

Where:
Wa= Total weight of the active wedge
Na= Effective force normal to the failure plane of the active wedge
Ca = Adhesive force between cover soil of the active wedge and the geomembrane

a
cabbFS

×
××−±−

=
2

)4( 5.02

a
cabbFS

×
××−±−

=
2

)4( 5.02
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Wp = Total weight of the passive wedge
C = Cohesive force along the failure plane of the passive wedge
γ = Unit Weight of protective cover soil
h = Thickness of cover soil
β = Slope Angle
L = Length of slope measured along the geosynthetic interface
c = Cohesion of the cover soil 

ca = Adhesion between cover soil of the active wedge and the geomembrane Where:
δ = Interface friction angle between cover soil and geomembrane  h = Thickness of Cover (ft) = 2.00
f =  Friction Angle of cover soil    β = Cover Slope Angle (°) = 18.4

Hmax = Maximum height = 30.0 feet
L= 94.9 feet

Since h and L are known for LONG-TERM Conditions,  solve for the FS:
Wa (lbs/ft) = 21,171
Na (lbs/ft) = 20,084 Wp (lbs/ft) = 800
Ca (lbs/ft) = 89 x ca C (lbs/ft) = 316

2,117
742

cos β = 0.95
sin β = 0.32

0.17
0.05
0.30

 tan f  = 0.53

a= 2008.4

- b= 590.5 0.30

c = × 0.05

Solve for FS with different combinations of δ an ca:

δ (°) ca  (psf) tan δ  Ca (lbs/ft) (Na x tan δ + Ca) b c (b2 - 4ac)0.5 Factor of Safety

28.00 50 0.5 4,427 15,106 -5,122 803 4448.1 2.4

(Wa - Na x cos β) =

(C + Wp x tan f) =

sin β x cos β   =

sin β x tan f = 

sin 2 β x tan f =
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SHORT TERM CONDITIONS ( Dozer on the slope without acceleration)

Veneer Stability based on Koerner/Soong Method (page 490-497, ref. 2)

Where:
a = (Wa+e - Na+e x cos β) cos β

b = -[(Wa+e - Na+e x cos β) x sin β x tan f + (Na+e x tan δ + Ca) x sin β x cos β + (C + Wp x tan f) x sin β]

c =  (Na+e x tan δ + Ca) x sin 2 β x tan f) 

Wa = γ x h2 x (L/h - 1/sin β - tan β / 2)

We = Equipment Weight, see below
Wa+e = Wa + We 

Na+e = Wa+e x cos β

Ca = ca x (L - h/sin β)

Wp = (γ x h2) / sin 2β

C = c x h / sin β

The definitions of all the parameters are as same as those in long term FS calculation except We, Wa+e, and Na+e

Lshort term= 94.9 ft
hshort term= 0.50 ft

f = 28.00 degrees

c = 50.00 psf
γ soil cover = 120.00 pcf

Determination of W e (See dozer specifications from manufacturer, ref. 3):

For SHORT-Term Conditions, look at 6 inches of soil being placed up slope with a Low Ground Pressure Dozer 

a
cabbFS

×
××−±−

=
2

)4( 5.02
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3.00 ft  
Contact Area = 64.26 sq.ft.

Ground Pressure = 4.8 psi 
Influence factor (I) = 0.95 (obtained from Figure 13.7, page 493, ref. 2)

Ground Pressure at Geosynthetics = 652.4 psf
Length of Dozer Track = 10.7 ft 

We= 6987 lbs/ft

Wa+We (lbs/ft) = 12,580
Na+e (lbs/ft) = 11,934 Wp (lbs/ft) = 50

Ca (lbs/ft) = 93 x ca C (lbs/ft) = 79

1,258
106

cos β = 0.95
sin β = 0.32

0.17
0.05
0.30

 tan f  = 0.53

a= 1193.4
- b= 244.9 0.30
c = 0.05

Solve for FS :

δ  (°) ca  (psf) tan δ  Ca (lbs/ft) b c
28.00 50.00 0.5 4664.36 11,010 -3,548 585 2.8

sin β x cos β   =

(C + Wp x tan f) =

sin β x tan f = 

Width of Dozer Track = 

(Na+e x tan δ + Ca) 

3,129

sin 2 β x tan f =

(b2 - 4ac)0.5 Factor of Safety

(Wa+e - Na+e x cos β) =
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SEEPAGE BUILD-UP CONDITION

Veneer Stability based on Koerner/Soong Method (page 501-508, ref. 2)

Where:

a = Wa sin β cos β  + UH x (1 - cos2β)

c =  (Wa x cos β - UAN + UH x sin β) x sin β x tan δ x tan f) 

UAN = γw x hw x (H - 0.5 x hw x cos β) / tan β

UH = 0.5 x γw x hw
2 

UPN = 0.5 x γw x hw
2 / tan β

Wp = 0.5 x [γ x (h2 - hw
2) + γsat

 x hw
2] / (sin β x cos β)

UH = Resultant of the pore water pressures acting on lateral side of the active wedge 
or passive wedge

UPN = Resultant of the pore water pressures acting on bottom of the passive wedge
UAN = Resultant of the pore water pressures acting on bottom of the active wedge

h = Thickness of the soil layer
hw = Depth of seepage water in the soil layer (perpendicular to the slope)
γw = Unit weight of water
γ = Moisture unit weight of the soil layer

γsat = Saturated unit weight of the soil layer
Other parameters are same as in the above calculations

Wa = 0.5 x [ γ x (h - hw) x (2 x H x cos β - h - hw) + γsat x hw x (2 x H x cos β - hw)] / 

(sin β x cos β)

b = -[Wp x tan f + Wa x (sin 2 β x tan f + cos2β x tan δ) - UAN  x cos β x tan δ - UPN x 
tan f + UH x sin β x cos β x ( tan f - tan δ)]

a
cabbFS

×
××−±−

=
2

)4( 5.02
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 γw = 62.4 lb/ft3

 hw = 10.00 inches

H = 30.0 ft
γsat = 130 lb/ft3 (Assumed)
UAN = 4618 lbs/ft
UH = 21.67 lbs/ft
UPN = 65.00 lbs/ft
Wa = 22747 lbs/ft
Wp = 812 lbs/ft

432 sin 2 β x tan f = 0.05
34.56 sin β  = 0.32

6.5000  tan f = 0.53
cos 2 β = 0.90

cos β = 0.95
a = 6826
- b= 1610 16084.8172
c = 2853.1

δ  (°) ca  (psf) tan δ  b c (b2 - 4ac)0.5 Factor of Safety

28.0 50.0 0.532 -10,162 1,517 7864 1.3

REQUIRED FACTOR OF 
SAFETY

MEETS
REQUIREMENT

1.5 Yes

1.1 Yes

Yes

SUMMARY OF RESULTS

CALCULATED FACTOR 
OF SAFETY

2.4

2.8

1.3

1.1

 UPN x tan f =
UH x sin β x cos β =

Wp x tan f =

Therefore, the stability of the final cover meets the recommended factors of safety provided the cover drainage layer maintains a maximum fluid head condition of no greater than 18 
inches above the liner.  As such, the cover drainage layer should be designed to maintain this condition.

Short Term using Design Shear Strength - 
Dozer on Slope

Long Term using Design Shear Strength

CASE ANALYZED

Seepage Analysis
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